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Featured Application: The interdisciplinary study performed here using physico-chemical, mi-
crobiological, and botanical methods performed on the King Djedefre wooden statue and on
some surrounding burial soil samples provided key information for conservation and consolida-
tion measures for the Egyptian statue.

Abstract: A recently discovered Egyptian wooden statue of King Djedefre was studied together
with some surrounding burial soil samples for assessing the statue biodeterioration. The wooden
morphological characterisation identified the hardwood Acacia nilotica as the wood type. X-ray
diffraction, micro-FT-IR spectroscopy, and scanning electron microscopy with an X-ray spectrometer
were used to evaluate the wood deterioration degree and the soil contribution in wood biodeterio-
ration. Microbiological analyses (fluorescent in situ hybridisation and polymerase chain reaction)
were also performed to detect the microbial attack on the statue. The prolonged interaction of the
statue with the burial environment caused a strong wood decay due to biotic (fungi and bacteria)
and abiotic factors (e.g., humidity fluctuations of the burial environment), which caused the severe
cracking and collapsing of the wood structures. The analyses of the burial soil mineral composition
were relevant for obtaining an overall picture of the statue deterioration. The results are useful for
planning the right conservation procedures for this very particular and important wooden statue.
Furthermore, analysis of the woody cell wall will help in the selection of appropriate consolidation
and recovery treatments. Because the statue is a unique single piece of wood, and the morphological
observations indicated that it is a bald woman in a sitting position, this statue will provide new and
interesting knowledge of Egyptian culture.

Keywords: micro-FT-IR; fluorescent in situ hybridisation; weathering effect; crystallinity of cellulose;
Abu-Rawash statue; burial soil analyses
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1. Introduction

Under the supervision of the Egyptian Secretary of the Supreme Council of Antiquities,
Dr. Mostafa Waziry, a wooden statue was discovered in Abu-Rawash site in July 2019. It
was found at a 30 m high hill distant 1.8 km to the east of the pyramid and funerary complex
of Djedefre, the third ruler of ancient Egypt’s 4th Dynasty. The discovery was extremely
important since it provides a great deal of information on the wooden culture properties of
ancient Egypt [1]. Although a large proportion of the artefacts in Egypt are made in wood,
very few studies report the wood deterioration as result of interference between the biotic
and abiotic processes [2—4], and in particular the soil contribution in it [3]. The studies of
how the abiotic factors can induce the wooden biotic deterioration of these precious objects
can improve the knowledge on the processes and the possible subsequent restoration, di-
recting the preservation treatments [2,5,6]. Archaeological wooden objects usually undergo
a transformation in their chemical composition, causing physical and mechanical property
changes of the wood cells [7]. These changes are generally proportionate to the contact
period with the burial soil or weathering environments [8]. These changes are attributed to
the oxidation and hydrolysis processes reported in several previous studies [9,10]. Buried
archaeological wood is often exposed to the microbiological processes, where different
types of microorganisms (mainly bacteria and microfungi) can actively attack wood de-
pending on the soil environment [11,12]. The most destructive white-rot and brown-rot
fungi may attack partially dried woods in the presence of oxygen [13-16]. Therefore, these
fungi activities are relevant only for buried archaeological wood in arid regions. On the
contrary, soft-rot fungi (e.g., Ascomycetes) usually degrade wood with higher moisture
(and also lower lignin content) [17]. The oxygen and humidity conditions are typically
in temperate climates, even in soil layers above the groundwater levels [18,19]. Bacteria
also may play a significant role in water-saturated wood decay [20]. Bacterial attacks (by
cavitation, tunnelling, and erosion [21]) can degrade buried wood more slowly than fungi.
One of the most microbial destructive forms is the lignin-degrading bacteria [22], which are
abundant in most wood that was wet for a considerable period in aquatic environments
or buried in saturated soils [2,5]. Bacterial deterioration acts as lignocellulose structure
deterioration of wood; bacteria are also able to attack the pits membranes in tracheid and
ray parenchyma, resulting in a very pronounced increase in the wood porosity [23,24].
Erosion bacteria (which create depressions in the cell wall from inside the lumen) are found
to attack the water-saturated wood in low-oxygen conditions in which wood-degrading
fungi and other wood-degrading bacteria cannot be active [5]; this type of bacteria (mainly
Cytophaga Flavobacterium-Bacteroides sub-group) have the ability to degrade secondary
wall layers and deplete cellulose and hemicellulose from the wood [1,25]. The nature
of the wooden object deterioration is therefore extremely dependent on the surrounding
environments (including the soil) and is strongly influenced by its characteristics.

The impacts of soil on the ancient buried woods could be different according to their
pH value and mineralogical compositions. Burial soil ecology is extremely influenced
by acidity; the fungal to bacterial ratio increases as pH decreases, while rates of wood
deterioration are generally reduced by increasing soil acidity [26]. Fine-textured clay soils
may protect wood more than coarse sandy soils from wood absorption and occlusion in
the soil matrix [26]. An accurate evaluation of the complex environmental conditions is
essential for understanding the deterioration level of buried woods and, consequently, to
develop their conservation strategies.

