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HIGHLIGHTS  GRAPHICAL ABSTRACT 

• Conducting multi-techniques to 

assess the preservation state of 

the mummy. 

• Demonstrating the humidity role 

in the degradation of the materi-

als. 

• Manifesting the effect of packing 

on the mummy. 

• Understanding the degradation 

process of a late period mummy. 
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Ancient mummies suffer from degradation as a 

result of the improper conditions which change 

both the chemical and physical properties of the 

materials. This study aims to explain the chemi-

cal changes of an Egyptian mummy dating back 

to the late period. Multiple analytical techniques 

have been executed to characterize the different 

components of the mummy: optical microscopy, 

stereo microscopy, scanning electron microsco-

py-energy dispersive X-ray spectroscopy, attenu-

ated total reflection-Fourier transform infrared 

spectroscopy, Raman spectroscopy, X-ray dif-

fraction, thermogravimetric analysis, differential 

thermal analysis, and differential scanning calo-

rimetry. 
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The results revealed that the Natron salt existed over the linen wraps with the presence of the 

mastic resin and beeswax as embalming materials. The incorrect packing method had a nega-

tive effect through which the surrounding humidity around the mummy‟s body accelerated 

the reaction between the water vapor and the mummy's components. The water molecules of 

humidity interacted with the Natron salt to form a basic medium, and the humid conditions 

promoted the microbial and insect activity. The analytical investigation showed the fabric 

embrittlement in the wrapping and the diagenetic alterations in the bone.  
 

1. Introduction 

Egyptian civilization is one of the earliest in 

history, and the ancient Egyptians recorded 

not only their writings but also their memo-

ries through mummification of their bodies. 

The ancient Egyptians believed in resurrec-

tion after death and made it necessary to pre-

serve their bodies to the afterlife [1-5]. The 

mummification (artificial mummification) 

was practiced in Egypt from the Old King-

dom to the Christian era. The process of 

mummification took many years of experi-

mentation throughout the historical ages us-

ing some methods, natural materials, and 

other agents until it reached perfection [1]. 

According to Herodotus, the embalmers had 

shown the family of the deceased wooden 

models of corpses so that they could choose 

the level of mummification they wanted. The 

mummification techniques were classified 

into three types. The first method, the most 

expensive method, was typically reserved for 

the royalty and very wealthy nobles. The se-

cond method was inferior to the first and did 

not include the wrapping of the body. The 

third method was the cheapest of all [1, 6]. 

The main general features of the first class of 

the mummification process were: 

1-  Removal of the brain using a hooked rod 

passing through the ethmoid bone to the 

cranial cavity [3]. 

2- Removal of the viscera through an inci-

sion on the left side of the abdomen. 

3- Dehydration of the body through burial of 

the body in heaps of Natron salts in order 

to avoid putrefaction or destruction of the 

tissues, and leaving the salted corpse for 

around 40 days. This was the main step in 

the mummification process due to the ex-

traction of water from the body by the 

osmosis process. It depended on some 

factors such as the condition of the body 

prior to the Natron treatment, the compo-

sition of the salt mixture, the ratio of Na-

tron volume to body volume, the re-use of 

salts for more than one body, and the du-

ration of treatment in regard to the cli-

mate conditions [1-4]. 

4- Filling the thoracic and abdominal cavi-

ties with linen bags containing Natron 

salt, oils, and resin. After the removal of 

stuffing materials, the body was washed 

and dried with water and alcoholic solu-

tion. 

5- Placing the extracted viscera into special 

jars (canopic jars) after the treatment with 

resin [1, 3]. 

6- Embalming the body with resin, gum, and 

wax for the protection from decomposi-

tion [1[. 

7- Wrapping the body with linen bandages 

that were sometimes adorned with amu-

lets, decorated mask (cartonnage) and in-

scriptions [7[. 

8- Placing the mummy in a body-shaped 

container (coffin or sarcophagus), and 

there might be personal items along with 

the body [8]. 

