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ABSTRACT 
 

In this study, three samples taken from the planks of the Yenikapı 29 shipwreck were 
analysed. Firstly, the maximum water content (MWC) and basic density values of the samples 
were calculated. MWC of the IK13-1 was 164% and the MWC of the SK6-1 was 87%. 
Because of these low MWC values, samples could be classified as non-degraded. When the 
SEM images of these two samples were examined, it was understood that the IK13-1 sample 
was non-degraded but the SK6-1 sample was penetrated with corrosion product and could not 
be classified as non-degraded. With these analyses, the XRF method was used to measure 
the iron amounts of the samples. The iron amount of the SK6-1 was 32.3% and the corrosion 
accumulation in this sample was also proved with XRF. In order to avoid incorrect results, 
multiple analysis techniques should be used for determining the physical condition of 
the waterlogged wood near the corroded parts. 
 
KEYWORDS:  Basic density, maximum water content, SEM, waterlogged wood, Yenikapı 
shipwrecks. 
 

INTRODUCTION 
 

During burial under water and/or wet land for many years, the wood transforms into         
a waterlogged form. Due to this transformation, the physical and chemical properties of 
the wood change. At first sight, the excavated waterlogged woods seem to be in a good 
condition because the pores of the wood are saturated with water. This sight can commonly be 
misleading and the wood in waterlogged form might as well be degraded. The age of 
the wood, species of the wood, intended purpose of the wood, the ambient conditions under 
which it is buried and the time it spends under these conditions affect the degree of 
the degradation of the waterlogged wood.  In addition, the chemical and biological 
degradations of the wood cause the changes in the physical condition of the wood. Therefore, 
the determination of physical and chemical condition of the waterlogged wood is crucial for 
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understanding the degradation process of the waterlogged wood. In addition, the waterlogged 
wood is classified according to its degradation degree.  A classification system, which relates 
maximum water content (MWC), is commonly used (Broda et al. 2015a,b, Koman and 
Feher 2015, Christensen 1970, De Jong 1977, Fix 2015, Grattan 1987, Hamilton 1996, 
Hedges 1990, Florian 1990, Kaye and Cole-Hamilton 1998, McConnachie et al. 2008, 
Dollarhide 2019). In addition, several techniques are used in order to determine the physical 
condition of the waterlogged wood. For instance, physical resistance monitoring techniques 
such as pin test, Pilodyn, Sibbert drill, and electrical resistance monitoring,  wood-water 
amount related analyses such as MWC, basic density (BD), loss of wood substance, and 
visual analyses techniques such as optical microscope and electron microscope are used in 
order to determine the physical condition of the waterlogged wood (Grattan 2000, 
Ogilvie 2000, Rodgers 2004, Jensen and Gregory 2006, Gregory et al. 2007, Capretti 
et al. 2008, Heritage 2010, Macchioni et al. 2012, Pizzo et al. 2010, Babinski et al. 2014, 
Oron et al. 2016, Kılıç and Kılıç 2018, Romagnoli et al. 2018, Han et al. 2020).  Furthermore, 
a combination of these techniques can be applied.  
 37 shipwrecks, which are located in Istanbul, are considered as the world’s largest 
medieval shipwreck collection. The shipwrecks were excavated by Directorate of Istanbul 
Archaeological Museums and conservation studies of the 31 of these shipwrecks have been 
carried out by the Istanbul University Yenikapı Shipwrecks Project (Kocabaş 2015). 
The members of the project undertook the conservation process of the shipwrecks. One of 
the important steps of these conservation processes was the determination of the physical 
condition of the wooden parts of the shipwrecks. The MWC and the BD values 
of the waterlogged woods were calculated in order to understand the physical condition of 
the waterlogged woods. The studies, which were conducted on Yenikapı shipwrecks, showed 
that there was an inverse proportion between MWC and BD values of the waterlogged wood 
and MWC values of the highly degraded woods were higher (Kılıç and Kılıç 2019). 
On the other hand, inorganic residues, which penetrated into the structure of the woods, could 
cause failure in these values (Kılıç 2017).  For instance, corrosion products such as corroded 
nails could penetrate into woods. The basic principle of the MWC analysis is calculating 
the amount of the water inside the woods. Highly degraded woods have more gaps inside 
the wood. Normally, these gaps of the waterlogged wood are filled with water and the amount 
of the water inside the wood indicate the physical degradation level of the waterlogged wood. 
The water can be removed easily with heat and the MWC value can be calculated using 
differences between the weights of the wood.  On the other hand, iron corrosion products are 
stable and cannot be removed with heat. Therefore, the weight of the wood, before and after 
having been put in an oven, was similar. Corrosion products which have penetrated the gaps 
in the woods cause failures in the MWC and the BD calculations. In general, the wooden parts 
which were penetrated with corrosion products can be identified easily by naked eye 
observation. Therefore, the results could be ignored easily (Kılıç and Kılıç 2019). 
On the other hand, corrosion product can only penetrate the core of the wood. In this situation 
the parts of the woods contaminated with iron corrosion products cannot be identified easily. 
In order to determine iron corroded areas, SEM can be used as a monitoring technique. 
SEM is a useful tool for the investigation of the surface appearance of waterlogged wood 
(Charola and Koestler 2006). SEM images with high resolution can provide a determination 
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of the accumulation of the iron corrosion products inside the gaps of the wood. In addition, 
XRF analyses were done in order to determine inorganic compounds in the woods. 
The Yenikapı Shipwrecks Project handled hundreds of waterlogged wood pieces from dozens 
of shipwrecks, so the simplicity and the cost of the analysis techniques are very fundamental. 
On the other hand, there are important points to be considered in order to make these simple 
calculations correctly. Samples taken near the corroded parts of the woods have low MWC 
values due to the iron compounds in the samples. Therefore, the aim of this study is 
the determination of deviations in the samples which have low MWC values via SEM images.  
 

