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Abstract
Wood species identification and characterization of its
weathering processes are crucial steps in the scientific
approach of conservation of wooden cultural heritage.
Many precious wooden objects of ancient Egypt are
largely present in museums, nevertheless relatively little
information is available concerning the nature of
timber used and on their status of conservation. To
address this gap, the wooden species of three relevant
archaeological wood objects (statue, box, and coffin)
arising from different Egyptian archaeological sites
dated from the Old Kingdom (2,686–2,181 BC) to New
Kingdom (1,550–1,069 BC) were deeply studied. Five
hardwood and softwood species were identified
belonging to Tamarix mannifera, T. gennessarensis,
Ficus sycomorus, Vachellia nilotica, and Cedrus
sp. Such data confirmed the recurrence of Vachellia
and Tamarix among the most common timbers found
in ancient Egypt. Scanning electron microscope,
Fourier transform spectroscopy, and synchrotron x-ray
radiation diffraction were conducted to evaluate the
archaeological wood deterioration. The formation of
microcracks, biological degradation patterns (fungal
colonization), or chemical characterization (accumula-
tion of salts on and in-between wooden cells) were
detected. SEM micrographs showed the presence of
fungal hyphae and conidial spores on the wooden cells.
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Significant changes in the chemical wood composition
and decrease in the crystallinity index were detected.
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archaeological wood; fungi; hardwood and softwood species; SEM,
FTIR; synchrotron x-ray radiation diffraction

INTRODUCTION

Thanks to some characteristics, such as durability and workability, wood was highly valued in
ancient Egypt. Despite the paucity of indigenous wood species that allowed obtaining timber of
sufficient dimensions, this material was widely used to make a broad range of artifacts: ships,
statues, wooden boxes, and painted decorated coffins (Creasman, 2014). Its importance is
testified by several scenes found in tomb paintings showing woodcutters intent on felling trees
or removing branches from trunks (Gale et al., 2000). Ancient sources, like Theophrastus and
Pliny, talk about evidence of the native species used in ancient Egypt. Acacias, sycomore fig
and persea have been reported as the most used wood, together with different species of palm
(Meiggs, 1982). Anyway, an intensive use of foreign timbers has been also known. Different
conifers (cedars, pines, firs, and junipers), ebony, oak, elm, and many others were imported
from Lebanon, Syria, North Africa, and other regions of the Mediterranean area
(Creasman, 2014; Gale et al., 2000). It must be underlined that in antiquity often more than one
wooden species was identified with the same name, so the attribution of ancient sources should
not be considered as accurate. From the work of Lucas (1959) onward, the identification of
wooden species through microscopic analyses has been more systematically performed on
Egyptian artifacts. These studies provide a base for a more comprehensive understanding of use
and commerce of wood in ancient Egypt.

Thanks to the favorable conservation conditions provided by the Egyptian dry climate, a
huge amount of wooden artifacts have survived to the present days (Caneva et al., 2008). The
extraordinary Egyptian finds that came to light after so long time frequently reveal signs of
alterations due to the concomitance of different causes both of abiotic (e.g., excessive
temperatures and thermal stress) and biotic type. The fungal colonization has often been
recorded in wooden objects and explained by the access and occasional retention of water in
hypogeal chambers and pits preserving wooden finds in archaeological sites with
microaerophilic conditions if sealing was partially lost (Blanchette et al., 1994; Nilsson &
Daniel, 1989). During the post-excavation storage and repair phases, archaeological wood is
exposed to a significant risk of biological deterioration (Geweely, 2022).

Because these artifacts constitute an important part of the worldwide cultural heritage, the
identification and characterization of wooden species used to realize them together with the
evaluation of the deterioration degree are crucial for their characterization and correct preserva-
tion (Blanchette, 2003). Nevertheless, relatively little information is available concerning the
type of timber used and on their state of conservation and further information on this topic is
still relevant. Identification of ancient wooden species can be a challenge when considering the
great variety of wooden materials used in the past and the ageing and degradation phenomena
affecting the material appearance and its structural integrity (Timar et al., 2010). The
microscopic recognition of wood morphological features by different microscopical tools (ste-
reo, optical, and electron microscope) is an integral part of the identification and classification
process (Richter & Dallwitz, 2000). Furthermore, microscopic observation allows to evaluate
the degradation state of wood cell walls and the eventual presence of biodeteriogen microorgan-
isms. Optical microscopy has routinely been used in the wooden species identification and
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widely proved its utility in the degradation phenomena characterization (Baas &
Wheeler, 1998; Giachi et al., 2016; Romagnoli et al., 2018; Schwarze, 2007; Cartwright, 2015).
Scanning electron microscopy (SEM) proved to be highly considered in its application for
cultural heritage studies, and in particular in archaeological wood because it provides
information on the features associated with different wood degradation phenomena
(Blanchette, 2000; Cartwright, 2015, 2019, 2020). SEM can be an optimal tool for the study of
the structure of degraded wood at both high and low magnification with excellent detail
resolutions (Hamed et al., 2012). Due to the rarity and value of cultural heritage objects,
obtaining samples for physical and chemical analysis by destructive methods (e.g. cutting,
scraping, or drilling) is generally unacceptable. Consequently, SR-XRD has been used to
measure the crystallinity of cellulose, which is an important indicator of wood decay. Moreover,
Fourier transform infrared microscopy (FTIR) has been used to study the changes in wood
chemistry compounds (cellulose- hemicellulose- lignin) following decay. These compounds have
characteristic absorption spectra in FTIR analysis (Tamburini et al., 2017).