The second method of mummification in-

cluded the complete evisceration, the injec-

tion of cedar oil into the anus, and the treat-

ment of the body with Natron salt. Once this 

was completed, the oil was drained off in 

which the intestine and the stomach came 

away, and the flesh was also desiccated. The 

third method of mummification included the 

removal of the stomach and internal organs 

through an abdominal incision on the left 

side of the body. The body cavities were ster-

ilized with alcohol, and the whole body was 

then buried in Natron salt [1]. According to 

Herodotus, the three types of mummification 

could be practiced in the same area and peri-

od, depending on the social status of the de-

ceased. The authors confirmed that the 

mummification process was lower in quality 

than in most of the late period mummies 
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compared to the New Kingdom and Third 

Intermediate mummies. It can also be added 

that the quality of mummification reflects the 

state of preservation of the mummies. Alt-

hough the mummification process aims to 

preserve the body from decay, the mummy‟s 

body is susceptible to degradation. The de-

composition of mummification materials is a 

complex chain of events that results in 

changing the molecular composition of mate-

rials. It may be due to the mummification 

technique, the burial environment, or the 

storage conditions. The investigation process 

of the degradation aspects of a mummy helps 

conservators to design a preservation strate-

gy. 

Analysis and investigation are vital in the 

conservation field because they explain the 

mechanism of degradation and the state of 

preservation of a mummy, which can help 

conservators in setting a plan for the conser-

vation treatment or preventive conservation. 

This study aims to understand the degrada-

tion process of an Egyptian mummy through 

assessing the state of a fabric wrapping and a 

small bone specimen of the mummy. A 

group of analytical techniques will be used to 

give information about the chemical structure 

and composition of the materials and to ex-

plain the degradation mechanism. Attenuated 

total reflection-Fourier transforms infrared 

spectroscopy (ATR-FTIR) and Raman spec-

troscopy (RS) will be employed to give in-

formation about the chemical structure of the 

materials. Optical microscopy (OM), stereo 

microscopy (SM), and scanning electron mi-

croscopy (SEM) will be used to detect the 

morphology of the fibers and illustrate the 

degradation aspects. Energy dispersive X-ray 

spectroscopy (EDX) will be applied to detect 

the elements of mineral content variation in 

the bone. X-ray diffraction spectroscopy 

(XRD) will be applied to determine the crys-

talline phases of the materials [9-12]. Ther-

mo gravimetric analysis (TGA), differential 

thermal analysis (DTA), and differential 

scanning calorimetry (DSC) will be per-

formed to observe the thermal behavior of 

the materials [13]. 

 

 

 

2. Materials and methods 

 

2.1. Archaeological mummy 
The studied mummy was discovered in the 

desert necropolis of Saqqara “Gisr El-

Mudir”, Giza, Egypt, on January 12, 2010. It 

was then deposited in the wood restoration 

lab in Saqqara archaeological site with the 

registration number: G.M – F6 117. The 

mummy dates back to the late dynastic peri-

od of ancient Egypt (332-664 B.C.) [5]. the 

mummy was wrapped with ancient fabric 

strips and modern bandages in which the up-

per part was covered with the sponge, and 

the whole mummy was enclosed with the 

cardboard paper and polyethylene strips (Fig. 

1). The mummies in the late period were 

characterized by the extensive use of resin in 

the body cavities, and there was more con-

cern with the external appearance than the 

preservation of the body [2, 5, 14]. Intact 

fiber, powder fiber, and small bone (lumbar 

vertebra) samples were taken from the stud-

ied mummy. 

 

2.2. Instruments 

  

2.2.1. Temperature/humidity meter 

Measurements of the temperature and humid-

ity of the surrounding storage area were tak-

en by Tenmars TM–183 (Tenmars Electron-

ics Co., Taipei, Taiwan). The temperature 

range was 20-60 °C and the humidity range 

was 1-99% with the resolution of ± 0.1 °C 

and ± 0.1% RH, respectively. 