Most evaluations of degraded wood are based on physical characterisation [27,28] or
microscopic methods for observing loss in wood structure, the inorganic salt presence, and
collapse of the structural integrity of cell walls [1,27]. The chemical composition, especially
lignin content, is also a good indicator for the degree of deterioration [29,30]. These
methods are known as destructive analyses and are very time- and material-consuming. The
main changes occurring in the morphological structures of ancient wood under different
deterioration conditions have to be compared to standard new wood [10,31,32]. Fourier
transform infrared (FT-IR) spectroscopy and X-ray diffraction technique are very useful in
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proving the advanced deterioration of ancient wood polysaccharide components (cellulose,
lignin, and hemicelluloses) [31]. The crystallinity index (CrI%) measurements indicate the
abiotic process, with an Crl increase in the ancient wood compared to new wood; in the
case of biotic processes, the Crl of aged samples is lower than in new woods [10,31-33].
The main goal of this study was to elucidate the wood type and the deterioration
displayed by an unique archaeological wooden object as a consequence of the burial
soil nature and the biotic factors using a multi-analytical approach [34,35]. After the
botanical species characterisation, wood and soil samples were assessed using a scanning
electron microscope with an energy-dispersive X-ray spectrometer (SEM-EDX) for analysing
all detectable elements simultaneously. Moreover, X-ray diffraction (XRD) and Fourier
Transform Infrared microspectroscopy (u-FI-IR) investigations were used to identify the
mineral composition of soil as well as the wood deterioration degree. The fluorescence in
situ hybridisation (FISH) technique and polymerase chain reaction (PCR) analyses were
used to detect, enumerate, and identify the microbial community on the wooden objects by
keeping the characteristics of the targeted microorganismes, i.e., their morphology and cell
size. Finally, the morphology of the statue was observed to figure out what it represented.

2. Materials and Methods
2.1. The Archaeological Area

Abu-Rawash is a wide archaeological area belonging to the Memphite Necropolis
northern part, at the beginning of the Nile River delta, located near the Gebel el-Ghigiga
(10 km southwest of Cairo, Egypt). It is situated on a calcareous plateau and occupies an
area of 90 km?, 8 km northwest of the Giza Pyramids. The area consists in sedimentary
rocks, basalt flows, and loose sediments (multiple kinds of limestone, sandstone, basalt,
and clay) [36,37]. Abu-Rawash is a famous site due to the presence of the pyramid of
King Djedefre, the third king of the 4th Dynasty during the Old Kingdom (2566—2558
BC), which is the son and successor of the Pharaoh Cheops (Khufu) [38,39]. The area is
rich in funerary and worship sites dating from the Early Dynastic to the Coptic-Christian
periods (2925 BC-500 AD), which has not been deeply studied and barely excavated [40].
Several cemeteries of commoners were dug in simple oval pits or small mud-brick mastabas
(flat-roofed tomb, rectangular structure with inward sloping sides, constructed out of mud
bricks) dating to the Naqada III period (3200 to 3000 BC, the final and most important
period of the Predynastic age) [41-43].

2.2. Statue Description

The statue is a special and unique item since it belongs to the 4th dynasty of the Old
Egyptian Kingdom. It was sculptured from a single piece of wood without any connectors,
indicating the primary manufacturing style, unlike the style of that era.

The statue (Figure 1) was found in the elites’ cemetery of the 4th dynasty next to
another stone statue that was decorated with the King Djedefre name; this suggested that
the wood statue was likely owned by this 4th Dynasty king [43,44]. It was discovered
in a shallow burial pit (3.5 m length x 1.7 m width x 1.5 m height). The burial pit was
in bad conditions at the time of excavation, being internally collapsed and extremely
water-saturated, as reported by the archaeologists.

Although it is known that the knowledge of wood moisture could be useful to deter-
mine the biodeterioration type [1,44], it was not measured at the time of the statue discovery
to avoid damaging the statue (this measure in fact requires wood samples to be weighed
and to be put in an oven). From the discovery up to now, the statue has been kept in the
best air humidity conditions for its conservation and analyses [30] at the Grand Egyptian
Museum (GEM) Conservation Lab (Cairo, Egypt).
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Figure 1. (a) The statue at the excavation site at the time of discovery. (b) The statue was mostly
covered by a thick soil layer. (¢) The detached head before the restoration. The facial features were
not clearly recognisable. (d) Fallen wood fragments after soil layer removal. (e) The statue after a
partial restoration at the Grand Egyptian Museum (GEM) Conservation Lab (Cairo, Egypt).

The statue was in extremely poor state of conservation (Figure 1a), with the head
totally detached from the body. For this reason, during the dig, it was wrapped in a white
fabric (Figure 1a) for keeping the fragments together. After it was completely excavated,
the statue was enveloped by a tenacious and thick layer of soil (Figure 1b). The wood
appeared to be heavily cracked and fragmented (Figure 1c,d). Even after an accurate
reconstruction, any decoration or inscription was not visible due to wood deterioration.
However, observations of the stature features were performed to comprehend what it
represents and its meaning inside the Egyptian culture. The features of the face and the
dress were not clearly recognisable (Figure 1c), while it was possible to reveal its shape
(Figure 1e).

2.3. Sample Description and Wood Classification

Two wooden samples (#1 and #2) were collected from the fragmented inner part of the
statue (Figure 2a,b).

4

A

Figure 2. Sampling points (red arrows) of the archaeological wood samples #1 (a) and #2 (b).
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The botanical species of the ancient wood samples was identified by the Biology
Laboratory in the Institute of Conservation and Restoration (ISCR), Rome, Italy. Due to the
fragility of the wood, the samples were treated with an acrylic-based thermoplastic resin
in order to cut them safely into the three dimensions (transversal, tangential, and radial
sections) [45,46]. The identification was carried out using a stereomicroscope (M205C,
Leica) at different magnifications, referring to a wood library [47].