The present work aimed to expand the knowledge on woods used in artifacts from the
Egyptian Old Kingdom and New Kingdom through the characterization and identification of
three relevant wooden artifacts. Microscopic tools were used for evaluating the degradation
patterns; the chemical changes in wood main components (cellulose, hemicelluloses, and lignin)
were investigated using FTIR and XRD. The new data will be useful for improving the
information about ancient technology in the Mediterranean area from the Old Kingdom (dated
about five millennia) to the late period.

MATERIAL AND METHODS

Artifacts

The present study involved three pharaonic wooden objects belonging to different periods. The
wooden statue (ID number SR2/15969) belongs to the Old Kingdom (Figure 1a). It was
discovered by the Egypt Exploration Society; it was found in a poor state of preservation in the
Memphite region (North of Saqqara-Giza-Egypt). The coffin (ID number SR3/643) is an
anthropoid artifact with the cartonnage mummy of the Nespahettawi, son of Neskhonsupahred
(Figure 1b). The wooden box of Padimen son (ID number CG5028) is a container for canopic
jars (Figure 1c, d). The coffin and the wooden box were both discovered in the Deir el-Bahari
archaeological site and belong to the New Kingdom. All three archeological objects are now
preserved in the Egyptian Museum of ELTahrir, Cairo, Egypt.

Sampling

Small samples (<2 ! 2 ! 2 mm) were collected by sterile scalpel from deteriorated parts on the
artifacts to perform microscopic analyses. For items made of more than one piece (i.e., the
wooden box and the wooden coffin), sampling was carried out on each part.

Wood species identification

Wood micromorphological features highlighted by microscopical observations were used to
identify wooden species. In particular, wood databases (Richter & Dallwitz, 2000;
Wheeler, 2011) and specialized publications (Crivellaro & Schweingruber, 2013; Gale &
Cutler, 2000; Waly, 1999) were used to perform identifications.

NEW DATA ON RELEVANT ANCIENT EGYPTIAN WOODEN ARTIFACTS: IDENTIFICATION OF WOODEN
SPECIES AND STUDY OF THE STATE OF CONSERVATION WITH MULTIDISCIPLINARY ANALYSES

3



Optical microscopy

Wooden samples were first examined with a stereomicroscope (M205C, LEICA) at different
magnifications at the biology laboratory of the Central Institute for Restoration (ICR) in Rome
(Italy). The samples were then cut either by hand with razor blades or by freezing microtome
(Cryostat CM 1900, LEICA), obtaining thin sections (10–20 μm thick) in the three anatomical
planes (transverse, tangential longitudinal, and radial longitudinal). In some cases, before
cutting, the wood was immersed in water for few minutes to soften tissues. Sections were soaked
in water under lead loads for 24 hours and then mounted on slides with a drop of glycerol. If
necessary, part of the sections was stained with an aqueous solution of 1% (w/v) methylene blue
in 50% lactic acid or with safranin 1% (w/v) in a water–ethanol 50:50 ratio to highlight the
occurrence of microorganisms.

In some very fragile and brittle wood specimens (e.g., wooden statue), sectioning was almost
impossible to perform, and an embedding treatment was required. Consequently, to maintain
the sample integrity during cutting operations, an acrylic-based thermoplastic resin was used
(Galotta, 1999). The resin was composed in butyl methacrylate and methyl methacrylate
(10:1 ratio), and in 1% (w/v) benzoyl peroxide (as the catalyst). Before wood embedding, a part
of the resin was pre-polymerized by heating at 65–70"C on a hot plate with a magnetic stirrer
for about 60–90 min.; it was then cooled on ice and stored at 4"C. For the embedding
procedure, wood specimens were first soaked in a mixture of butyl-methyl methacrylate 10:1
catalyst-less resin for 1 hour. They were subsequently put in starch capsules filled with

F I GURE 1 The three studied wooden objects Notes: (a) Statue (L 127 cm, W 47 cm); (b) coffin with cartonnage
mummy of Nespahettawi, son of Neskhonsupahred (L 179 cm, W 55 cm); (c) and (d) front and backside of Padimen
son box (L 43.5 cm, W 39 cm)
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pre-polymerized resin and let polymerize in a oven at 60"C overnight. Because wood was
already in a dry state, no dehydration steps were required. After hardening, samples were cut
using sliding microtome to obtain thin sections. Resin embedded sections were treated with
ethanol to favor adhesion to the glass slide and mounted with glycerol.

