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ABSTRACT

Thirty-seven shipwrecks, which are dated from 5th to 11th centuries AD, were uncovered under the
supervision of the Istanbul Archaeology Museums Directorate in Yenikapi salvage excavations at Yenikapi,
Istanbul. The woods of the Yenikapi shipwrecks, which were found during the excavation, were in the
waterlogged state. The physical and chemical degradation degree of the waterlogged archaeological wood has
been evaluated in detail to establish a successful conservation procedure. The determination of the chemical
changes in the structure of the waterlogged archaeological wood provided information about the degradation
process. In this study, fourteen untreated wood samples were taken from the three galleys of Yenikapi
Shipwrecks (YK 13, YK 16, and YK 25), which are dated between the 7th and 10th centuries AD. In order to
determine the chemical characterization of the waterlogged archaeological wood, the ATR-FTIR method was
used. With the aim of making a safe comparison, three fresh wood samples (plane, pine, and elm) were also
analysed. The spectral comparison all the changes of holocellulose and lignin components in the structure of
the waterlogged archaeological wood samples were detected; the lignin degraded but it remained more intact
than polysaccharides. New and additional data have been provided regarding the characterization of
waterlogged archaeological woods for many ships in the Yenikapi Shipwrecks Project, the variety of the wood
types used in the construction of the ships, and the usage of the ships such as galleys.

KEYWORDS: ATR-FTIR, degradation degree of waterlogged wood, holocellulose, lignin, Yenikapi
shipwrecks.
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1. INTRODUCTION

37 shipwrecks were uncovered under the supervi-
sion of the Istanbul Archaeology Museums Direc-
torate in Yenikap1 salvage excavations between the
years 2004-2013. These shipwrecks are considered as
the world's largest medieval shipwreck collection
(Fig. 1). Furthermore, the six of these shipwrecks,
which were the rowing ships, are also called galleys

particularly important for being the first archaeologi-
cal evidence of the galleys. The conservation work on
4 of these 6 galleys has been implemented by the Is-
tanbul University’s Department of Conservation of
Marine Archaeological Objects (Totally 31 ship-
wrecks’ conservation work has been implemented by
the aforementioned department) (Kocabas et al., 2012;
Kocabas, 2015; Akkemik and Kocabas, 2013).
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Figure 1. Distribution of wrecks across the excavation site (Kocabas, 2015).

The shipwrecks uncovered in Yenikap1 consisted of
waterlogged archaeological woods. The waterlogged
archaeological wood is filled with water and there is
little or no air in cellular spaces, capillaries, and mi-
cro-capillaries of the woods (Rodgers, 2004; Antonelli
et al, 2020). When it is wet, the waterlogged archaeo-
logical wood usually looks relatively in a good condi-
tion at the first sight. On the other hand, its physical,
chemical, and mechanical properties degrade, and it
changes into a spongy substance filled with water.
Principally, the wood can remain intact in underwa-
ter environments where the microbial and fungal ac-
tivities are limited but some of the bacteria can de-
grade the wood even in anaerobic conditions. This
degradation causes a depletion of cellulose, hemicel-
lulose, and lignin alteration. As a result, the density of
the wood decreases, and the porosity and permeabil-
ity of the wood increase (Broda et al., 2015; Corades-
chi et al.,, 2018; Pizzo et al., 2010Db).

In order to establish a successful conservation pro-
cedure, the physical and chemical conditions of the
waterlogged archaeological wood should be evalu-
ated in detail. In order to determine the physical con-
dition of the waterlogged wood, several techniques,
which are based on the correlation between the
amount of water inside the wood and the loss of wood
substance, are used, such as maximum water content