 

2.2.2. Optical microscopy (OM) 

The photographs were made with a Leica 

motorized light microscope system attached 

with a digital Camera Leica ICC50 HD 

(Leica DM750, Wetzlar, Germany). 

 

2.2.3. Stereo microscopy (SM) 

The photographs were taken with a Leica 

M216 stereo microscope equipped with a 

Leica DF C450 digital camera (Leica Mi-

crosystems, Heerbrugg, Switzerland). 
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2.2.4. Field emission scanning electron 

microscopy-energy dispersive X-

ray spectroscopy (FESEM-EDX) 

The samples were examined with FESEM 

(Quanta FEG-250, FEI company, Eindhoven, 

Netherland) coupled with an EDX analysis 

unit (EDAX AMETEK analyzer). The analy-

sis was performed at an accelerating voltage 

of 30 kV and magnification 14x up to 

1000000 with a resolution of 1 nm. 

 

2.2.5. Attenuated total reflection-

Fourier transform infrared spec-

troscopy (ATR-FTIR) 

Mid Infrared (MIR) spectra were recorded 

with a Vertex 70 FTIR spectrometer (Bruker 

Optics, Ettlingen, Germany) equipped with a 

diamond ATR and DLaTGS detector acces-

sories. The spectral range was from 600-

4000 cm
−1

 and the resolution was 4 cm
−1

 

with 16 scans. 

 

2.2.6. Raman spectroscopy (RS) 

Bruker Senterra spectrometer (Bruker Optics 

Inc., Billerica, Massachusetts, USA) 

equipped with 785 nm excitation laser source 

in the range 0.1 to 100 mW. The spectral 

range was from 100-3000 cm
−1

 and was rec-

orded at a resolution of 9 cm
−1

. The integra-

tion time was 10 s for each spectrum, and the 

exposure time was 1 s for every scan. The 

spectrometer was equipped with a thermo-

electrically cooled charge-coupled device 

"CCD" detector, operating at −65 °C. 

 

2.2.7. X-ray diffraction (XRD) 

Diffraction patterns were performed on X-

ray diffractometer (X‟Pert PRO, PANalyti-

cal, Al-melo, Netherlands) using Cu Kα radi-

ation (λ = 1.54060 A°) in the angular region 

of 2θ = 4°-80°. The instrument was operated 

at 40 kV, and X-ray diffraction pattern was 

recorded at the scanning speed of 8° min
−1

. 

The step size used was 0.02° and the step 

time was 0.7 s. 

 

2.2.8. Thermal analyses  

Thermo gravimetric Analysis (TGA), Differ 

ential Thermal Analysis (DTA), and Differ-

ential Scanning Calorimetry (DSC) of the 

samples were performed on simultaneous 

TGA/DSC and SDT Q600 (TA Instruments 

Inc., New Castle, DE, USA). The samples 

were heated from room temperature to 1000 

°C at a rate of 10 °C min
−1

 using nitrogen gas 

with a flow rate of 30 mLmin
−1

. 

 

3. Results and discussion 
The archaeological samples are complex ma-

terials and are associated with degradation 

products, so it is required to use high-

resolution techniques to provide good data 

about the materials used. The mummification 

in the late period was poorly preserved that 

could allow the autolysis and putrefaction of 

the body [5, 15]. The disintegration of soft 

tissues from the body and the disruption of 

the wrappings are signs of the bad mummifi-

cation technique [16]. The mummy was bur-

ied in a sandy soil, and it is now near an ag-

ricultural land that could play a role in the 

degradation process. The mummy was stored 

in a crowded room with seventeen mummies 

in an uncontrolled surrounding environment. 

Additionally, the wooden roof did not pre-

vent the rainwater from falling on the mum-

mies' bodies. A portfolio of many analytical 

techniques is used to get information about 

the potential degradation of the materials. 

 

3.1. Measurement of temperature and 

humidity 
Measurements of the environmental condi-

tions in the storage room were recorded; the 

temperature was 22.6 °C, and the relative 

humidity was 55%. These can be considered 

as good external environmental conditions in 

the storage area, so any degradation would 

appear as a result of internal interactions of 

the mummy materials with the outer packing 

sheets (sponge, cardboard, and polyeth-

ylene). These sheets act as an insulator of the 

mummy from the surrounding environment. 