All sections were examined using light microscopy (Axio Imager M2, Zeiss) equipped with
digital camera. Images were acquired and processed by Zen 2.3 Pro (Zeiss). Microbial decay
was detected using both bright field and polarized light.

Wooden deterioration analyses

Scanning electron microscopy (SEM)

SEM observations were carried out at the National Research Centre (NRC), Cairo, Egypt, by
using the microscope QUANTAFEG 2250, operating at 15 Kv. No preparative technique was
used to treat the samples in order to not interfere with the wood surface.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out using Bruker Vertex 70 FTIR spectrometer equipped with an
attenuated total reflectance (ATR) unit was used at the Research Center for Restoration of
Antiquities in Cairo, Egypt. Spectra were measured at 4 cm#1 resolution and 16 scans were
recorded per sample with spectra in the range of 4,000–400 cm#1.

X-Ray diffraction

The crystallinity of cellulose was performed by X-ray diffraction, as it is recognized that this
tool is the most appropriate. High-energy x-ray diffraction was performed at the MCX
beamline of Elettra Synchrotron (Trieste, Italy) to determine the crystallinity of cellulose with
minimal sample preparation requirements. The measuring energy was 13 KeV at room
temperature with a 2θ range from 2" to 40" with a transmission experimental set up (Plaisier
et al., 2017). Segal method is the most widespread and was applied in this study, it was used to
characterize the crystallinity of cellulosic samples (Huang et al., 2012; Picollo et al., 2011). The
crystallinity of cellulose X was calculated by:

X ¼ 100x
I 200ð Þ# I amð Þ

I 200ð Þ

Where: (X) expresses the crystallinity of cellulose, I (200) is the height of the (200) peak, and I(am)

is the height of the minimum between the (200) and (110) peaks. The crystallinity obtained
using this method is dependent on crystallite size and cellulose allomorph (Ju et al., 2015).

RESULTS AND DISCUSSION

Wood species identification

The analyses of micromorphological features of wood by optical and scanning electron
microscopy allowed identifying five different wooden species (Table 1).
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Vachellia nilotica (L.) P.J.H.Hurter & Mabb. (BABUL ACACIA) synonym:
Acacia nilotica (L.) Willd. Ex Delile, family Fabaceae (Mimosoideae clade)

The study of the fragment of the wooden statue allowed the identification of the species
V. nilotica. The diffuse-porous wood was characterized by growth ring boundaries indistinct or
absent, vessels solitary or in multiples, less than 20 per square millimeter in frequency
(Figure 2a). The tangential diameter of largest vessel was about 150 μm. Simple perforation
plates, alternate intervessel pits (7–10 μm in diameter), and vestured pits were present. Heart-
wood vessels were characterized by the presence of dark deposits. Axial parenchyma was
vasicentric, aliform lozenge-aliform, and confluent. Thick-walled fibers and gelatinous walls
fibers were observed. In tangential sections, prismatic crystals were observed (Figure 2b І). The
rays were pluriseriate (<10 seriate), with a height just exceeding 1 mm, exclusively composed of
procumbent cells (Figure 2c І).

A. nilotica was recently reclassified based on phylogenetic studies (Boatwright et al., 2014;
Haddad, 2011; Kyalangalilwa et al., 2013). Consequently, it is necessary to refer to this species
with the new accepted name of V. nilotica (L.) P.J.H. Hurter & Mabb.

The plant is native to the drylands of tropical Africa and western Asia, eastward as far as
India, Myanmar, and Sri Lanka. In Africa it occurs from Senegal to Egypt, where it grows
beside the Nile, to open habitats such as savannas, and southward through eastern Africa to
Mozambique and South Africa, and the Indian Ocean islands (Bouchenak-Khelladi
et al., 2010; Fagg & Mugedo, 2005; Liphschitz, 1998; Orwa et al., 2009).

The wood is characterized by hardwood red to brown in color, often darkening upon expo-
sure, and distinctly demarcated from the white-yellowish sapwood. Although the texture is not
fine, thanks to the thick-walled fibers, acacia wood is very compact. It is strong and durable,
hard and heavy with a high density (Fagg & Mugedo, 2005; Giordano, 1997).