(MWCQ), basic density, and loss of wood substance cal-
culations (Brunning and Watson, 2010; Broda and
Frankowski, 2017; Broda and Mazella, 2017; High and
Penkman, 2020; Jensen and Gregory, 2006; Macchioni
etal., 2018; Babinski et al., 2014; Macchioni et al., 2012;
Kilig, 2016; Kilig and Kilig, 2019a; Han et al., 2020a).
The advantages of using these methods to determine
the physical condition of the waterlogged archaeolog-
ical wood are simplicity and cost efficiency. On the
other hand, the results of these analyses do not give
information on the degradation of the chemical com-
pounds of the waterlogged archaeological wood. The
chemical compounds of the wood are cellulose, hem-
icellulose, and lignin. Cellulose is a homopolymer.
Hemicellulose is a carbohydrate heteropolymer. Lig-
nin is an irregular, cross-linked polymer. In common,
chemical analyses of waterlogged archaeological
wood showed that the cellulose content of the water-
logged archaeological wood decreases, while the lig-
nin content does not change extremely. On the other
hand, the degradation process of the anaerobic ero-
sion bacteria can cause an increase in the cellulose and
hemicellulose contents in the waterlogged archaeo-
logical wood. Meanwhile, lignin can be degraded.
Thus, the chemical characterization of the water-
logged archaeological wood is essential for the deter-
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mination of the degradation processes of the water-
logged archaeological wood (Salanti et al., 2010; Bjor-
dal and Nilsson, 2002).

The traditional wet chemical analysis can be used
to determine the degradation of the chemical com-
pounds of the waterlogged archaeological wood. In
order to determine the cellulose, the Seifert procedure
can be applied. For the determination of the holocel-
lulose, the Browning procedure can be applied. The
lignin content can be determined according to the
TAPPI standard (Broda et al, 2015; Capretti et al.,
2008). The various components need to be separated
in the traditional wet chemical analysis, although se-
lective isolation of the wood subtracts is not easy
(Bucejko et al., 2012). The main difficulty of the grav-
imetric analysis on waterlogged archaeological wood
is getting accurate results on small samples (Ogilvie,
2000).

Analytical instrumental analysis techniques are
used for the chemical characterization of waterlogged
archaeological wood. X-ray diffraction (XRD) can be
used for the determination of the degree of crystallin-
ity of cellulose in waterlogged archaeological wood.
In order to determine the molecular weight distribu-
tion of lignin, gel permeation chromatography (GPC)
analysis can be performed. Quantitative evaluation of
methoxy groups in lignin can be studied by using gas
chromatography with a flame ionization detector
(GC-FID). 3C NMR can be used for the examination
of celluloses and lignin in waterlogged archaeological
wood. Fourier transform infrared (FTIR) spectros-
copy can be used for analysing the holocellulose and
lignin of the waterlogged archaeological wood
(Eucejko et al., 2015; High and Penkman, 2020; Liritzis
et al., 2020). FTIR is a useful and rapid technique
which is used for chemical characterization of water-
logged archaeological wood. In addition, the use of
the attenuated total reflection (ATR) attachment per-
mits direct measurements on a solid sample without
a sample preparation. Another advantage of this tech-
nique is the sufficiency of performing the analysis
with a very small sample (Kazarian and Chan, 2016;
Akytiz, 2018). ATR-FTIR analyses were conducted on
many waterlogged archaeological wood samples
from various countries. The samples from Denmark
were analysed by ATR-FTIR (Christensen et al., 2006;
Eriksen et al., 2015). The samples from the EU-project
BACPOLES of 27 sample sites in Europe were exam-
ined with the ATR-FTIR method to determine the lig-
nin content of the samples (Gelbrich et al., 2008; Gel-
brich etal., 2012). ATR-FTIR analyses were performed
on the samples coming from several excavations car-
ried out in Italy (Pizzo et al., 2010a; Pizzo et al 2013,
Pizzo et al., 2015). The archaeological wood samples,