A fresh Acacia nilotica wood sample (#3) was purchased from El-Orman Botanical
Garden (Giza, Egypt) for the assessment of the archaeological wood biodeterioration.
Finally, three soil samples (#4, #5, and #6) were collected from different points of the thick
layer removed from the statue (Figure 1b). Sample description is reported in Table 1.

Table 1. Sample numbers and description.

Samples Description Sampling Position Colour

#1 Pure core wooden Inner the statue Dark brown
sample

#2 ZX(i)IOd interfered with Inner the statue Light brown

#3 Standard. sa?“ple - Fresh wood colour
(Acacia nilotica)

#4 Soil sample Inner the statue Red

#5 Soil sample Petrified outer layer White

#6 Soil sample Inner the statue Dark grey

The #1 and #2 wood samples were analysed by SEM, XRD, FT-IR, and FISH tools, and
in some cases compared to the standard wood sample (#3). Soil samples were characterised
by XRD and FT-IR spectroscopy.

2.4. Microscopic and SEM-EDX Observations

Microscopic studies on wooden samples were performed at the Biology Laboratory in
the Institute of Conservation and Restoration (ISCR), (Rome, Italy), using a stereomicro-
scope (M205C, Leica). At the National Research Centre (NRC, Giza, Egypt), an environmen-
tal scanning electron microscope coupled with an energy-dispersive X-ray unit (SEM-EDX)
(SEM-Quanta FEG-250, ESEM, FEI, Eindhoven, The Netherlands) was used to measure the
samples without any further preparation under high vacuum conditions. The images were
collected using a back-scattered electron detector (BSED) with a 1.4 nm resolution at an
accelerated voltage of 20 KV. SEM-EDX analyses were performed on sample #1.

2.5. X-ray Diffraction (XDR)

XRD measurements were performed at the Egyptian National Institute of Standards
in Giza (Egypt). The soil and ancient wood samples were grinded using an agate mortar
for obtaining 5-10-micron grain size, while the sample of standard wood was analysed
without any sample preparation due to grinding difficulty. The X-ray diffractometer
system (PANalytical, X'Pert Pro, PW 3040/60 model) was used, with a Cu anode, working
at 30 mA /40 kV at a 25 °C with a step size (20) of 0.033. An X-ray tube produced a
monochromatic Cu K« radiation of wavelength 0.154 nm, recorded from (20) 5° to 70° in
the case of samples #1, #2, #4, #5, and #6 and from 5° to 30° in the case of wooden sample
#1 and sample #3 for measuring the crystallinity index of cellulose (Crl%). For this purpose,
the Segal formula (Equation (1)) was used [48-51]:

I(200) — I (am)

CrI% = 100 I (200)

M

where [ (am) is the minimum intensity between (101) and (200) diffraction peaks at (20)
value 18.04° and it is attributed to the amorphous cellulosic fibres. (I191) and (I5gg) are the
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diffraction peak intensities regarding the crystalline cellulose where (I5p) is the highest
peak at (20) 22.2°.

X’Pert high score data acquisition and an interpretation software (Malvern PANalytical,
Malvern, UK) were used for interpreting the results.

Crl% of the #1 and #3 wood samples was calculated by subtracting the minimum
intensity of peak 101 (I am), characteristic of the amorphous wood components, from the
maximum intensity of peak 200 (I c) representing the crystalline portions and then taking
the ratio between the difference to the total intensity at 200 peak.

2.6. Micro-FT-IR Spectroscopy

The microspectroscopy FT-IR measurements (u-FI-IR) were performed at the Chemical
and Life Sciences branch of the SISSI beamline at Elettra Sincrotrone, (Trieste, Italy), using
published methods [52].

Two small flakes of wood were collected from both the ancient wooden samples (#1 and
#2). The flakes were pressed using a diamond compression cell (Diamond EX press by S.T.
Japan, clear aperture 1.6 mm) to flatten them to a thickness suitable for FT-IR measurements
in transmission mode. After this procedure, the diamond compression cell was opened,
and the infrared images were collected on the exposed face of the compression cell by a
Vis-IR Bruker Hyperion 3000 microscope coupled with the Vertex 70v interferometer in the
mid-infrared range (Mid-IR) with a focal plane array (FPA) detector. The spectral range
was between 3950 and 900 cm ™!, collecting 256 scans at 4 cm~!. The same procedures were
also applied for the Acacia standard wood sample (#3). An FPA mosaic of 6 tiles (2 x 3) was
acquired on sample #1, while 9 tiles (3 x 3) were collected for sample #2. Considering 4096
spectra for each tile, a total amount of 61,440 spectra were acquired on the two samples. A
single FPA image was collected for the standard wood sample.

Soil samples (#4, #5, and #6) were also analysed to evaluate their mineral composition,
with the same condition described above.

The p-FT-IR data set was analysed by OPUS 7.5 software. FPA maps were firstly compen-
sated for atmospheric contribution (water vapour and CO;) and baselined. The spectra were
also pre-processed by the Quasar open-source software (https://quasar.codes, accessed on 10
January 2020). All the empty pixels (absorbance < 0.01) were removed. Averaged spectra were
extracted from the mosaic of each wood sample and compared with the wood standard. Then,
the integral areas of the bands in the 1180-930 cm ™, 15301480 cm ™!, and 1800-1530 cm ™!
ranges were calculated for both ancient wood samples (#1 and #2) and the standard one (#3) in
order to visualise the distribution of cellulose, lignin, and deterioration products, respectively.
Statistical calculations were performed on the processed data (by Origin Pro 2020 9.7 software,
Origin Lab, Ltd., Northampton, MA, USA). The obtained values were normalised against
the wood standard sample. To compare the ancient wood samples with the standard one,
the scales of the FPA false colour maps were calibrated from blue (low intensity) to red (high
intensity) to the highest mean value of integration recorded (usually from the standard sample,
with the exception of the band due to the deterioration products where the highest value was
reached by the sample #1).

