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Abstract: The Yenikap: (YK) 12 shipwreck is 1 of 37 shipwrecks found at Yenikapi, Istanbul. This
merchantman has been dated to AD 672-876 by radiocarbon analyses. The conservation of YK 12,
which was assembled with iron nails, was completed with the pre-impregnation of polyethylene
glycol (PEG) and using vacuum freeze-drying processes. However, after conservation, dust formation
was observed on some wooden parts of the shipwreck during storage. In this study, iron-sulfur-
related problems detected in the woods of YK 12 were evaluated. We analysed samples taken from
YK 12 to study the sulfur and iron content in woods from oak (Quercus), walnut (Juglans), and
hornbeam (Carpinus), representing taxa with different wood properties. Fourier-transform infrared
spectroscopy (FTIR) analyses, X-ray diffraction (XRD), and pH measurements were conducted on
five samples. The results of these studies showed that the dust consisted of wood particles, PEG, and
hydrated iron sulfates, such as FeSO,4-4H,0O and FeSO,4-7H,0. Additionally, one sample included
Si0,, whilst another exhibited a low pH value. These findings highlight the importance of optimum
ambient conditions for the storage and display of these shipwrecks in order to prevent the irreversible
degradation of YK 12 and other recovered shipwrecks.
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1. Introduction

Scientific studies have been conducted on the conservation of waterlogged archaeo-
logical wood since the 1860s. However, the conservation process of waterlogged archae-
ological wood remains challenging due to the long timeframes and high cost of these
processes, especially given the enormous size of shipwrecks. The solutions of alum salts
(KAI(SO4)2-12H,0) were used for the conservation of waterlogged archaeological wood
for the first time in the mid-1800s [1,2]. More recently, PEG (polyethylene glycol) with
different molecular weights is one of the most utilised methods for conserving waterlogged
archaeological wood. However, the use of PEG introduces problems with respect to conser-
vation, for example, acidity formation in wood, which leads to degradation. In the 1970s,
white powder deposits were detected, due to the acidity, in the woods of the Skuldelev
shipwrecks treated with PEG. After analyses, these powders were identified as hydrated
iron sulfate particles resulting from the oxidation of insoluble iron sulfides. Similar powder
formation was also detected in wood samples from the Vasa shipwreck. As a result, this
was defined as a significant problem for the conservation of waterlogged wood in the 2000s
due to high sulfur contents in the recovered materials [3-7].

Iron corrosion products found in marine archaeological woods are caused by iron
nails and objects (e.g., cannons and cannon balls), which sunk with the ship. In anoxic
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environments with low redox potentials, H,S can be enriched by sulphate-reducing bac-
teria (SRB). Iron sulfides can then be produced in the presence of iron. Typically, sulfur
accumulation is exclusively associated with anaerobic conditions. However, aerobic or
fluctuating oxygen levels can promote sulfur deposition in waterlogged archaeological
wood [8,9]. Sulfur accumulated in the woods from shipwrecks affects the conservation
process and long-term stability of the timbers [10,11]. Therefore, archaeological woods
need to be monitored carefully during display and storage.