which were originated from a shipwreck and from a
beam wood of a cathedral in Spain, were analysed by
ATR-FTIR (Traoré et al, 2016). Waterlogged wood
finds from the Dead Sea were investigated with ATR-
FTIR (Oron et al., 2016). The samples, which were col-
lected from waterlogged archaeological wood
Xiaobaijiao No. 1 shipwreck, were studied with ATR-
FTIR (Han et al., 2020b). In addition to these studies,
the different samples taken from Yenikapi ship-
wrecks were analysed by ATR-FTIR method (Kilig
and Kilig, 2019b). The scientific studies conducted in
the Yenikap1 Shipwrecks Project provided new data
for the conservation of the waterlogged archaeologi-
cal wood by reason of the large number of ships in the
project, the variety of the wood types used in the con-
struction of the ships, and the different purposes of
using the ships, such as rowing ships and trade ships.
This study focused on the application of FTIR spec-
troscopy to the characterization of waterlogged ar-
chaeological woods of three galleys from Yenikapi
Shipwrecks.

This study focused on 3 galleys which were found
at Yenikap1 during salvage excavations: YK 13, YK 16,
and YK 25. The chemical composition of the water-
logged archaeological woods taken from 3 galleys
was examined by using the ATR-FTIR method.

2. MATERIALS AND METHODS
2.1 Sampling

The study was done on 14 waterlogged archaeolog-
ical wood samples taken from 3 galleys found at Ye-
nikap1 in Istanbul. The first of these galleys was YK
13. It is dated to 690-890 AD by radiocarbon analyses
and its extant length is 20.8 m and width 2.8 m. The
other galley, which was renamed as YK 16, is dated to
720-890 AD by radiocarbon analyses and its extant
length is 22.5 m and width 2.4 m. Finally, the third
galley, which was renamed as YK 25, is dated to the
10th century by its stratigraphic context and its extant
length is 19 m and width 1.5 m (Fig. 2). The main tree
species used in the construction of these galleys are
plane (Platanus L.), elm (Ulmus L.), and pine (Pinus L.).
All wood identification process was performed by
Prof. Dr. Unal Akkemik from Wood Anatomy Labor-
atory of the Department of Forest Botany, Faculty of
Forestry, Istanbul University- Cerrahpasa. Three sec-
tions cross, tangential and radial sections, from each
wood sample were taken and a reference collection at
the laboratory and wood anatomical references were
used for identification (Kocabas, 2012; Kocabas, 2015;
Akkemik and Kocabas, 2013; Akkemik, 2015). Tree
species of the waterlogged archaeological wood sam-
ples were given in Table 1.
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Figure 2. Photos of the shipwrecks (IU Yenikap1 Shipwrecks Project Archive).

All of the samples were taken from the woods
which were kept in desalination tanks, and all of them
were untreated. In addition, plane, pine, and elm
fresh wood samples were taken for ATR-FTIR anal-
yses to compare the spectrum of the waterlogged ar-
chaeological wood sample to the spectrum of the

fresh wood sample. The wood samples were pre-
pared as thin sections and the diameter of them was
approximately 4 mm. Waterlogged archaeological
wood samples and fresh wood samples were dried in
an oven before performing the ATR-FTIR analysis in
order to prevent error in the results due to water.

Table 1. Tree species of the waterlogged archaeological wood samples.

The Shipwreck Name Sample Species

YK 13 IB1-1 Pine (Pinus L.)
YK13 IK2-1 Pine (Pinus L.)
YK16 E77 Elm tree (Ulmus L.)
YK16 E115-51 Elm tree (Ulmus L.)
YK16 S-E48 Elm tree (Ulmus L.)
YK 25 E4-11 Plane (Platanus L.)
YK 25 E15 Plane (Platanus L.)
YK 25 El6 Plane (Platanus L.)
YK 25 E31 Plane (Platanus L.)
YK 25 E32 Plane (Platanus L.)
YK 25 E33 Plane (Platanus L.)
YK 25 E35 Plane (Platanus L.)
YK 25 E38 Plane (Platanus L.)
YK 25 1B1-2 Pine (Pinus L.)