2.7. Microbial Analyses by Fluorescent In Situ Hybridisation (FISH)

FISH was performed directly on microbiological samples taken from the archaeological
wooden samples #1 using a piece of an adhesive tape (Fungi-tape; Cat. number: SDL745;
KEY SCIENTIFIC, Stamford, TX, USA), applying little pieces of them on the wooden
surface [53]. Because the number of microbial cells on the tape were very low for observing
them under the epifluorescence microscope, tape piece was immediately placed in the
1x YT broth (BP2467-500; Fisher Scientific, Vantaa, Finland) liquid media (containing per
litre 10 g of tryptone, 5 g of yeast extract, 5 g of glucose, and 5 g of sodium chloride; pH 7.0
and previously sterilised) for bacterial cultivation (overnight at 37 °C) in a shaking incubator.
After one night, some filters (Millipore polycarbonate filters; pore size 0.2 pm; & 25 mm)
were prepared for FISH analysis. Before FISH, cell fixation was carried out in a buffer (4%
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paraformaldehyde in PBS, pH 7.2) and incubated for 3 h at 4 °C. After the fixation, filters
were washed in PBS and stored in 1:1 (v/v) PBS/ethanol at —20 °C. FISH was performed
following published procedures [54,55]. Briefly, filters were dehydrated by successive
passages in 50%, 80%, and 95% ethanol series (3 min each). For hybridisation, 150 puL of
hybridisation solution (0.9 M NaCl, 20 mM Tris HCl, 0.1% SDS, formamide) was mixed with
15 uL (50 ng) of each oligonucleotide FISH probe. After hybridisation, samples were placed
in a washing solution (180 mM NacCl, 20 mM Tris-HCI (pH 7.2), 0.1% SDS, 5 mM EDTA)
for 30 min at 48 °C and then rinsed with distilled water. Two oligonucleotide probes (EUB:
5-GCTGCCTCCCGTAGGAGT-3'; Archaea: 5'-GTGCTCCCCCGCCAATTCCT-3') labelled
with different fluorochromes (CY3 or FLU) were used (MWG AG Biotech, Germany).
Other information is available at https://probebase.csb.univie.ac.at (accessed 10 October
2021) [56]. Fluorescent staining was also performed with 4,6-diamidino-2-phenylindole
(DAPI) for 10 min, rinsed with distilled water, and air-dried. Slides were observed with
an epifluorescence microscope (Leica DM 4000B, Leica Microsystems GmbH, Wetzlar,
Germany) equipped with a 50 W mercury lamp HBO and a different combination of filters
at 1000 x magnification. Image caption was carried out with a CCD camera.

2.8. DNA Extraction and gPCR Analysis

DNA was extracted from bacterial cultivations (see the previous paragraph) using the
DNeasy PowerSoil Kit and DNeasy Plant Mini Kit (QIAGEN GmbH, Hilden, Germany)
according to the manufacturer’s protocol. The extraction yield and quality of the DNA were
spectrophotometrically assessed (MultiSkan Sky Microplate Spectrophotometer, Thermo
Fisher Scientific, Waltham, MA, USA).

The extracted DNA was amplified by PCR by CFX96 real-time PCR detection system
(Bio-Rad, Hercules, CA, USA) using the SYBR Green detection and targeting 165 rRNA
gene of Prokaryote (Fw: 5-CGGTGAATACGTTCYCGG-3'; Rv: 5'-TACCTTGTTACGACTT-
3) [57] and Bacteria (Fw: 5-ACTCCTACGGGAGGCAGCAG-3’; Rv: 5-ATTACCGC
GGCTGCTGG-3') [58]. Each reaction was carried out in a total volume of 20 uL con-
taining 10 puL SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA,
USA), 0.5 uL of each primer (10 uM), and 15 ng of DNA template. The thermal cycling con-
ditions were as follows: 95 °C for 3 min, 45 cycles at 95 °C for 15 s, annealing temperature
(Tm) specific for each primer pair for 30 s, and 72 °C for 30 s. The fluorescence signal was
read after each elongation step. All reactions were terminated with a melting curve starting
at 55 °C and increasing by 0.5 °C until 95 °C to verify amplicon specificity. Each assay was
run in triplicate including the no template controls (NTC).

3. Results
3.1. Wood Classification and Statue Features

The botanical species of the ancient wood samples was identified as Acacia nilotica, a
national wood species [59]. This type of wood was commonly used for wooden objects of
ancient Egypt [60]. The observations of the statue let us know that the statue represents a
commoner bald woman with crossed hands, overlapping, in a sitting position. It measured
94 cm height x 47 cm (shoulder width). It was similar to a typical ancient Egyptian seated
scribe [61].

3.2. Soil Characterisation and Its Interaction with Ancient Wood

Data on p-FT-IR spectroscopy analyses for soil samples (#4, #5, and #6) are reported
in Figure S1. The coloured selections highlight the characteristic infrared features of
carbonates, sulphates, and silicate. Among silicates, the presence of kaolinite can be
distinguished by the sharp absorptions in the 3750-3500 cm ! range.