Suitable for growing in arid environments like Egypt, the species was widely spread, and
acacia wood is very well represented in a vast range of ancient Egyptian artifacts
(Cartwright, 2019; Cartwright & Taylor, 2008; Gale et al., 2000; Gale & Cutler, 2000;
Lucas, 1959; Melchiorre et al., 2020). Its use is largely reported by ancient sources. Meiggs
states that acacia was the most extensively utilized species and cites both Herodotus, reporting
that the “baris” (a common type of cargo on the Nile) was built with relatively small pieces of
acacia fitted together like blocks, and Theophrastus, who affirmed that from acacia trees could
be cut great resistant beams, suitable for ship hulls construction (Crivellaro &
Schweingruber, 2013). Indeed, most authors agree that acacia was the most used species for
built ships and boats, together with cedar and tamarisk (Creasman, 2014).

F sycomorus L. (Sycomore fig), family Moraceae

The body element of the wooden box of Padimen son was made of sycomore fig. The wood was
diffuse porous, characterized by growth ring indistinct or absent. The vessels, solitary or in

TABLE 1 List of identified wooden species

Artifact Wood species

Statue Acacia, cfr. Vachellia nilotica (L.) Willd. Ex Delile

Box of Padimen son Body Sycomore, Ficus sycomorus L.

Connection Tamarisk, Tamarix mannifera (Ehrenb.) Bunge

Anthropoid coffin Body Cedar, Cedrus sp. A. Rich.

Connection Tamarisk, Tamarix gennessarensis Zoh.
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radial multiple (mainly of 2) (Figure 2І d), had mean tangential diameter of lumina 100–200 μm
and alternate intervessel pits. The axial parenchyma was arranged in tangential bands more
than three cells wide. The observed rays were uniseriate and pluriseriate (larger rays 3- to
10-seriate), made up of procumbent cells with 1 to 4 rows of upright and square marginal cells
(Figure 2І e-f).

Sycomore fig native range extended from Africa to Syria. Its present distribution comprises
Egypt, Syria, the Arabian Peninsula, the Cape Verde Island, South Africa, and Namibia. The
timber obtained from this species is pale, light, fibrous, coarse, and of poor quality, with rather
low density (Crivellaro & Schweingruber, 2013; Gale et al., 2000; Giordano, 1981). Due to
lightness, as long as good availability of timber, sycomore fig was extensively used in ancient
Egypt for a wide range of objects including coffins, statues, mummy portraits and painted
panels (Abdrabou et al., 2017; Cartwright, 2019, 2020; Gale et al., 2000; Killen, 2017;
Lucas, 1959; Meiggs, 1982), boats, and ships (Creasman, 2014; Giachi et al., 2016).

Cedrus sp. (cedar), family Pinaceae

The micromorphological features observed for the body element of the wooden anthropoid
coffin (ID number SR3/643) allowed identifying cedar. The wood was characterized by distinct
growth ring boundaries without axial resin canals (Figure 2II a, b). Tracheid pitting was mostly
uniseriate in radial walls, and bordered pits were present also on the tangential walls of the axial
tracheids. The scalloped tori, typical of this genus, were observed for bordered pits (Figure 2II c).
Rays were uniseriate, with cross-field pitting taxodioid or piceoid (1–2 per cross-field),
characterized by the presence of ray tracheids (Figure 2II d), very low (up to 4 cells), or medium
(5 to 15 cells) (Figure 2II e).

Based on the reported micro-anatomical features, it is difficult to distinguish among the
three species of the genus Cedar, two of which are indigenous of Mediterranean basin (C. libani
A. Rich and C. atlantica [Endl.] Manetti ex Carrière) and one with a native range from NE
Afghanistan to W Nepal and NW India (Cedrus deodara [Roxb. Ex D.Don] G.Don). The
native range of C. libani is from Turkey to Lebanon, Cyprus, whereas C. atlantica originates
from N - N Central Morocco to N Algeria.

Although Killen, 2017 affirmed that C. libani, C. atlantica, and even C. deodara were used
in ancient Egypt, Gale et al., 2000 reported no evidence of ancient commercial wood trades
among Egypt and Morocco or central Asia and assume that only C. libani was used. On the