Additionally, reduced sulfur compounds may transform into sulfuric acid when the
relative humidity in the area where the woods are located is high. Furthermore, it has been
found that iron nails/objects act as catalysts for the acidity formation reaction. Numer-
ous instrumental analyses are used to determine sulfur-iron compounds in waterlogged
archaeological wood. XRD (X-ray diffraction) can be used when crystalline salt deposits
form on the wood. In addition, Raman spectroscopy and portable XRF (X-ray fluores-
cence spectroscopy) can detect iron-sulfur compounds in wood. SEM-EDX (scanning
electron microscope energy-dispersive X-ray spectroscopy) can map sulfur and iron distri-
bution in the wood cell wall alongside providing morphological information. XPS (X-ray
photoelectron spectrometry) and XANES (X-ray absorption near edge spectroscopy) can
identify the valences of sulfur and iron, providing further confirmation for the phases
formed, and SXM (scanning X-ray spectro-microscopy) can evaluate the microscopic sulfur
compounds in the wood [6,9,11-17]. More recently, magnetic measurements have been
used to analyse iron-sulfur compounds in waterlogged archaeological wood [18], whereby
magnetic behaviour can be used to identify the iron phases present from their characteristic
magnetic behaviour. Iron compounds are widely found in the woods of shipwrecks treated
with PEG. SEM-EDXand XAFS analyses on the wood of the Swedish Vasa shipwreck
showed that FeSO4-7H,0O, KFe3(S04),(OH)g, NaFe3(SO4)2(OH)g, and CaSO4 compounds
had accumulated. SEM, XANES, XRD, and EXAFS analyses of the wood from the Mary
Rose shipwreck from the United Kingdom demonstrated the presence of FeS,, FegSo,
Fe203, FeSO4-4H20, FQSO4'7H20, NaFeg(SO4)2(OH)6, KF63(SO4)2(OH)6, CaSO4-2H20,
and CaCO3 compounds [19-21]. Likewise, XRD analysis of wood samples from the Batavia
shipwreck from Australia also confirmed the presence of FeS, FeS,, FeOOH, Fe(OH),,
FeSO4-4H;,0, FeSO4-5H;,0, KFe3(504)2(OH)g, and NaFe3(504)2(OH)g compounds [22,23].
Unusually, SEM-EDX, micro-Raman spectroscopy (1-RS), and XRD analyses of wood sam-
ples taken from the Lyon Saint-Georges 4 (from France) only showed the presence of FeS;
and Fe3S, phases [24]. Lastly, XRD analysis of the Shinan shipwreck from South Korea
showed similar phases to those found in the shipwrecks discussed above, namely, S, FeS,,
FeSO4-5H20, FeSO4-7H20 KFe3(SO4)2(OH)6, Fe0.0H, CaSO4.2H20, AISiO‘502‘5, NaZSiFé,
Na;yB405(0OH)4.2H,0, and SiO, [25-27]. Alongside instrumental methods, pH measure-
ments are also used to determine the acidity of archaeological samples [28]. The Vasa,
Mary Rose, and Batavia shipwrecks treated with PEG all exhibit acidity problems in the
woods [29,30]. The acidity formation process is shown by Equations (1) and (2) [25,31]:

S(s) + ;Oz—F H,O — 2H' + SO;~ 1)

7
F652(S) + 502 + (1’1 + 1)H20 — FeSO4-1’1H20(S) + HySO4 (aq) (2)

The information obtained from these shipwrecks motivates the continued studies
of more recently uncovered marine archaeological finds. One such significant group is
the Yenikapi shipwrecks, which were uncovered under the supervision of the Istanbul
Archaeology Museums Directorate between 2004 and 2013. These 37 shipwrecks, dated
to the medieval era, are considered the world’s largest medieval shipwreck collection [32].
The conservation work on 31 of these 37 shipwrecks has been implemented by the Istanbul
University (IU)’s Department of Conservation of Marine Archaeological Objects within the
[U Yenikap1 Shipwrecks Project. The project performs the conservation of most shipwrecks
using pre-impregnation with polyethylene glycol and the application of vacuum freeze-
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drying. Furthermore, with the knowledge of the acidity problem due to iron—sulfur
compounds, the iron corrosion parts of the woods are cleaned mechanically and chemically.

This study focuses on the YK (Yenikap1) 12 shipwreck (Figure 1). YK 12 is a mer-
chantman, which was excavated with its cargo of amphoras. In addition, in a separate
compartment at the stern, personal belongings, possibly those of the captain, were found.
The coins found with the YK 12 shipwreck date it to the 9th century using radiocarbon
analyses, providing a date range of AD 672-876. The shipwreck’s extant length is 7 m, and
its width is 2.3 m. The ship’s planks were fixed to the floor timbers using iron nails [33,34].