Key to symbols

E: Frame,

IB: Portside garboard,
IK: Portside planking,
S: Starboard.
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2.2,  ATR-FTIR analyses

FTIR spectroscopy was carried out on a Perkin
Elmer Spectrum One series FTIR spectrometer using
an attenuation total reflection (ATR) sampling acces-
sory. The study was performed on an archaeological
material therefore ATR sampling accessory was used
to analyse very small samples. All the spectra were
acquired (16 scans/sample) in the range of 4000 - 600
cm? at a Fourier transform (FT) resolution of 4 cm!
and subsequently had a ratio against a 16-scan open-
beam background spectrum to produce absorbance.
The FTIR spectra of the wood samples were baseline
corrected in Spectrum One. The spectra were rec-
orded as absorbance versus wavenumber. The data
evaluation was limited to the fingerprint region of the
wood (1800-800 cm™) (Fors et al., 2011).

3. RESULTS AND DISCUSSION

Fourteen waterlogged archaeological wood sam-
ples and three fresh wood samples were analysed
with the ATR-FTIR method. In order to determine the
chemical degradation of the waterlogged archaeolog-
ical wood samples, the spectrum of the waterlogged
archaeological wood sample and the spectrum of the
fresh wood sample were compared. With the aim of
making a healthy comparison, the spectra of the same
wood species were compared. The species of the
wood samples, which were analysed in this study, are
plane, pine, and elm woods. Eight plane waterlogged
archaeological wood samples, three pine waterlogged
archaeological wood samples, and three elm water-
logged archaeological wood samples were analysed
in this study. Firstly, the FTIR spectra of fresh plane
wood and waterlogged plane wood samples were an-
alysed (Fig. 3).
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Figure 3. The FTIR spectra of the fresh plane wood and the waterlogged plane wood samples.

When all the spectra in Fig. 3 were examined, the
changes of cellulose, hemicellulose and lignin compo-
nents in the structure of the waterlogged archaeolog-
ical wood samples were detected (Cesar et al., 2017).
The band at ~ 825 cm™ (the peaks were shown on the
spectra as A with dotted lines) was related to lignin
(Traoré et al., 2018). This peak was detected in the
spectrum of the fresh plane wood sample. On the
other hand, the intensity of this peak decreased or
there was no peak on the spectra of the waterlogged

plane wood samples. The band at ~ 896 cm™ (the
peaks were shown on the spectra as B with dotted
lines) was associated with stretching and bending vi-
bration of molecular bonds of the cellulose (Hospo-
darova et al.,, 2018). This peak was detected in the
spectrum of the fresh plane wood sample. On the
other hand, the intensity of this peak decreased or
there was no peak in the spectra of the waterlogged
plane wood samples. The band at ~ 1030 cm™ (the
peaks were shown on the spectra as C with dotted
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lines) belonged to the C-O stretch in cellulose and
hemicellulose (Naumann et al., 2007). This peak was
detected in the spectrum of the fresh plane wood sam-
ple. On the other hand, the intensity of this peak de-
creased in the spectra of the waterlogged plane wood
samples. The band at ~ 1086 cm™ (the peaks were
shown on the spectra as D with dotted lines) was re-
lated to lignin degradation (Rashid et al., 2016) This
peak was detected in the spectra of the some of the
waterlogged plane wood samples. On the other hand,
there was no peak in the spectrum of the fresh plane
wood sample. The band at ~ 1105 cm™ (the peaks
were shown on the spectra as E with dotted lines) was
associated with carbohydrate (McLean et al., 2014).
This peak was detected in the spectrum of the fresh
plane wood sample. On the other hand, there was no
peak in the spectra of the waterlogged plane wood
samples. The band at ~ 1126 cm™ (the peaks were
shown on the spectra as F with dotted lines) was
linked with the degradation of the lignin (Pucetaite
2012). This peak was detected in the spectra of the wa-
terlogged plane wood samples. On the other hand,
there was no peak of the fresh plane wood sample.
The band at ~ 1155 cm™ (the peaks were shown on
the spectra as G with dotted lines) belonged to C-O
vibration in cellulose and hemicellulose (Naumann et
al., 2007). This peak was detected in the spectrum of
the fresh plane wood sample. On the other hand, the
intensity of this peak decreased in the spectra of the
waterlogged plane wood samples. The band at ~ 1216
cm™ (the peaks were shown on the spectra as H with
dotted lines) indicated an esterification of the wood
(Giridgar et al., 2017). This peak was detected in the
spectra of the waterlogged plane wood samples. On
the other hand, there was no peak in the spectrum of
the fresh plane wood sample. The band at ~ 1235 cm™!
(the peaks were shown on the spectra as I with dotted
lines) was associated with the syringyl ring and the
C= stretch in lignin and xylan (Miiller et al., 2009).
This peak was detected in the spectrum of the fresh
plane wood sample. On the other hand, there was no
peak in the spectra of the waterlogged plane wood
samples. The band at ~ 1265 cm™ (the peaks were