F I GURE 2 І (a-c) wooden statue (ID number SR2/15969): Acacia, Vachellia nilotica. (d-f) Box of Padimen son
(ID number CG5028), body: Sycomore, Ficus sycomorus L. (a) Transverse section micrograph at stereo microscope
showing diffuse-porous wood, vessels solitary or in multiples, tangential diameter of largest vessels 150 μm
ca. (b) Tangential section, optical microscope, crystals in rays. (c) Radial section, optical microscope image, ray
composed of procumbent cells. (d) Optical micrograph, transverse section showing vessel having diameter 100–200 μm,
solitary or in radial multiple of 2 cells. (e) radial section, optical microscope. Ray is made of procumbent cells with
2 rows of upright and square marginal cells. Axial parenchyma arranged in tangential bands. (f) Tangential section,
optical microscope, showing rays 3–10 seriate. Scale bars: a, d, f = 200 μm, b = 20 μm, c = 50 μm, e = 100 μm.
II anthropoid coffin (ID number SR3/643), body: Cedar, Cedrus libani A. Rich. Micrographs obtained with different
techniques. (a), (b) Transverse sections. Homoxylous wood without resin ducts. (a) Stereomicroscope. (b) Optical
microscope. (c) (d) Radial sections. Axial tracheid’s pits with scalloped tori. Presence of ray tracheids, cross-field pitting
taxodioid, or piceoid. (c) Optical microscope. (d) SEM. (e) Tangential section. Low, uniseriate parenchyma rays
without horizontal resin canals. Scale bars: a = 200 μm, b, d, e = 100 μm, c = 50 μm. III box of Padimen son
(ID number CG5028), connection: Tamarisk, Tamarix mannifera (Ehrenb.) Bunge. Optical microscope micrographs.
(a) Transverse section showing vessel having diameter 100–200 μm, frequency < 20/mm2, pluriseriate rays. (b) and
(c) Tangential sections showing larger rays commonly 4–10 seriate or more. (b) Bright field. (c) Radial section. Rays
with up to 4 rows of square cells, alternate minute intervessel pits. (d) Tangential section observed under polarized light,
prismatic crystals absent. Scale bars: a = 200 μm, b, c = 100 μm, d = 50 μm.
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other hand, the Lebanese commercial route was so common, since the predynastic period, that
the Egyptian sea-going vessels were also known as ‘Byblos boats’, from the name of the
Lebanese port town entrepôt of Mediterranean and Aegean commerce (Jenkins & Ross, 1980).
Political and commercial relations between Cyprus and Egypt easily allowed the cedar timber
import from that island (Meiggs, 1982). Therefore, the hypothesis of the use of C. libani, or of
its variety brevifolia, endemic to Cyprus should be taken into account as the most likely.

Cedar timber has reddish-brown hardwood, distinctly demarcated from sapwood. It is
reported as straight grained and fine textured, with low-medium density, it can be easily worked
until it reaches a good polish (Giordano, 1997). Hardwood is very durable, also for outdoor
uses (Nardi Berti et al., 2006). Killen distinguishes the timber of C. libani from that of the other
species of the genus describing it as of poorer quality, soft, with a rough grain, and subject to

F I GURE 2 (Continued)
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shrinkage during natural seasoning (Killen, 2017). Indeed, in general, it must be taken into
account that timber quality, especially its density, highly depends on site growth conditions
(Nardi Berti et al., 2006).

Several wooden objects are described as cedar made in museum catalogs and excavation
reports but not all attributions should be considered as correct because the word cedar is (and
so was also in Greek and Roman period) loosely used to define different trees that are not
actual cedar (Gale et al., 2000). Real cedar wood was surely used in ancient Egypt for quality
coffins, its high cost linked to the import from other counties, its attractive aromatic scent, and
its resistance to rot and insect attacks made it a particularly valuable material (Gale
et al., 2000; Giachi et al., 2020; Meiggs, 1982; Nisbet, 1982). It was also used to make
monumental doors, ships, burial boats, ship models, coffins, headrests, mummy portraits, and
painted panels (Cartwright, 2019, 2020; Creasman, 2014; Creasman, 2015; Fadl et al., 2013;
Gale et al., 2000; Gale & Cutler, 2000; Giachi et al., 2016; Meiggs, 1982).

Tamarix spp. (tamarisk), family Tamaricaceae

The two connection elements of the Padimen son Box and the Anthropoid coffin were made of
tamarisk wood belonging to two different species.

Following the Inside Wood database identification key (Wheeler, 2011), the connection of
the wooden box of Padimen son was identified as T. mannifera Ehrenb. ex Bunge
(sin = T. senegalensis D.C.).

The semi-ring porous wood was characterized by growth ring boundaries indistinct or
absent. The vessels, solitary or in multiples of 2–4, were commonly arranged in tangential bands
and in clusters, with a frequency of 5–20 vessels per square millimeter. The mean tangential
diameter of vessel lumina was 100–200 μm (Figure 2III a). The larger rays were commonly 4 to
10 seriate or more (Figure 2III b) with height exceeding 1 mm. In radial sections, procumbent
body ray cells were observed, with one to up to four rows of upright and/or square marginal
cells, and storied axial parenchyma (Figure 2III c). Furthermore, simple perforation plates and
alternate minute (≤4 μm) intervessel pits were observed (Figure 2III c), and the presence of
vascular/vasicentric tracheids, thin- to thick-walled fibers, and vasicentric axial parenchyma
was registered. As reported by Waly (1999) three sections can be distinguished in the genus
Tamarix: Tamarix, Oligadenia, and Polyadenia. According to Baum classification
(Baum, 1978), Tamarix nilotica (Ehrenb.) Bunge, T. mannifera (Ehrenb.) Bunge, Trichogalumna
arborea, and T. aphylla are species belonging to the Tamarix section, but Boulos., 1995 referred
both T. mannifera and T. arborea as conspecific to T. nilotica. (Waly, 1999). Nowadays,
T. mannifera is considered a heterotypic synonym of T. nilotica (Taxonomy – GRIN-Global
Web v 1.10.4.1, n.d.).