Figure 1. Photo of the Yenikap1 12 shipwreck (© IU Yenikap1 Shipwrecks Project Archive).

The desalination of the YK 12 shipwreck was made in stainless steel tanks at the
IU Yenikap1 Shipwrecks Research Laboratory. The salinity content of these tanks was
measured at approximately 1000 ppm. This value was decreased to approximately 40 ppm
using tap and distilled water over a timeframe of almost one year. During the desalination
process, the preservative agent, isothiazolone, was added to the tank at concentrations of
0.1% to protect against biological activity. Coordinating with the desalination process, iron
corrosion parts in the woods (e.g., nails) were cleaned. Firstly, the woods were cleaned
mechanically. After mechanical cleaning, these areas were buffered three times with a 5%
disodium EDTA solution, and then, the woods were neutralised in distilled water. The
PEG impregnation process of the YK 12 shipwreck was made in the same stainless steel
tanks at the IU Yenikap1 Shipwrecks Research Laboratory. The concentration of the PEG
2000 solution was gradually increased from 10% to 30%. Then, PEG 3000 was impregnated
into the woods. The concentration of the PEG 3000 solution was gradually increased by 30%
to reach a final concentration of 45%. The impregnation process took four years. Following
the pre-impregnation process, the woods were dried using the freeze-drying method [35].
The treated woods are stored at the IU Yenikap1 Shipwrecks Research Laboratory. In
this paper, we report the results of the analyses conducted on the woods of YK 12 while
monitoring during storage.

2. Materials and Methods
2.1. Sampling

While storing the PEG-treated archaeological woods of the YK 12 shipwreck, dust
formation was observed on some of the timbers. These wooden parts are from the frame of
the shipwreck and are named E8, E9, E11, E13, and E17 (Figure 2). Five dust samples were
collected from these areas and were analysed using FTIR and XRD. Additionally, wood
samples were collected from the same sample group (ES, E9, E11, E13, and E17) for FTIR
analyses. In order to compare the spectra collected for the PEG-treated archaeological wood
samples, fresh wood samples from the same species as the archaeological wood samples
were also analysed by FTIR (Table 1). Prior to FTIR analysis, the fresh wood samples—oak
(Quercus), walnut (Juglans), and hornbeam (Carpinus)—were dried in an oven at 100 £ 2 °C.
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Figure 2. Schematic representation of the YK 12 shipwreck showing the sampling points denoted ES8,
E9, E11, E13, and E17 (I. Ozsait-Kocabas).

Table 1. Wood species of the wood samples taken at the sampling points E8, E9, E11, E13, and E17.

Sample Species
E8 Hornbeam (Carpinus)
E9 Oak (Quercus)
E11 Oak (Quercus)
E13 Walnut (Juglans)
E17 Oak (Quercus)

Key to symbol; E: frame.

2.2. FTIR Analyses

FTIR spectroscopy was carried out using a Perkin Elmer Spectrum One series FTIR
spectrometer. The spectra were collected (16 scans/sample) between 4000 and 600 cm ! at

a resolution of 4 cm~!.

2.3. XRD Analyses

XRD analyses were performed to determine the crystal structure and phase identifi-
cation of the dust samples. Data were collected on a Rigaku miniflex 600 diffractometer
(20 kV, 15 mA, A = 1.5406 A) over a two-theta range of 5° to 70° with a step size of 0.02° and
a run time of approximately 6 h. Data analysis was performed using Highscore software
equipped with the JCPDS (Joint Committee of Powder Diffraction Standards) database for
search-match functionality.

2.4. pH Measurement

Non-destructive pH measurements were carried out using wetted pH strips pressed
to the surface of the woods of E8, E9, E11, E13, and E17 [36]. Multiple pH measurements
were conducted in the area where dust occurred.