shown on the spectra as ] with dotted lines) was re-
lated to syringyl ring breathing and C-O stretching vi-
bration in lignin and xylan (Shi et al., 2012). This peak
was detected in the spectra of the waterlogged plane
wood samples. On the other hand, there was no peak
in the spectrum of the fresh plane wood sample. The
band at ~ 1326 cm™ (the peaks were shown on the
spectra as K with dotted lines) was associated with C-
O vibration in syringyl rings and C-H bonds in cellu-
lose (Traoré et al., 2016). This peak was detected in all
spectra. The band at ~ 1367 cm™ (the peaks were
shown on the spectra as L with dotted lines) was re-
lated to cellulose (Hospodarova et al., 2018). This
peak was detected in the spectrum of the fresh plane
wood sample. On the other hand, there was no peak
in the spectra of the waterlogged plane wood sam-
ples. The band at ~ 1420 cm™! (the peaks were shown
on the spectra as M with dotted lines) was related to
the amount of the crystalline structure of the cellulose
(Hospodarova et al., 2018). This peak was detected in
all spectra. The band at ~ 1456 cm™ (the peaks were
shown on the spectra as N with dotted lines) was as-
sociated with lignin (Fackler et al., 2010). This peak
was detected in all spectra. The band at ~ 1460 cm™!
(the peaks were shown on the spectra as O with dot-
ted lines) was related to lignin (Moosavinejad et al.,
2019). This peak was detected in all spectra. The band
at ~ 1502 cm™ (the peaks were shown on the spectra
as P with dotted lines) was associated with lignin
(Pandey, 1999). This peak was detected in all spectra.
The band at ~ 1592 cm™ (the peaks were shown on
the spectra as Q with dotted lines) belonged to lignin
(Zborowska et al., 2016). This peak was detected in all
spectra. The band at ~ 1732 cm™ (the peaks were
shown on the spectra as R with dotted lines) was as-
sociated with unconjugated carbonyl stretching in
hemicelluloses (Kubovsky et al., 2020). This peak was
detected in the spectrum of the fresh plane wood sam-
ple. On the other hand, the intensity of this peak de-
creased or there was no peak in the spectra of the wa-
terlogged plane wood samples.

The FTIR measurements of the plane wood sam-
ples were made first, followed by those of fresh pine
wood and waterlogged pine wood samples (Fig. 4).
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Figure 4. The FTIR spectra of the fresh pine wood and the waterlogged pine wood samples.