In any case, even if consulting references that consider the two species as distinct, anatomi-
cal features led to T. mannifera. Inside Wood database description does not mention the crystal
presence in cells for T. mannifera. On the contrary, in Waly’s dichotomous key (Waly, 1999)
crystals are assumed to be a discriminating character between T. nilotica and T. mannifera,
being present in the first one and absent in the latter. Polarized microscopy observation
confirmed the absence of crystals in the analyzed wood sample (Figure 2III d).

Following Waly’s key, other species such as T. aphylla and Tamarix tetragyna can be
excluded, based on the observed features. In fact, vessel frequency did not exceed 20 per square
millimeter, largest tangential vessels diameter was larger than 100 μm, ray width was up to
10 cells and their height commonly exceeded >1 mm, and not only thick-walled fibers were
observed. Most of the detected characters thus might suggest T. mannifera, if it will be
considered as a separate species from T. nilotica (World Flora Online, Kew science –
plantsoftheworldonline.org).
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The wood anatomical study of the connection of anthropoid wooden coffin led to the
identification of Tamarix gennessarensis Zoh. according to Inside Wood and Fahn et al. 1986.
A ring porous/semi-ring porous structure of wood was observed, with largest vessels of
ca. 110–120 μm wide, mostly solitary, some in multiples of 2–4 or in clusters (Figure 3І a),
characterized by small intervessel pits (4.6–4.9 μm). The vessel frequency was ca. 20 per square
millimeter. Fibres thin to thick walled were observed (Figure 3І b). The rays were 2–6 seriate,
less than 1 mm in height, with a frequency of ca. 6/mm (Figure 3І c, d). The presence of sheet
cells and procumbent, square, and upright cells mixed throughout the ray, and square/upright
cells at rays’ margins were highlight in longitudinal sections. Mean vessels’ length was ≤
350 μm. Simple perforation plates, axial parenchyma, and/or vessel elements storied were also
observed. Finally, it has to be reported that rays/axial elements were irregularly storied, and no
prismatic crystals were detected (Figure 3І d-f). The species T. gennessarensis is currently
accepted, it is reported as native of an area that goes from Anti-Lebanon to NE Israel (Tamarix
gennessarensis, n.d. Zohary Plants of the World Online Kew Science).

Tamarix (tamarisk) species grow in salty locations, riversides, or wadis where water flows
from time to time (Liphschitz, 1998). Main properties of wood are light color, medium density,
and medium hardness. It is highly represented in ancient Egypt objects, often identified, along
with sycomore and cedrus, in coffins, sculptures, bows, and other artifacts (Abdrabou
et al., 2020; Cartwright & Taylor, 2008; Gale et al., 2000; Giachi et al., 2020).

Micro-morphological characterization of wood

The microscopic patterns of deterioration were determined by studying wood through stereo,
optical, and electronic microscopes. The examined samples exhibited different degradation
levels, starting from the good preservation state of box connection, which permitted obtaining
good thin sections without any pre-treatment, to severe degradation degree of the statue, difficult
to cut even after resin embedding. Almost all wood samples coming from the outer surfaces of
the objects had numerous cracks and fractures. In particular, the wood of the statue appeared
very fragile and brittle, difficult to manage due to its tendency of cracking (Figure 3II a),
whereas cells appeared well preserved in box connection and body. Intermediate state of
preservation was found for wooden coffin body and its connection. Even if from a macroscopic
point of view it seemed in good condition, cutting revealed a quite brittle structure, with
separation of cells due to the partial loss of middle lamella. The cellulose depletion was
highlighted at polarized light (Figure 3II b).