3. Results and Discussion

Visual inspections of the FTIR spectra collected for the dust and wood samples and
pure PEG were evaluated to determine their similarities. In the spectra collected for the E8
and E17 dust samples, symmetrical C-O-C stretching was observed at ~841 cm~!. This
band is specific for PEG [37,38]. Therefore, it can be concluded that the dust samples
contained PEG. In addition, the spectra of the dust samples and wood samples taken from
the E8 and E17 positions exhibited very similar patterns in the range of 1800-800 cm ™!
(fingerprint region) [39], suggesting that the dust samples also contained wooden parts
(Figure 3).
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Figure 3. FTIR spectra collected for the E8 and E17 dust samples, PEG, and archaeological wood samples.

Furthermore, the spectra collected for the dust samples of E9, E11, and E13 show
numerous similar peaks in the region between 1500 and 800 cm !, suggesting the presence
of both PEG and wooden parts in the samples is consistent with the data collected for E8

and E17 (Figure 4).
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Figure 4. FTIR spectra collected for the E9, E11, and E13 dust samples, PEG, and archaeological
wood samples.

Analysis of the FTIR spectra collected for the wood samples showed similar trends to
those collected for the dust collections. Figure 5 shows a comparison between the spectra
collected for the E8 (hornbeam), PEG, and fresh hornbeam samples. The vibration bands
at ~1465, 1340, 1278, 1242, 1100, 960, and 841 cm ™! (labelled D to J, respectively) are
common across all spectra collected. The band at ~ 1732 cm ™! (labelled A) is associated
with unconjugated carbonyl stretching in hemicelluloses [40], as shown in the spectrum
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Normalised Absorbance

11

collected for the fresh hornbeam wood sample. However, no peak can be observed in the
corresponding spectrum collected for the wood sample, E8. This suggests hemicellulose
degradation in the wood sample. The vibration bands at~1502 cm~! and~1592 cm~!
(labelled B) belong to lignin [41,42]. This peak can also be observed in both the spectra
collected for the fresh wood and the archaeological wood samples.

0.9

mmmmm—— Fresh Hornbeam
1 | = PEG
E8-Wood Sample

H
|
|
I

1700 1600 1500 1400 1300 1200 1100 1000 900 800 700

Wavenumbers , cm™
Figure 5. FTIR spectra collected for fresh hornbeam, PEG, and the wood sample collected at the ES site.

In contrast with E8 (hornbeam), the species associated with the E9, E11, and E17 wood
samples is oak. A comparison of these samples with fresh oak and PEG samples is shown in
Figure 6. Similarly to the E§ wood sample, both the PEG and archaeological wood samples
exhibit vibration bands at ~1465, 1340, 1278, 1242, 1144, 1100, 960, and 841 cm ! (labelled
D to K, respectively), which are consistent with the presence of PEG. Additionally, vibration
bands at~1732 cm~! (labelled A), ~ 1592 cm ™! (labelled B), and~1502 cm ™! (labelled C)
can be observed in the fresh oak samples and can be identified as arising from hemicellulose
and lignin respectively. As with the E§ hornbeam wood sample, hemicellulose cannot be
observed in the spectra collected for the E9, E11, and E17 wood samples, again suggesting
the degradation of these samples. Moreover, the intensity of lignin peaks can be seen
to decrease in the spectrum collected for the E9 sample, suggesting lignin degradation
also occurred.

Lastly, the same comparisons were made for the spectra collected for the E13 walnut
wood sample with fresh walnut and PEG samples. The FTIR spectra collected are shown in
Figure 7. As seen for the other samples, the bands at ~1465, 1340, 1278, 1242, 1100, 960,
and 841 cm ! (labelled from D to J, respectively) are common across both the spectra of
the wood sample and PEG. Additionally, the vibration bands at ~1636 cm ™!, ~1592 cm !,
and~1502 cm~! (labelled A to C) belong to lignin [41,42]. Interestingly, there is no evidence
for hemicelluloses in either wood sample (fresh or archaeological).
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Figure 6. FTIR spectra collected for fresh oak, PEG, and the E9, E11, and E17 archaeological wood samples.
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Figure 7. FTIR spectra collected for fresh walnut, PEG, and the E13 archaeological wood sample.