After removing the packing layers, some as-

pects of deterioration were noticed (Figs. 1 

and 2). 

 

3.2.Microscopy imaging 
OM photographs show nodes (transverse 

dislocations) and a narrow lumen within the 

fibers, which are distinctive of linen (Fig. 3) 

[17, 18]. 
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Fig. 1. A general image of the mummy shows the packing with polyester and sponge 

coverage (a, b) and the deterioration aspects of the mummy (c-f) 

Fig. 2. AutoCAD image shows the degradation aspects of the mummy. 
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The optical photographs reveal breaking the 

fibers, and the stereo photograph exhibits 

degradation of these fibers into powder form 

(Figs. 3 and 4). SM and SEM show brush-

like fractures of the intact fibers with salt 

accumulation over the wraps, and these 

demonstrate the fragmentation process of the 

cellulose chains and the breakdown of the 

interchain linkages (Figs. 4 and 5) [19]. 

When the soluble salts crystallized upon 

fluctuation of the humidity and evaporation 

of the water molecules, there was an increase 

in the volume and pressure throughout the 

porous layers of degraded fibers, resulting in 

severe damage of the wrapping (Fig. 1) [20, 

21]. EDX microanalysis of intact fiber sam-

ple detects Na, Cl, S, K, Al, Mg, and Si ele-

ments, probably referring to the presence of 

salts (Table 1) [1-3]. The salt has a hygro-

scopic character and could absorb water va-

por from ambient humidity to yield a basic 

medium [1]. The humid medium could create 

a good environment for the growth of micro-

organisms and biodeterioration of the mum-

my‟s body, and the SEM photographs show 

agglomeration of the fungi hyphae (Fig. 5) 

[22]. The humid conditions en-couraged the 

growth of insects, and thus there are many 

holes within the fibers [2]. The microbial 

activity assisted the hydrolysis of cellulose 

through enzymatic cleavage of the glycosidic 

bonds [23]. The intra-chain scission of cellu-

lose denotes the deterioration of the physical 

properties of wraps with reduction of the ten-

sile strength and then the breakdown of the 

long chains to short chains, and this appears 

obvious in the powder form of the wraps to 

address the fiber damage [24]. The penetra-

tion of water vapor from the humidity inside 

the bone allowed carbonate ions to absorb 

within the mineral phase and recrystallize the 

apatite lattice. This process used carbon di-

oxide gas from the complete degradation of 

the wrapping in the basic medium into a 

powder form. It facilitated the hydroxyap-

atite dissolution and thus reduced the acidity 

to create a good environment for the micro-

organisms [25-28]. In the same context, SM 

photographs and SEM microphotographs 

show an increase of the bone matrix (larger 

than 8 nm) that may illustrate the dissolution 

of the mineral phase and exceed the bone 

micro-porosity (Figs. 4 and 5) [27-29]. SEM 

photographs highlight the presence of many 

pore spaces on the bone surface, supporting 

the penetration of microorganisms into the 

bone matrix and bio-degradation of the col-

lagen (Fig. 5). The diagenesis process of the 

bone is associated with the loss of collagen 

phase and bone rigidity due to the depoly-

merization and breaking down of the protein 

to peptide units [21, 27, 28, 30]. Semi-

quantitative EDX analysis had been applied 

to give information about the state of bone; 

the average Ca/P ratio of double measure-

ments was 1.60 as a type of reproducibility 

measurement, and this value is a deviation 

from the ideal theoretical case (1.67) (Table 

1) [31, 32]. The non-stoichiometry of the 

apatite phase may indicate the chemical 

change in the mineral matrix upon the dia-

genesis process of the bone by the substitu-

tion and recrystallization of Ca
2+

 ions of apa-

tite with Na
+
 or Mg

2+
 impurities ions in the 

crystal vacancies or surface adsorption of 

phosphate ions through forming stronger 

bonds with calcium sites than the carbonate 

ions [29]. The digital photograph of another 

bone sample, a segment from the fractured 

body, shows severe degradation of the skele-

tal body as a result of the diagenetic altera-

tions and malfunction of collagen (Fig. 1f). 