When all the spectra in Fig. 4 were examined, six-
teen peaks could be detected. The band at ~ 898 cm™!
(the peaks were shown on the spectra as A with dot-
ted lines) was associated with carbohydrate (Pandey
and Pitman, 2003). This peak was detected in the spec-
trum of the fresh pine wood sample. On the other
hand, the intensity of this peak decreased or there was
no peak in the spectra of the waterlogged pine wood
samples. The band at ~ 1030 cm™ (the peaks were
shown on the spectra as B with dotted lines) belonged
to C-O stretch in cellulose and hemicellulose (Nau-
mann et al., 2007). This peak was detected in the spec-
tra of all samples. The band at ~ 1044 cm™ (the peaks
were shown on the spectra as C with dotted lines) was
related to carbohydrate (Pucetaite, 2012). This peak
was detected in the spectra of the waterlogged pine
wood samples. On the other hand, there was no peak
in the spectrum of the fresh pine wood sample. The
band at ~ 1105 cm™ (the peaks were shown on the
spectra as D with dotted lines) was associated with
carbohydrate (Pandey and Pitman, 2003). This peak
was detected in the spectrum of the fresh pine wood
sample. On the other hand, there was no peak in the
spectra of the waterlogged pine wood samples. The
band at ~ 1140 cm™ (the peaks were shown on the
spectra as E with dotted lines) was related to C-H de-
formation in aromatic rings (Esteves et al., 2013). This
peak was detected in the spectra of the waterlogged

pine wood samples. On the other hand, there was no
peak in the spectrum of the fresh pine wood sample.
The band at ~ 1164 cm™ (the peaks were shown on
the spectra as F with dotted lines) indicated polysac-
charides (Viet, 2017). This peak was detected in the
spectrum of the fresh pine wood sample. On the other
hand, there was no peak in the spectra of the water-
logged pine wood samples. The band at ~ 1216 cm™
(the peaks were shown on the spectra as G with dot-
ted lines) indicated esterification of the wood (Gi-
ridhar etal., 2017). This peak was detected in the spec-
tra of the waterlogged pine wood samples. On the
other hand, there was no peak in the spectrum of the
fresh pine wood sample. The band at ~ 1265 cm™™ (the
peaks were shown on the spectra as H with dotted
lines) was related to syringyl ring breathing and C-O
stretching vibration in lignin and xylan (Shi et al.,
2012). This peak was detected in the spectra of all
samples. The band at ~ 1316 cm™ (the peaks were
shown on the spectra as I with dotted lines) was asso-
ciated with cellulose (Stevanic and Salmén, 2009).
This peak was detected in the spectrum of the fresh
pine wood sample. On the other hand, the intensity of
this peak decreased or there was no peak in the spec-
tra of the waterlogged pine wood samples. The band
at ~ 1367 cm™ (the peaks were shown on the spectra
as ] with dotted lines) was related to cellulose (Hos-
podarova et al., 2018). This peak was detected in the
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spectrum of the fresh pine wood sample. On the other
hand, the intensity of this peak decreased in the spec-
tra of the waterlogged pine wood samples. The band
at ~ 1420 cm™ (the peaks were shown on the spectra
as K with dotted lines) was related to the amount of
the crystalline structure of the cellulose (Hospo-
darova et al., 2018). This peak was detected in all spec-
tra. The band at ~ 1456 cm™ (the peaks were shown
on the spectra as L with dotted lines) was associated
with lignin (Fackler et al., 2010). This peak was de-
tected in all spectra. The band at ~ 1460 cm™ (the
peaks were shown on the spectra as M with dotted
lines) was related to lignin (Moosavinejad et al., 2019).
This peak was detected in all spectra. The band at ~
1502 cm™ (the peaks were shown on the spectra as N

with dotted lines) was associated with lignin (Pandey,
1999). This peak was detected in all spectra. The band
at ~ 1592 cm™! (the peaks were shown on the spectra
as O with dotted lines) belonged to lignin (Zborowska
etal., 2016). This peak was detected in all spectra. The
band at ~ 1732 cm™ (the peaks were shown on the
spectra as P with dotted lines) was associated with
unconjugated carbonyl stretching in hemicelluloses
(Kubovsky et al., 2020). This peak was detected in the
spectrum of the fresh pine wood sample. On the other
hand, there was no peak in the spectra of the water-
logged pine wood samples.

Finally, the FTIR spectra of the fresh elm wood and
the waterlogged elm wood samples were analysed

(Fig. 5).
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Figure 5. The FTIR spectra of the fresh elm wood and the waterlogged elm wood samples.