The XRD measurements revealed the presence of salts, which may have precipitated
during the drying of the woods [43]. The comparison plot of the data collected for the dust
samples is shown in Figure 8. There are some similarities between the X-ray diffraction data
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collected. The E8, E13, and E17 samples show very similar diffraction patterns, suggesting
that they largely contain the same phases. Sample E11 shows similarities to the other
diffraction patterns. However, in E11, the differences are mostly in the peak intensity ratios,
suggesting that the same components are present but that they are present in different
quantities. In contrast, E9 exhibits a very different pattern, suggesting that the main phase
contributions to the diffraction pattern come from an alternative source.

20,000 — T T T T T T T T T T T T T T T T T T T T T T
16,000 ] | i
d | 4
TE[F00 WW d&mﬁw‘w’v W)W‘“ e b E1 7—_
| ] |
) 14,000 ‘_\'NMWH“ NMﬁMWIWWMJWMWWM
3 12,000 ‘ J | i
e i . :
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g 8000 | MJWA\J[WMM v —

] ) " ‘ E8 -
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4000 4
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20 ()
Figure 8. Comparison plot of the X-ray diffraction data collected for the dust samples collected for
E8, E9, E11, E13, and E17. Patterns are shifted for clarity, and E17 is enhanced by a factor of 4 to
allow comparisons.

The peak positions and intensities of the samples were searched for possible matches
in the JCPDS database. This allowed us to determine the crystalline phases present in these
materials in more detail. Table 2 provides a summary of the search-match results observed
for each of the dust samples.

Table 2. Search-match results from the X-ray diffraction data collected for the E8, E9, E11, E13, and
E17 dust samples.

Sample Primary Phase Secondary Phase
E8 FeSO4 '4Hzo FeSO4 '7H20
E9 5i0, FeSO4-4H,0
El1l FeSO,-4H,0 FeSO4-7H,O
E13 FeSO4 '4Hzo FeSO4 . 7H20
E17 FeSO,-4H,0 FeSO4-7H,O

E8, E11, E13, and E17 showed a mixture of two hydrated iron sulfate phases-rozenite
(FeSO4-4H,0) and melanterite (FeSO4-7HO)-which suggests that these sulfate phases are
hydrated over time. In contrast, the pattern collected for E9 is dominated by quartz (SiO,),
with a much smaller contribution from the rozenite phase. Pyrite was not detected in the
dust samples. However, it should be noted that this may be present in small quantities that
are beneath the limit of detection for the instrument or masked by peak overlap. Previous
studies conducted on waterlogged archaeological wood have mentioned the presence
of sulfur, pyrite, and traces of mackinawite. However, these studies have additionally
mentioned the presence of iron/sulfate-containing compounds, mainly hydrated iron
sulfates (rozenite and melanterite), consistent with the observations in this work. In



Forests 2023, 14, 530

9o0f12

addition, sulfated phases such as rozenite and melanterite could be detected at the surface
of the woods. Therefore, the formation of rozenite and melanterite could be caused by the
precipitation of sulfate with iron species during the drying of the wood. Moreover, the
formation of the rozenite and melanterite salts on the surface of the wood can also arise as
a result of the degradation products from cellulose and formic acid, which can reduce iron
(I11) ions [44,45].

To determine the acidity of the woods in which dust formed, their pH values were
measured at the dust formation sites (Figure 9) using pH strips. Multiple measurements
were taken to provide an average pH value for the site of interest and averaged. From
these studies, it was noted that the pH was fairly consistently acidic across all samples, as
expected. However, we note that the average pH value of the E9 site was marginally higher,
whilst that of the E17 site was more acidic than those determined for the other samples
(Table 3).