F I GURE 3 І Anthropoid coffin (ID number SR3/643), connection: Tamarisk, Tamarix gennessarensis Zoh.
(a) Transverse section at stereo microscope showing semi-ring porous wood, vessels mostly solitary, seldom in multiples
of 2–4 or clusters, tangential diameter of largest vessels 110–120 μm. (b) Transverse section at optical microscope.
Fibres thin to thick walled. (c)(d) Tangential sections. (c) Pluriseriate rays, 2–6 seriate, 6/mm ca., height < 1 mm. Stereo
microscope. (d) Pluriseriate ray with sheet cells. Optical microscope. (e)(f) Radial sections. (e) Vessels with simple
perforation plates, mean vessel element length ≤ 350 μm, axial parenchyma and/or vessel elements storied. Stereo
microscope. (f) Heterocellular ray with procumbent, square, and upright cells mixed throughout the ray. Optical
microscope. Scale bars: a = 500 μm, b = 20 μm, c, e = 100 μm, d, f = 50 μm. II (a) and (b) anthropoid coffin.
(c) Wooden statue observed by stereo microscope. (d) and (g) Wooden statue. (e) Box of Padimen son (body). (f) Box of
Padimen son (connection). (a, b, e) Optical micrographs. (c, d) stereomicroscope images. Different forms of
degradation: (a) Severe deformation of wood structure. (b) Loss of cellulose birefringence detectable at polarized light
microscopy. (c) Presence of salt crystals in wood. (d) Fungi colonization on wood surface. (e) Fungi colonization in the
depth of wood: hyphae passing through the ray cells. Scale bars: a = 100 μm, b = 50 μm, c = 500 μm, d = 200 μm,
e = 20 μm.
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The formation of salt crystals on the wooden surfaces was visible on the statue
(Figure 3II c). The migration of salts into wood may have occurred during burial conditions;
the interaction of wood surfaces with limestone, gypsum, sodium chloride, and moisture is
proposed as a cause of chemical degradation and probably accelerated the wood deterioration
(Blanchette et al., 1994).

The presence of fungi, probably referrable to a recent attack, was detected in most of the
artifacts, especially in the statue and box body. A colonization of wooden surface in the statue
ascribable to fungi, with greenish conidia clearly observed in Figure 3II d. OM observations
revealed the presence of fungal hyphae inside the wooden cells (Figure 3II e).

Investigations of wooden objects from ancient Egypt in museums often revealed a number
of different types of biological degradation and non-biological deterioration processes that have
affected the various woods. These include wood decay from various types of fungi including
brown and soft rot, as well as a chemical corrosion of wood by salts (Fadl et al., 2013;
Geweely, 2006; Giachi et al., 2020).

Fourier transform infrared spectroscopy (FTIR)

FTIR highlighted the changes in the relative composition of chemical compounds compared to
fresh woods, indicating the decay degree. Furthermore, the comparison between different peaks
within the same spectrum allowed the semiquantitative analysis (Zidan et al., 2016). In general,
O-H stretching absorption bands (around 3,400 cm#1) and C-H absorption bands (around
2,927 cm#1) gave the different contributions of all the chemical components (Bodirlau, 2009;
Shi et al., 2012).

Two important peaks appeared at bands 1730–1740 and 1640 cm#1 that are attributed to
C=O of hemicellulose and H2O absorption, respectively, as described by Ray et al. (2012) and
Picollo et al. (2011). Absorption bands at 1610–1500 cm#1 are characteristic for lignin, whereas
the 1,590–1,610 cm#1 bands refer to aromatic C=C stretching (Syringyl > Guaiacyl). Bands at
1505–1515 cm#1 refer to aromatic C=C stretching (Huang et al., 2012), whereas the absorption
bands at 1460–1470 cm#1 refer to C-H bending bands in cellulose and hemicellulose
(Pucetaite, 2012). The absorption bands at 1346–1384 cm#1 refer to C-H and O-H bending
bands in cellulose and hemicellulose (Pucetaite, 2012). The C-O stretching band for lignin
(Guaiacyl only) and hemicellulose is at 1245–1270 cm#1 (Esteves et al., 2013). The band at
1205 cm#1 refers to O-H bending for hemicellulose and cellulose, C-O stretching for cellulose,
and C-H bending in plane for lignin (Guaiacyl) at 1140- cm#1 (Bodirlau, 2009). C-O stretching
for hemicellulose and cellulose at 1060–1117 cm#1 (Ray et al., 2012), aromatic C-H bending
out of plane for lignin at (800–875) and C-H rocking for cellulose at (800–950) (Huang
et al., 2012; Pucetaite, 2012).