Optical images collected by the stereomicroscope (Figure 3) showed soil particulates
deeply penetrate the wood fragments (Figure 3a,b).
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Figure 3. (a,b) Stereomicroscopic images (40 x magnification) of wood samples #1 (pure core wooden
sample) and #2 (wood interfered with soil), of the ancient statue, respectively. Salt grains and a
microbial attack are visible. (c) SEM image (magnification 1200 x) of sample #2 shows the crystalised
salt dispersed on the wood sample. (d) EDX average spectrum of sample #1.

The presence of thick layers of soil enveloping the wood of sample #2 together with
diffuse mineral grains were clearly observed in the SEM images (Figure 3c). SEM-EDX
spectrum (Figure 3d, wood sample #1) shows the presence of very high amount of Ca,
Cl, and Si and lower amounts of Na, Mg, Al, S, K, Pb, and Fe; this might be attributed to
the penetration of soil components inside the wood, as these elements are the main soil
constituents [62].

The XRD patterns of archaeological wood samples #1 and #2 (Figure 4a,b with 20
values at 31.72°, 45.46°, and 56.48°) showed a great amount of halite, a sodium chloride
salt, commonly known as the “rock salt”.

Moreover, both XRD and FT-IR analyses revealed the presence of weddellite
(CaCy04-2H,0), a calcium oxalate compound, especially in wood sample #1 (Figure 4a
with 2oth XRD and FT-IR analyses revealed the presence of weddellitevalues at 14.33°,
32.22°, and 20.09°). As shown in Figure 4d, false-colour FPA mosaic showed some hot
spots obtained by integrating the sharp absorption peak at 1320 cm~! (Figure 4e). An
average spectrum was extracted from one of the points and compared to a reference value
(Figure 4e). No weddellite crystals were observed in sample #2. XRD measurements on the
soil samples #4, #5, and #6 confirmed they are mainly composed by halite (NaCl), quartz
(5i03y), and kaolinite ((Al;SipOs5 (OH)4) almost in the same proportions.

In addition, sample #5 (the soil sample of the petrified outer soil layer) revealed a
certain amount of calcite (CaCOj3) and gypsum (CaSO4-2H,0), while sample #6 (soil sample
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from the inner part of the statue) also contained periclase (MgQO), a mineral occurring in
limestone and marble (Figure S2). Detailed XRD results on wood and soil samples are
reported in Table S1.

6000

5000

4000

3000

2000

Intensity (AU)

1000

"~

uh

C

[ II I ‘ Min-

10 20

30
2Theta (degree) e — Weddelite Ref.

o 50 60 70 1640

Oxalates from sample1

12000

10000;

8000

6000;

4000

Intensity (AU)

il T
0

1320

Absorbance (a.u.)

A

| )

10 20

30

2 Theta (degree)

40 50 60 70

T T T T T
3000 1750 1500 1250 1000

Wavenumbers (cm™)

T
4000 3500

Figure 4. (a,b) XRD patterns of wood samples #1 and #2 of the archaeological statue, respectively,
with a 20 value (2 Theta) from 5° to 70°. (c) Optical image of the sample #1. The red grid represents
the area measured by Infrared focal plane array (FPA) detector shown then in panel d. (d) False-colour
map of the sample #1 obtained by integrating the oxalate band in the 1350-1300 cm ™! range (see
panel e). This map highlights the distribution of oxalates within the sample #1 (blue corresponds to
lowest amount, red to the highest one, see the colour bar aside for reference). (e) Average spectrum of
oxalates (black line) extracted from the hot spots (bright red) highlighted in the false-colour FPA map
in panel d. It is compared with a weddellite reference spectrum (Weddelite ref., red line) obtained
from the Kimmel Center for Archaeological Science Infrared Standards Library, Weizmann Institute
of Science (Rehovot, Israel).

3.3. Bacterial and Fungi Presence

As highlighted by the red circle in Figure 3a, a possible biological attack was observed
on the wood fragment where sample #1 was collected.

SEM images of wood samples #1 showed a microbial (fungal) attack (Figure 5a,b). In
particular, long hyphae were observed in panel (a), while several fungal spores are visible
in Figure 5b.

On the other hand, FISH analysis revealed an overall presence of Bacteria in the
analysed sample #1. The Archaea probe did not provide positive signals under the epiflu-
orescence microscope. The microbiological samples were composed mainly of cells with
bacilli in shape, with four bacterial cells (or their multiples) in each chain. PCR analysis
confirmed the presence of Bacteria (1.65 x 10" + 2.3 x 100 copies of 16S rRNA gene)
and Prokaryota (2.52 x 10! 4 1.2 x 10'° copies of 16S rRNA gene). Figure 5c,d shows
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images of FISH assays under the epifluorescence microscope using the DAPI-stain (blue)
and Cy3-labelled EUB probe (in red) for Bacteria.

Figure 5. (a,b) SEM images (magnification 3000 x) of sample #1 (pure core wooden sample, inner
the statue). Fungal hyphae (panel (a)) and spores (panel (b)) are visible. (c,d) Images of FISH assays
under the epifluorescence microscope using the DAPI-stain for all microbial cells (blue, panel (c))
and the Cy3-labelled EUB probe for Bacteria (red, panel (d)) (magnification 1000 x).