 

3.3. Vibrational spectroscopy 
The infrared spectra of intact and powder 

samples demonstrate the characteristic bands 

of carbonate, sulfate, and quartz of the chem-

ical composition of the Natron salt (Na2CO3, 

NaHCO3, NaCl, Na2SO4, and quartz) (Fig. 6 

and Table 2) [33, 34[. The intact fiber mani-

fests an infrared band at 3271 cm
−1

, which 

may be assigned to cellulose Iβ, indicating the 

crystallinity of the cellulose fiber (Fig. 6 and 

Table 2) [35, 36[. The more hydrogen bonds 

within the cellulose chains, the greater pack-

ing with better mechanical properties and 

this appears clearly in the intact and powder 

fibers [36]. 

The increase of Raman intensity of bending 

(C−C) of the powder sample near 400 cm
−1

 

indicates the more free movement of cellu-

lose rings as a result of the cellulolytic pro-

cess [37,38]. The bone has infrared bands of 

collagen protein at 3256, 1545, 1439, 
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Fig. 3. OM photographs of: intact sample shows the texture of linen fibers (a) 

and powder sample shows the degradation of the fibers (b). 

Fig. 4. SM photographs of: intact fiber sample shows the consistency of the fi-

bers (a), intact fiber sample shows the accumulation of salts on the fiber surface 

(b), powder fiber sample shows the grains of the degraded fibers(c), and bone 

sample shows the physical state of the bone matrix (d). 

Fig. 5. SEM microphotographs of: intact fiber sample shows the fracture of 

the fibers (a), intact fiber sample shows the accumulation of the salts (b), 

intact fiber sample shows the growth of the microorganisms (c), bone sam-

ple shows the increase of the bone matrix (d), and bone sample shows the 

increase of the micro-porosity of the bone surface (e). 
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and 1230 cm

−1
 and hydroxyapatite [Ca10 

(PO4)6(OH)2], the mineral component of the 

bone, for υ(PO4)
3−

 at 974 cm
−1

 (Fig. 6 and 

Table 2) [39-42]. It also has Raman bands at 

1244 cm−1 of collagen protein and 585 

cm−1 of phosphate ions (Fig. 7 and Table 3) 

[43,44]. The absence of the vibrational infra-

red and Raman bands of the amide I 

(νCONH) may indicate the loss of the colla-

gen skeleton as a sign of the diagenetic mod-

ifications [45, 46]. The infrared spectrum 

reveals absorption bands at 1076, 872 cm
−1

, 

and the Raman spectrum exhibits a high in-

tensity of the bands at 1093, 710, 156 cm
−1

 

that refer to calcium carbonate and the exist-

ence of which illustrates the absorption of 

carbonate ions of Natron salt (Figs. 6 and 7) 

[42, 43, 47]. 

The samples were attached to resin particles, 

and the infrared spectra reveal a δ(C–H) 

band at 1202-1205 cm
−1

, which refers to the 

category of triterpenoid resin. Furthermore, 

the absorption bands of the fingerprint region 

at 1157 and 1156 cm
−1

 belong to the mastic 

resin (Pistacia lentiscus) that was commonly 

used in the mummification in ancient Egypt 

(Fig. 6 and Table 2) [48]. The samples have 

characteristic Raman bands of mastic resin at 

858, 600, 307, and 305 cm
−1

 (Table 3) [49]. 