When all the spectra in Fig. 5 were examined, eight-
een peaks could be detected. The band at ~ 896 cm™!
(the peaks were shown on the spectra as A with dot-
ted lines) was associated with stretching and bending
vibration of molecular bonds of the cellulose cellulose
(Hospodarova et al., 2018). This peak was detected in
the spectrum of the fresh elm wood sample. On the
other hand, there was no peak in the spectra of the
waterlogged elm wood samples. The band at ~ 1030
cm™ (the peaks were shown on the spectra as B with
dotted lines) belonged to C-O stretch in cellulose and
hemicellulose (Naumann et al., 2007). This peak was
detected in the spectrum of the fresh elm wood sam-
ple. On the other hand, the intensity of this peak de-

creased or there was no peak in the spectra of the wa-
terlogged elm wood samples. The band at ~ 1105 cm™!
(the peaks were shown on the spectra as C with dot-
ted lines) was associated with carbohydrate (McLean
et al., 2014). This peak was detected in the spectrum
of the fresh elm wood sample. On the other hand,
there was no peak in the spectra of the waterlogged
elm wood samples. The band at ~ 1140 cm™ (the
peaks were shown on the spectra as D with dotted
lines) was related to C-H deformation in aromatic
rings (Esteves et al., 2013). This peak was detected in
the spectra of the waterlogged elm wood samples. On
the other hand, there was no peak in the spectrum of
the fresh elm wood sample. The band at ~ 1155 cm™!
(the peaks were shown on the spectra as E with dotted
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lines) belonged to C-O vibration in cellulose and
hemicellulose (Naumann et al., 2007). This peak was
detected in the spectrum of the fresh elm wood sam-
ple. On the other hand, there was no peak in the spec-
tra of the waterlogged elm wood samples. The band
at ~ 1216 cm™ (the peaks were shown on the spectra
as F with dotted lines) indicated esterification of the
wood (Giridhar et al., 2017). This peak was detected
in the spectra of the waterlogged elm wood samples.
On the other hand, there was no peak in the spectrum
of the fresh elm wood sample. The band at ~ 1235
cm™ (the peaks were shown on the spectra as G with
dotted lines) was associated with syringyl ring and
C= stretch in lignin and xylan (Miiller et al., 2009).
This peak was detected in the spectrum of the fresh
elm wood sample. On the other hand, there was no
peak in the spectra of the waterlogged elm wood sam-
ples. The band at ~ 1265 cm™ (the peaks were shown
on the spectra as H with dotted lines) was related to
syringyl ring breathing and C-O stretching vibration
in lignin and xylan (Shi et al., 2012). This peak was
detected in the spectra of the waterlogged elm wood
samples. On the other hand, there was no peak in the
spectrum of the fresh elm wood sample. The band at
~ 1316 cm™ (the peaks were shown on the spectra as
I with dotted lines) was associated with cellulose
(Stevanic and Salmén, 2009). This peak was detected
in the spectrum of the fresh elm wood sample. On the
other hand, there was no peak in the spectra of the
waterlogged elm wood samples. The band at ~ 1367
cm™ (the peaks were shown on the spectra as ] with
dotted lines) was related to cellulose cellulose (Hos-
podarova et al., 2018). This peak was detected in the
spectrum of the fresh elm wood sample. On the other
hand, there was no peak in the spectra of the water-
logged elm wood samples. The band at ~ 1412 cm™!
(the peaks were shown on the spectra as K with dot-
ted lines) was related to C-H deformation (Shearer,
1990). This peak was detected in the spectra of the wa-
terlogged elm wood sample. On the other hand, there
was no peak in the spectrum of the fresh elm wood
sample. The band at ~ 1420 cm™ (the peaks were
shown on the spectra as L with dotted lines) was re-
lated to the amount of the crystalline structure of the
cellulose cellulose (Hospodarova et al., 2018). This
peak was detected in the spectrum of the fresh elm
wood sample. On the other hand, there was no peak
in the spectra of the waterlogged elm wood samples.
The band at ~ 1456 cm™ (the peaks were shown on
the spectra as M with dotted lines) was associated
with lignin (Fackler et al., 2010). This peak was de-
tected in all spectra. The band at ~ 1460 cm™ (the
peaks were shown on the spectra as N with dotted
lines) was related to lignin (Moosavinejad et al., 2019).
This peak was detected in all spectra. The band at ~
1502 cm™ (the peaks were shown on the spectra as O