3.4. Wood Deterioration

SEM image in Figure 6a is a transverse section of Acacia nilotica standard sample. This
diffuse-porous wood is characterised by solitary or multiples vessels. Axial parenchyma
was vasicentric, aliform lozenge-aliform, and confluent where the homogeneous structure
of wood cell walls clearly appeared. On the contrary, the ancient wood sample #1 (Figure 6b)
showed an advanced decay in which a wide wood fragmentation was visible. Cell walls
look collapsed, and cracked vessels and voids were clearly observable. This led to a porosity
and fragility of the wood structure. Such wood cells separations might be attributed to the
collapse of middle lamella region that leads to reduction in the homogeneity of the wood
structure, causing either fracture or evacuation and cell wall erosion [63].

XRD patterns of the standard sample compared with sample #1 from (20) 5° to 30° are
displayed in Figure 7a. The standard sample shows two diffraction peaks at (20) 15.5° (101)
and 22.2° (200), characteristic of the Acacia nilotica natural fibres [64]. The aforementioned
two peaks are attributed to the cellulose I typical crystallographic plane. In sample #1, the
intensity of the two above-mentioned main peaks strongly decreased, while a further weak
peak appeared at (20) 18.04°, that is, the minimum intensity between the above-mentioned
peaks; it is usually attributed to the amorphous fractions of lignin, pectins, hemicellulose,
and amorphous cellulose.
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Figure 6. (a) SEM image of the Acacia standard wood sample (magnification 600x); red arrows
indicate the homogeneous structure of wood cell walls. (b) SEM image of the sample #1 (Pure
core wooden sample; magnification 800 ). The red arrows indicate the strongly fragmented wood
structure.
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Figure 7. (a) XRD patterns of the standard wood sample (thicker upper line) and of the archaeological
wood sample #1. (b) Average spectra extracted from the FPA images of Acacia standard sample (black
line), sample #1, and sample #2 (red and violet lines, respectively). The coloured rectangles highlight
the infrared features of interest for cellulose (§), lignin (#), and deterioration products (%) (green,
orange, and blue, respectively). (c—e) Optical images (15x) of the Acacia standard sample (c), sample
#1 (d), and sample #2 (e), obtained with the VIS-IR microscope.
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The crystallinity index (Crl %), calculated by means of the Segal empirical method,
was found to be 67.2% for the Acacia standard sample and 37.7% for the sample #1. The
crystallinity index in sample #2 was not measured because the very high amount of
inorganic material did not allow to obtain a significant result.

The optical images of the Acacia standard sample and the ancient wood samples #1
and #2 collected by the infrared microscope are shown in Figure 7c—e. The Acacia standard
sample showed a clear colour and a homogeneous appearance. Well-preserved parallel
wood fibres were observed, even after the compression of the sample in the diamond
cell. The ancient samples, on the contrary, showed a deep brown/reddish colour and
an amorphous appearance, and wood structures were not distinguished, also due to the
preparation of the sample (its compression in the diamond cell).

Figure 7b shows the average spectra of the Acacia standard (pink line) and the two
fragments of ancient wood samples #1 and #2 (green and red lines, respectively) in the
fingerprint region (1900-900 cm~1). The latter shows the characteristic infrared features of
woods, but with some significant differences if compared with the standard one.

The broad band in the 1180-930 cm ! range (Figure 7b, green rectangular selection
labelled with §) is attributed to C-O, C-O-C, and C-C stretching vibrations of carbohydrates
and can be assigned to the presence of cellulose and hemicellulose [63]. This band shows a
very intense signal with a broad shape in the standard wood. In sample #1, a slight decrease
in the absorption signal was accompanied by a sharpening of the infrared features, while
sample #2 showed a further decrease in the intensity with a strong loss of the characteristic
band shape.

The bands at 1509 cm~! (Figure 7b, orange rectangular selection labelled with #) can
be attributed to C=C stretching in guaiacyl rings, one of the main moieties of lignin, and
were used for mapping the distribution of this wood component [65].

A decrease in the signal of this band was observed for both samples #1 and #2. In
the spectral range of 1480-1180 cm !, several infrared features were present. They can
be assigned to both cellulose/hemicellulose (i.e., the band at around 1320 cm~! was due
to the C-H bending of this molecule) and lignin (i.e., the band at around 1270 cm~! was
attributed to C-O stretching) [30]. This spectral range showed a broadening and a decrease
in the infrared feature definition that can be linked to a decrease in the structural order of
the wooden tissues in the archaeological woods when compared to the standard one. This
had already been observed by several authors [30,66].

Finally, a strong increase in the infrared signal in the 1800-1530 cm ! range was
detected in the archaeological wood fragments when compared to the Acacia one (Figure 7b,
blue rectangular selection labelled with % ). Infrared features in this range are usually
attributed to C=0 stretching vibrations of esters, ketones, and aldehydes (in particular at
higher frequencies). Moreover, the bending vibrations of -OH and the COO™ stretching
vibrations can fall at around 1640 and 1600 cm !, respectively.

The spectrum of the standard wood (Figure 7b, black line) showed a peak at around
1730 cm~ L. It shifted at around 1711 cm ™! in the #1 and #2 samples, while the broad peak
at about 1610 cm~! strongly increased in intensity in the ancient samples. These bands
could have been due to carbonyl stretching vibrations in carboxylic acids and carboxylic
acid salts and can be attributed to a wood deterioration product increase originating from
both hydrolysis and oxidative processes of cellulose [63,67]. The above-mentioned bands
are fundamental for observing the distribution and to quantify the relative percentages of
cellulose, lignin, and their deterioration products in the archaeological woods.