Although the mummy‟s body was anointed 

with the mastic resin to form a water-

resistant seal, there are infrared bands of the 

intermolecular bound water at 1620-1628 

cm
−1

. A broadening of the stretching infrared 

bands of (O–H) of linen fibers and (N–H) of 

the bone may denote hydrogen bonding be-

tween the molecules (Fig. 6) [50, 51] The 

presence of infrared bands in the bone spec-

trum at 2955 and 2854 cm
–1

 are characteristic 

of wax material in the sample, and there is 

also a characteristic band at 1175 cm
–1

 that 

may indicate the ester of the beeswax (Fig. 6 

and Table 2) [52]. The powder fiber sample 

contains an infrared band at 2968 cm
–1

, and 

this shift of stretching (C−H) may manifest 

the degradation of hydrocarbon chains with 

the aging of the mummy. The beeswax was 

used as an embalming material to preserve 

the corpses or as a bath to soak the wrapping 

in the later periods of Egyptian history [1, 

50]. 

 

3.4. X-ray diffraction 
The diffractogram of the intact fiber sample 

shows a characteristic reflection pattern at 

22.8° 2θ that is assigned to the (002) crystal-

lographic plane, while the powder fiber sam-

ple exhibits 18.1° 2θ that is assigned to the 

amorphous phase ]19,36[. The high intensity 

of these peaks refers to the preferred orienta-

tion of the crystals within the fibers. This 

reflects the impact of the degradation of the 

powder sample with a complete decomposi-

tion of the crystalline cellulose to an amor-

phous domain and a loss of the fiber rigidity. 

The XRD pattern of the bone sample shows 

peaks at 25.7°, 31.7°, 39.7°, 46.5°, 49.4°, and 

53.1° that attribute to Miller‟s indices of 

hexagonal hydroxyapatite (002, 211, 310, 

222, 213 and 004), and there is also a peak at 

31.7° (006) of calcium carbonate (Fig. 8) 

]47,53[. This may infer the dissolution of 

bone hydroxyapatite and the remineralization 

or recrystallization of carbonate crystals in 

the form of B-type carbonate apatite 

]Ca10(PO4)3(CO3)3(OH)2[ ]54-56[. The broad 

band at 31.7° refers to the imperfection or 

distortion of the hydroxyapatite crystal lattice 

resulting from the introduction of trigonal 

planar CO3
2–

 ions to occupy the crystal va-

cancies of the tetrahedral PO4
3–

 ions ]31,57[. 

Element 
Intact fiber 

sample 

Bone sample  

(second 

measurement) 

O K 48.13 40.01 (40.33) 

C K 25. 37 30.07 (28.12) 

Ca K 10.80 12.04 (14.02) 

N K – 10.21 (8.87)  

P K 6.34 7.66 (8.65) 

Na K 4.19 – 

S K 1.73 – 

Cl K 1.61 – 

K K 0.65 – 

Mg K 0.59 – 

Si K 0.37 – 

Al K 0.23 – 

Table 1. Elemental EDX microanalysis 

(atomic percentage of elements) of the 

samples. 
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Fig. 6. Infrared spectra of intact fiber sample (a), powder fiber sample (b), and bone 

sample (c). Legends of the spectra are: beeswax (BW), collagen protein (C), hydroxy-

apatite (H), linen fibers (L), Natron salt (NS), and mastic resin (M). 

Fig. 7. Raman spectra of intact fiber sample (a), powder fiber sample (b), and bone 

sample (c). The materials are marked with labels: collagen protein (C), hydroxyapatite 

(H), linen fibers (L), and mastic resin (M). 



 
 

Magdy M., Ismail M., Issa Y. M., Abdel-Maksoud G., Ibrahim M.   

 
 

00 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Sample type Infrared bands (cm
–1

) 

Intact fiber sample 

Linen fibers 

 

3331 υ(O−H), 1369, 1315 δ(C−H), 1103, 1055, 1032  

υ(C−O), 881 υ(C−O−C), 662, 602 δ(O−H) 

Natron salt 

 

1416 υ(CO3
2‒

), 1055 υ(Si−O), 881 δ(CO3
2‒

), 771 

δ(Si−O−Si),  635, 617 δ(SO4
2‒

) 

Mastic resin 
2934 υ(C−H), 1622 δ(O−H), 1369 δ(C−H), 1205, 1157 

υ(C−O), 642 δ(C−H) 