(a) (b)

(d)

Figure 9. Photographs taken to illustrate the areas where pH values were measured for (a) ES, (b) E9,
(c) E11, (d) E13, and (e) E17.

Table 3. Average pH values determined for the wood samples E8, E9, E11, E13, and E17.

Sample Average pH
E8 5
E9 6
Ell 4
E13 4
E17 3

4. Conclusions

The IU Yenikap1 Shipwreck Project is a significant archaeological group within water-
logged archaeological wood conservation studies. This is primarily due to the high number
of shipwrecks recovered and the various wood species used to construct individual crafts.
Whilst conservation studies of the Yenikap1 shipwrecks have already been carried out, it
is important to continue to understand the requirements for conservation due to unseen
threats, which have been reported in previous studies of conserved marine artefacts and
other shipwrecks.

Because the sulfur problem within the timbres of shipwrecks whose conservation
was completed with PEG is well known, the Yenikapi shipwrecks were monitored during
storage. Dust formation was observed when monitoring the woods of the YK 12 shipwreck.
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In this study, the dust that occurred in the woods of the YK 12 shipwreck was investigated.
First, FTIR and XRD analyses were compared to determine the composition and to explore
whether these samples contained sulfur-based salts, wooden parts (such as lignin), and PEG.
Firstly, the FTIR spectra of dust samples, PEG, and wood samples, taken where the dust
occurred, were evaluated. These results show that all dust samples contained components
from wood and PEG. When the spectra of the wood samples, fresh wood samples, and
PEG were analysed, it was determined that all the wood samples were impregnated with
PEG. Furthermore, a comparison with fresh wood samples (oak, walnut, and hornbeam)
demonstrated that hemicelluloses in the E8, E9, E11, and E17 samples degraded. On the
other hand, lignin in these samples was less degraded in comparison, with the exception
of the E9 wood sample. Kili¢ calculated the maximum water content of the waterlogged
archaeological woods of the YK 12 shipwreck between 500% and 1000% before the PEG
impregnation process [35]. Therefore, the woods of the YK 12 could be classified as Class I,
highly degraded [46].

In addition to FTIR analyses, XRD analysis was performed on dust samples collected at
various sites. Previous studies in this area showed XRD analysis could reveal the presence
of salts in the woods that may have precipitated during drying [44]. All samples contained
melanterite (FeSOy4-7H,0). Additionally, all samples, except E9, contained rozenite. In
contrast, E9 contained quartz. These XRD results were to be expected when compared
with the results obtained from other shipwrecks treated with PEG. In particular, these com-
pounds were also found in the wood of Vasa, Mary Rose, Batavia, and Shinan shipwrecks.
For instance, an analysis of samples from the Mary Rose revealed that the sulfides had
oxidized mainly to rozenite. Many problems can appear due to the occurrence of iron
sulfates in the wood. Firstly, this can lead to damaging dust formation on the surface of
the wood. Furthermore, the growth of the crystals within the wood causes mechanical
stresses that lead to cracks and embrittlement of the organic matter, ultimately destroying
the artefact [39].

Another problem linked to the oxidation of iron sulfides is the acidification of the
wood. Acidity is harmful to the mechanical resistance of the wood. In addition, acidic
conditions can cause the hydrolysis of cellulose and hemicellulose [24]. Acidity formation
was detected in the woods of E17. In addition, the pH values of the woods of E11 and E13
confirmed the acidity in these findings. It showed that mechanical resistance problems
could appear in the woods of YK 12. Therefore, it is important to monitor the woods
and the ambient conditions of the storage area. High relative humidity in the storage
area could escalate the acidity problem. Moreover, it may be necessary to treat the woods
using neutralization solutions with continued monitoring of the YK 12 shipwreck woods to
continue to protect the integrity of the shipwreck after assembling the woods of YK 12.
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