Unfortunately, the intense peak of weddellite at 1640 cm~! (Figure 4e) perfectly
matched in the 1800-1530 cm ™! range, with the band identified to be diagnostic of the
formation of wood deterioration products.

To avoid an overestimation of the deterioration product presence, the pixels corre-
sponding to the oxalate crystals in sample #1 were cut out by the Quasar software [52].
Then, the FPA false colour maps (Figure 8a) were obtained by integrating the areas of the
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bands attributed to cellulose, lignin, and the deterioration products as described above and
highlighted by the rectangular selections in Figure 7b.
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Figure 8. (a) FPA mosaic of samples # 1 and #2 (archaeological wooden samples) and Acacia standard
(#3). The FPA map scale (blue: low intensity; red: high intensity) was calibrated to the highest mean
values of integration recorded. The false-colour map was obtained by integrating the oxalate band in
the range 1350-1300 cm 1. (b) Average spectrum of oxalates extracted from the hot spots highlighted
in the false-colour FPA map (panel (a)). It was compared with a Weddellite reference spectrum from
the Kimmel Center for Archaeological Science Infrared Standards Library, Weizmann Institute of
Science (Rehovot, Israel).

As expected, as shown in Figure 8a, the false-colour FPA images of the Acacia standard
sample showed the highest amounts (corresponding to the red colour in the maps and the
scale bar) of cellulose and lignin (Figure 8b, orange and green rectangles, respectively) and
the lower amount of deterioration products (Figure 8a, blue rectangle). The FPA map of
sample #1 for cellulose still showed a good preservation and a wide distribution with only
some degraded regions (blue spots), while the lignin content was quite low with only some
preserved pale red spots [13].

Interestingly, lignin red spots almost co-localised with some intense cellulose ones,
while the pale red regions in the deterioration products map corresponded with the most
intense red spots in the cellulose one. This let us postulate that the formation of the
deterioration products could be mainly linked to the lignin content decrease. In sample #2,
on the other hand, a very strong decrease in cellulose and lignin contents was observed,
followed by a homogeneous deterioration product increase. An estimation of the percentage
decrease in cellulose and lignin in samples #1 and #2 in comparison to the Acacia standard
sample was performed (Figure 8b). The deterioration levels were defined as weak (from
0 to 33 % of decrease), moderate (from 34 to 66% of decrease), and severe (from 67 to
100% of decrease) [29,68]. Sample #1 showed a weak (—24%) cellulose deterioration and a
moderate/severe (—63%) lignin degradation, while sample #2 showed a severe degradation
for both cellulose (—77%) and lignin (—67%) (Figure 8b, green and orange columns for
cellulose and lignin, respectively). On the contrary, the amount of deterioration products
was attested around the 80% for both samples #1 and #2 (Figure 8b, blue column).

4. Discussion

Unlike the knowledge on the 4th dynasty manufacturing styles, where imported
wood species were used for elites” properties and the manufacturing techniques were also
developed [69], the statue was a royal property made of a single piece of a national wood
(Acacia nilotica) with a poor manufacturing style. This may indicate the limited trade routes
between ancient Egypt and neighbouring countries, particularly for that era, probably due
to a political reason [70].



Appl. Sci. 2022,12, 7020

14 of 19

The observations of the statue and its comparison with the artistic feature descriptions
of Egyptian sculpture art in the Old Kingdom let us know that the statue embodied a com-
moner bald woman [71,72]. This fact was unexpected because the sculptors in ancient Egypt
did not depict bald statues, except for male priests, as reported by several authors [73,74].
In ancient Egypt, priesthoods (which had a variety of different functionaries) were usually
represented without hair [75]. Women were sometimes included at the head of groups
making daily offerings to the gods in their role as musician priestesses [76]. This discovered
statute could change the knowledge about priesthood of that era, suggesting that also
commoner women may perhaps have belonged to the caste of priests and performed the
same efforts of men. Therefore, the discovery of this statue may change the prevailing
thought about religious life in ancient Egypt [77]. The sitting position of the statue is also
very interesting—it is similar to an ancient Egyptian seated scribe. The scribe had a great
value in ancient Egypt due to his great role in codifying the various sciences as well as
other documents concerning the affairs of government and all walks of life [78]. This gives
us the indication that this statue belongs to a common woman who worked as a priestly
writer, and the sculptor deliberately carved it in the form of a priest sitting and writing.
These findings have to be, in any case, confirmed with more in-depth studies.

The nature of the pit where the statue was discovered made it an interesting case of
study. In fact, it was found at a shallow level of a collapsed and damp pit, not in a burial
chamber (as usually found for other items [79]), which made it vulnerable to many factors
of biotic and abiotic damage.

The prolonged interaction of the statue with the burial environment caused strong
wood deterioration as a consequence of a complex combination of biotic and abiotic
factors [80]. Among the biotic factors, fungi and bacteria clearly detected by both SEM and
FISH analyses caused a deterioration of the main wood components. XRD measurements
revealed a strong decrease in cellulose crystallinity (less than about 43.9%) complemented
by an increase in the amorphous components. A strong decrease in lignin and cellulose
were detected for both the analysed ancient wooden samples collected from the statue (#1:
pure core wooden sample; #2: wood sample interfered with soil), as shown by p-FT-IR
measurements. The lignin showed the highest rate of deterioration in both samples, while
cellulose was partially better preserved in sample #1. Moreover, the advanced decay of
the wood composing the statue was also revealed by the detection of an intense increase
in the infrared absorption band at 1610 cm~! [81]. This band is normally due to organic
acid presence derived from the main wood component deterioration as a consequence of a
biological attack. For example, fungi can play an important role in deterioration, especially
producing oxalic acid as a secondary product of their metabolism [82].