with dotted lines) was associated with lignin (Pandey,
1999). This peak was detected in all spectra. The band
at ~ 1592 cm™! (the peaks were shown on the spectra
as P with dotted lines) belonged to lignin (Zborowska
etal., 2016). This peak was detected in all spectra. The
band at ~ 1654 cm™ (the peaks were shown on the
spectra as Q with dotted lines) was related to lignin
(Moosavinejad et al., 2019). This peak was detected in
the spectrum of the fresh elm wood sample. On the
other hand, the intensity of this peak decreased or
there was no peak in the spectra of the waterlogged
elm wood samples. The band at ~ 1732 cm™ (the
peaks were shown on the spectra as R with dotted
lines) was associated with unconjugated carbonyl
stretching in hemicelluloses (Kubovsky et al., 2020).
This peak was detected in the spectrum of the fresh
elm wood sample. On the other hand, there was no
peak in the spectra of the waterlogged elm wood sam-
ples.

When Figures 3, 4, and 5 were examined, it was un-
derstood that the bands at ~ 1030, 1105, 1265, 1367,
1420, 1456, 1460, 1502, 1592, and 1732 cn~1were found
in all figures. These bands were associated with
chemical components of the wood such as cellulose,
hemicellulose, and lignin. Besides these bands, the
band at ~ 1216 cm~! was also found in all spectra ex-
cept spectra of the fresh wood samples and this band
was related to the degradation of the chemical struc-
ture of the wood.

Finally, in the spectra of the fresh wood samples,
the bands at ~ 1235 and 1265 cm™ appeared as one
broad peak. On the other hand, the degradation of lig-
nin resulted in the separation of these two peaks in
the spectra of waterlogged archaeological wood
(High and Penkman, 2020).

When all data was examined, it was concluded that
lignin remained more intact than polysaccharides. Es-
pecially, hemicellulose could be affected by hydroly-
sis (Almkvist, 2008), and lignin was degraded. Enzy-
matic oxidation of the lignin caused by biological ac-
tivities under anaerobic conditions was a reason for
the degradation. In addition, an increased concentra-
tion of the more resistant Guaiacyl lignin was more
resistant than Syringyl lignin in the waterlogged ar-
chaeological wood (High and Penkman, 2020). These
results were consistent with the results of the previ-
ous studies in the conservation of the waterlogged ar-
chaeological wood. Thus, different molecular weight
conservation chemicals can be used according to the
degradation status of the waterlogged wood. For pol-
yethylene glycol (PEG) impregnation, high molecular
weight PEG can be used for the conservation of highly
degraded waterlogged woods and low molecular
weight PEG can be used for well-preserved water-
logged wood.
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4. CONCLUSION

Due to the large number of ships in the Yeni-
kap1 Shipwrecks Project, the variety of the wood

were caused by conservation chemicals could be con-
cealed by the bands of the wood samples. The degra-
dation of the cellulose, hemicellulose, and lignin was
reflected by the spectroscopic data which were ac-

types used in the construction of the ships and the dif-
ferent purposes for using the ships, the scientific stud-
ies, which were conducted in the project, provided
important data for the conservation of the water-
logged archaeological wood. The degradation of the
chemical structure of the waterlogged archaeological
wood samples, which were taken from the three gal-
leys of the Yenikap: Shipwrecks, were examined in
this study. All the samples were taken from untreated
woods in order to compare the spectrum of the water-
logged archaeological wood sample to the spectrum
of the fresh wood sample easily. The bands which
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