Powder fiber sample 

Linen fibers 
3327 υ(O−H), 1369, 1317 δ(C−H), 1107, 1053, 1028, 1005,  

987 υ(C−O), 899 υ(C−O−C), 663 δ(O−H) 

Natron salt  
1425 υ(CO3

2‒
), 1053 υ(Si−O), 1005 υ(HCO3

‒
), 773 

δ(Si−O−Si) 

Mastic resin 
2943 υ(C−H), 1620 δ(O−H), 1369 δ(C−H), 1203, 1155 

υ(C−O) 

Bone sample 

Collagen protein 
3256, 3072 υ(N−H), 2928, 2878 υ(C−H), 1545 δ(N−H)amide II, 

1439, 1385 δ(C−H), 1230 υ(C−N)amide III 

Hydroxyapatite 1076, 1041, 974 υ(PO4)
3–

, 629 δ(O‒ H), 608 δ(PO4)
3–

 

Mastic resin 2928, 2854 υ(C−H), 1628 δ(O−H), 1202 υ(C−O) 

Beeswax 2955, 2854 υ(C−H), 1175 υ(C−O) 

Sample type Infrared bands (cm
–1

) 

Intact fiber sample 

Linen fibers 
2919 υ(C−H), 1410, 1334 δ(C−H), 1157 υ(C−C), 1096  

υ(C−O−C), 466 δ(C−C−O) 

Mastic resin 
1656 υ(C=C), 1013 υ(C−C), 846 υ(C−C−O), 797, 719, 664,  

590 υ(C−C), 528 δ(C−C−O), 466, 416, 305 δ(C−O) 

Powder fiber sample 

Linen fibers 
2724 υ(C−H), 1403 δ(C−H), 1324 δ(C−O−H), 1159 υ(C−C),  

1093 υ(C−O−C), 467 δ(C−C−O) 

Mastic resin 
1657 υ(C=C), 1009 υ(C–C), 855 υ(C−C−O), 593 υ(C−C),  

525 δ(C−C−O), 467, 415, 305, 260 δ(C−O) 

Bone sample 

Collagen protein 1244 υ(C−N)amide III  

Hydroxyapatite 585 δ(PO4)
3–

 

Mastic resin 
1658 υ(C=C), 1011 υ(C−C), 860 υ(C−C−O), 797, 710, 585 

υ(C−C), 529 δ(C−C−O), 464, 408, 307, 265 δ(C−O) 

Table 2. Infrared bands assignment of the mummification samples. 

Table 3. Raman bands assignment of the mummification samples. 
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The sharp peaks of apatite may report infil-

ling of the carbonate in the voids and reduc-

tion of the crystallite size, thus increase of 

the surface area to more interaction with the 

exogenous ions and degradation of the bone 

]58[. 

 

3.5. Thermal analyses 
The thermal profile of mummification mate-

rials is complicated with multiple degrada-

tion pathways within the one sample. The 

TGA curve of the intact fiber sample shows 

four steps of weight loss. The first weight 

loss of 5.05% (in the temperature range 47-

131 °C) is attributed to the moisture content 

within the cellulose fibers and the sodium 

bicarbonate of Natron salt. The second 

weight loss of 18.96% (in the temperature 

range 209-367 °C) means the decomposition 

of the organic skeleton of cellulose. The third 

weight loss of 10.10% (in the temperature 

range 430-540 °C) may refer to the degrada-

tion of the mastic resin. The fourth weight 

loss of 23.54% (in the temperature range 

601-1000 °C) may refer to the sodium sulfate 

of mummification salt ]36,59-62[. The DTA 

curve of the intact sample shows three endo-

thermic peaks at 32, 76, and 534 °C, and the 

DSC curve manifests three phase change 

peaks with maxima at 31, 71, and 534 °C due 

to the loss of hygroscopic and hydroxyl wa-

ter [63 ] . The TGA curve of the powder fiber 

sample shows three steps of weight loss. The 

first weight loss of 3.87% (in the temperature 

range 34-79 °C) is due to the absorbed water 

from the surrounding environment, the sodi-

um bicarbonate of Natron salt, and the em-

balming beeswax. The second weight loss of 

36.0% (in the temperature range 210-356 °C) 