Both XRD and FT-IR measurements revealed the presence of weddellite, a calcium
oxalate mineral usually deriving from the reaction of carbonaceous minerals with the
metabolic products secreted by microbiological organisms, especially fungi [82,83], con-
firming the attribution of the infrared band at 1610 cm~! to an increse in oxalic acid.

On the other hand, bacteria, detected on sample #1 by FISH analyses, may have
contributed to the wood carbohydrate depletion and caused a loss of its strength properties
associated with an increase in wood porosity and fragility [8]. Clear irregular shapes and
small cavities were observed by SEM analyses in the wood structure. These cavities could
be attributed to cavitation bacteria, although other, deeper analyses are needed; these
cavities started near a pit chamber in the cell wall or directly in other areas within the
secondary cell wall [1,25].

Another deterioration factor was the prolonged interaction of archaeological wood
with the burial soil and the fluctuation of the humidity rate of the burial environment.
During the rainy seasons, the increase in the water amount soaking the soil can cause the
dissolution of its mineral components. XRD measurements demonstrated that the analysed
soil was composed by a very high amount of soluble salts (especially halite, NaCl) and
several minerals, such as carbonates, gypsum, and silicates. A water solution saturated with
dissolved mineral components deeply penetrated the statue body causing wood swelling.
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During the dry seasons, as a consequence of a decrease in humidity rate inside the burial pit,
a recrystallisation of the mineral components may have taken place, leading to an increase
in the wood volume. This hypothesis was confirmed by XRD measurements, revealing
that the mineral composition of soil collected from the core of the statue (sample #6) was
comparable to that of soil collected from the thick petrified outer soil layer enveloping
the statue at the time of its discovery (sample #5). Following cycles of wood swelling and
shrinkage could have caused the severe cracking and collapsing of the wood structures
both at microscopic (as shown by SEM images) and macroscopic levels [84].

The composition (mainly calcite) of the soil sample #5 enveloping the statue is at-
tributed to the limestone environment of the archaeological site. Limestone, as in our case,
has a high pH value that can inhibit the growth of fungi. High pH may cause bacterial
growth, thanks to the high pH tolerance, especially for some species already found in
waterlogged archaeological wood [85-87]. The alkaline environment is also responsible for
initiating the physical and chemical deterioration that may change the properties of the
wood [2,24,65,80].

The element analysis by XRD measurements showed the presence of Ca, 5i, Cl, and
Na in the ancient wood. This could be ascribed to the penetrated soil components into the
wood, while the presence of S might have been due to the biotic deterioration effects [83].
These assumptions for the wood deterioration and the role of soil in this process have
already been found by other authors for ancient wood saturated with water and buried
objects in soil [89-95].

5. Conclusions

The complex scenario of the deterioration processes taking place on the ancient and
valuable wooden statue of King Djedefre coming from the archaeological contexts of
Abu-Rawash is here described. The burial of the statue for thousands of years in a moist
environment led to relatively enormous changes in physico-chemical properties of wood
due to biotic and abiotic factors, as revealed by different advanced analyses applied to
both soil and wooden samples. An increase in porosity, fragility, and inhomogeneity of the
wooden structure was found by SEM analyses, and a reduction in carbon percentage of
the ancient wood samples compared to the standard ones was revealed by EDX. This was
probably due to chemoorganotrophic bacteria and fungi that use the organic substrates as
hydrogen, carbon, and energy, a source for microorganisms that release complexing bio-
corrosive organic acids. The chemical analysis of wood, soil, and limestone samples by XRD
confirmed the presence of weddellite, halite, quartz, and kaolinite in wood and soil samples,
while calcite, gypsum, halite, and quartz appeared in the limestone sample. Extreme
cellulose dissociation in the ancient wooden samples was also observed. Microbiological
analyses of wood (by FISH and PCR) identified bacteria as one of the biotic factors that
accelerate the wood deterioration.

An accurate study of these concomitant variables, as well as the effects they can pro-
duce on ancient objects, are the first key step for increasing the knowledge for planning the
appropriate conservation procedures for this wood statue and to allow for planning the best
strategies to preserve the integrity of the archaeological artefacts. The archaeological signif-
icance of the statue goes beyond being a royal statue. A careful reading of the hidden signs
tells us a lot about ancient life in Egypt, whether it was religious or commercial. The statue
emphasises the role of women in this period. It is clear that the statue depicted a woman
of religious standing, probably writing religious texts, although deeper investigations are
needed.

Finally, the development of new cleaning techniques and the formulation of innovative
chemical products for disinfestation, consolidation, and restoration will allow this artefact
to be available for future generations. It will be placed within an amazing museum context
such as the soon-opening Grand Egyptian Museum of Giza where the sitting scribe statue
will find its forever place and where it will answer some questions that have been tackled
by Egyptologists.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/app12147020/s1, Figure S1. Infrared spectra of the soil samples
#4 (Inner the statue, red), #5 (Petrified outer layer, white) and #6 (Inner the statue, dark grey). The
coloured selections highlight the characteristic infrared features of carbonates, sulphates and silicate.
Among silicates, the presence of kaolinite can be distinguished by the sharp absorptions in the
3750-3500 cm ™! range. Figure S2: XRD patterns of the soil samples #4 (a), #5 (b) and #6 (c). Table S1:
Estimated chemical composition of the soil and wooden samples by X-ray diffraction technique.
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