The main changes occurred in the wood chemical compounds in the area around 1,000–
1800 cm#1 (Popescu et al., 2007). The spectrum of the wooden coffin was similar to that of
sound wood as a result of a good preservation; only the peak around 3,300–3,400 cm#1 showed
a decrease in O-H stretching band (Figure 4c); this was mainly due to a water loss for the dry
storage conditions compared to the standard sample (Tamarix gennessarensis). In the wooden
box, the peak at 1738 cm#1 was attributed to the C=O (acetyl) groups in xylan (a type of
hemicellulose), and it is often observed to have decreased in intensity or been completely lost if
compared to the standard sample (Ficus sycomorus) (Figure 4b). This is because the acetyl
groups are readily hydrolyzed to acetic acid, and it does not necessarily represent degradation
of the polymers (Darwish et al., 2013). On the other hand, FTIR analysis of the wooden statue
showed significant changes in the chemical composition of wood due to a severe deterioration
state of wood (Figure 4a). Four major differences between the archaeological sample and
control sample (Acacia nilotica) were observed: (І) Decrease in the intensity band of
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unconjugated C=O stretching around (1730 cm#1) in the decayed sample; this was explained by
the decrease in hemicellulose amount in archaeological sample. (II) Decrease in the intensity
band of water absorption around (1,640 cm#1) and decrease in O-H stretching band around
(3,300–3,400 cm#1); this was due to the water loss and the dry storage conditions. (III) Decrease
in C=C stretching band around (1,508 cm#1) due to the loss of lignin according to fungal

F I GURE 4 FTIR spectra & XRD patterns for old wood samples compared with standard wood samples Notes:
(a) FTIR spectra for the wooden statue compared with the standard sample (Acacia nilotica). (b) FTIR spectra for the
wooden box compared to the standard sample (Ficus sycomorus). (c) FTIR spectra for the wooden coffin compared to
the standard sample (Tamarix gennessarensis),XRD (d) Wooden statue compared to A. nilotica as the standard sample.
(e) Wooden box compared to F. sycomorus as a standard sample. (f) Wooden coffin compared to Tamarix
gennessarensis as a standard sample.

14 GEWEELY ET AL.



degradation (Geweely, 2011; Kubovský et al., 2020). (IV) Decrease in C-O-C stretching bands
around (1,160 cm#1); this indicates the advanced cellulose chain breaking and the depolymeri-
zation occurrence (Kubovský et al., 2020).

X-ray diffraction (XRD)

The comparison between the cellulose crystallinity of the archaeological wooden samples and
the standard samples of the same wood type indicated a decrease in the crystalline index of the
ancient samples (Figure 4 d,e,f and Table 2). The crystallinity decreases in the decayed cellulose
are linked to biotic and abiotic decay phenomena, both microbiological or due to weathering
conditions. A loss in crystallinity with increasing decay was indicated by a decreasing depth of
the ‘trough’ between the two peaks in the archaeological sample (Table 2). The use of XRD to
examine the cellulose loss in archaeological wood was already demonstrated by Giachi
et al., 2003 and Li et al., 2014. In addition, XRD analysis can underestimate the amount of
cellulose if it is present in a noncrystalline state, having been degraded to some extent (Li
et al., 2014). The major benefit of applying XRD to determine inorganic components is that it
can distinguish crystal structures, in contrast to SEM–EDX, and XRF where only an elemental
composition is obtained. This may provide valuable information for informing strategies to
remove such compounds before conservation or for predicting how they might behave with
changing environmental conditions (Sandström et al., 2002; Shen et al., 2018).

CONCLUSION

The different investigations (optical microscope observation of thin sections, SEM, FTIR, and
XRD) carried out on the three ancient Egyptian wooden artifacts (a wooden statue, a wooden
box, and wooden coffin) of great historical value were useful to identify the wood species and
to establish the typology and the extent of the deterioration of the wood. In particular, the
wooden coffin body was made of Cedrus sp., whereas connections were of Tamarix
gennessarensis. The body of wooden box was made of Ficus sycomorus, and the connections of
Tamarix mannifera. The wooden statue was made of Vachellia nilotica wood. This statue suffers
from a severe deterioration due to bad burial conditions. Visual assessment and investigation of
the surface morphology revealed several aspects of deterioration of the coffin surface, such as
cracks; presence of salt crystals, hyphae, and spores; and a separation between the wood layers
that require conservation. The analysis using FTIR allowed to know the changes in the wood
chemical compounds. The significant changes in the chemical composition of wood observed
for the wooden statue was probably due to a severe deterioration state of wood. Moreover,
XRD analysis showed a decrease in the crystalline index of the archaeological samples,

TABLE 2 Values of I (200), I(am), and X were obtained for archaeological wooden samples and standard woods

Wooden samples I (200) (AU) I am (AU) X (crystallinity index of cellulose)

Wooden statue 73,000 30,000 58.9%

Standard (Acacia nilotica) 680,000 200,000 70.5%

Wooden box 3,000 1750 41.6%

Standard (Ficus Sycomore) 375,000 90,000 76.0%

Wooden coffin 21,000 11,000 47.6%

Standard (Tamarix gennessarensis) 11,500 3,700 67.8%
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probably due to a microbial damage or weathering conditions. Further analysis including
more samples will be performed for understanding the decay pattern of different wood
components.
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