may refer to the combustion of cellulose. The 

third weight loss of 19.22% (in the tempera-

ture range 412-1000 °C) may refer to the 

decomposition of mastic resin and sodium 

sulfate of mummification salt. The DTA 

curve of the powder sample exhibits two en-

dothermic peaks at 56 and 322 °C, and the 

DSC curve shows one phase change peak at 

62 °C (Fig. 9). The thermal curves show that 

the intact fiber sample decomposes at a high-

er temperature compared to the powder sam-

ple ]64[. The more order regularity of the 

intact fibers acts as a barrier to heat transfer 

with higher thermal stability rather than the 

degraded powder fibers ]36[. 

The TGA curve of the bone sample shows 

three steps of weight loss. The first weight 

loss of 6.02% (in the temperature range 42-

163 °C) refers to the melting of the beeswax 

and the dispersion of the water molecules 

throughout the bone molecules. The second 

weight loss of 25.71% (in the temperature 

range 197-502 °C) may refer to the pyrolysis 

of organic collagen protein and mastic resin. 

The third weight loss of 5.60% (in the tem-

perature range 705-1000 °C) may be attribut-

ed to the decomposition of the inorganic 

bone minerals (calcium carbonate and hy-

droxyapatite) ]65,66[. The DTA curve shows 

two broad endothermic peaks at 312 and 909 

°C, which refer to the chemically bound wa-

ter and the mineral phase of the bone matrix, 

respectively. The DSC curve of the bone 

sample shows two broad phase change peaks 

at 88 and 909 °C that may be attributed to the 

dehydration of the lattice water and the de-

composition of the mineral phase of the bone 

matrix, respectively (Fig. 9) ]67[. The broad 

band of phase transition of the mineral com-

pounds may report the partial crystallinity of 

the mineral matrix with a different size dis-

tribution of the crystallites ]68[. To sum up, 

the tight packing method of the mummy may 

be one of the factors that facilitated the deg-

radation and assisted the flourishing of the 

microorganisms within the mummy‟s body. 

The awareness of the conservators with the 

risks of incorrect preservation procedures is 

very crucial through conducting the preven-

tive plan according to the object state and the 

standard precautions. 
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Fig. 8. XRD pattern of intact fiber sample (a), powder fiber sample (b), and bone sam-

ple (c). 

Fig. 9. Thermal curves (TGA, DTA, and DSC) of intact fiber sample (a), powder 

fiber sample (b), and bone sample (c). 
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Conclusion 

The degradation of the mummy's body arose 

from a variety of interrelated factors, includ-

ing the bad quality of the mummification 

technique, the geographical region of the 

burial environment, and the poor facilities of 

the storage area. The tight packing proce-

dures increased the water vapor content 

around the mummy‟s body. The humidity 

had a pronounced effect on the mummy, as 

the water molecules reacted with the mum-

mification salts forming a basic medium that 

catalyzed the growth of the fungi. There 

were insect and mouse holes, which created a 

good connection with the surrounding envi-

ronment, resulting in the deterioration of the 

materials. Multi-disciplinary techniques have 

been applied to clarify the state of materials 

and understand the degradation process. 

SEM exhibited the accumulation of salts, the 

growth of microorganisms, and the increase 

of surface pores of the bone matrix. Infrared 

and Raman spectra showed the degradation 

features of the wraps and the bone specimen. 

XRD pattern revealed the low crystalline 

content of the powder cellulose fibers and the 

low crystalline inorganic phase of the bone 

matrix. Thermal analyses revealed the impact 

of absorbed water within the fibers, where 

the intact fibers had more stability with de-

layed decomposition. The results confirm 

that the preventive preservation of the stud-

ied mummy has to be executed for protecting 

the mummy from the surrounding environ-

mental conditions. 
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