MATERIAL AND METHODS 
 

The study was done on the samples of YK (Yenikapı) 29 which is one of the 37 Yenikapı 
shipwrecks. YK 29 is a merchantman, and it is dated to the 8–9th century based on 
stratigraphy (Fig. 1). The shipwreck’s extant length is 7.90 m and width 4.5 m. The planks of 
the ship were nailed to the frames with iron nails (Kocabaş 2015).  

 
Fig. 1: Photo-mosaic image of YK 29 shipwreck (left), representation of the sample taken 
points on the drawing of YK 29 shipwreck (right) (IU Yenikapı shipwrecks project archive). 
 

Samples were taken from 3 different planks (IK11-1, IK13-1, and SK6-1) which were in 
the desalination tanks at the IU Yenikapı Shipwrecks Research Laboratory.  In order to 
calculate MWC and BD values, small pieces, not less than 1 g, were taken (Fig. 1). Before 
the measurement, the dirt on the surface of the samples was cleaned. These waterlogged 
samples were weighed in air and in water. Then, samples were oven-dried to a constant 
weight and finally weighed again. An analytical balance with an accuracy up to 0.0001 g was 
used for weighing (Kılıç and Kılıç 2019). The following equations were used in order to 
calculate MWC and BD values (Babinski et al. 2014). 
 

MWC= 100× (mw-md)/md                                                                                                                                         (1) 

BD = md / Vw                                                                                                                                                                      (2) 
 
where: MWC - maximum water content (%), BD - basic density (g.cm-3), mw - mass of 
waterlogged sample (g), md - mass of oven-dry sample (g), and Vw - volume of waterlogged 
sample (cm3). 
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In order to examine the physical condition of the samples in detail, SEM (Scanning 
Electron Microscope) images of the samples were taken with a FEI Quanta 450. Samples 
were prepared in transverse section direction (approximately 0.5 - 1 cm3) with razor blade for 
SEM. After these analyses, XRF analyses were done in order to determine iron amounts of 
the samples. XRF analyses were carried out on a Spectro xSort handheld XRF Analyzer. 

 
RESULTS AND DISCUSSION 

 
The MWC and the BD values of the samples are presented in Tab. 1 (Akgün 2020). 

The samples, which were taken from IK13-1 and SK6-1, had low MWC values and high BD 
values. In addition, the MWC value of the sample, which was taken from IK11-1, was higher 
and the BD value of the sample was lower. The wood species of the samples is cypress 
(Cupressus L.) (Akkemik 2015).  

 

 
Fig. 2: SEM images of the samples. a-c: cross-section of the sample taken from IK13-1, d-f: 
cross-section of the sample taken from SK6-1, cross-section of the sample taken from IK13-1, 
g-i: cross-section of the sample taken from IK11-1. 
 

According to MWC and BD values of the samples, the sample taken from IK13-1 should 
be recognized as highly preserved due to low MWC value. The sample taken from IK11-1 
should be recognized as highly degraded due to high MWC value. The MWC value of 
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the sample taken from SK6-1, was remarkably low for a waterlogged wood sample and 
the BD value was higher than the density of fresh cypress wood (the density of the fresh 
cypress wood is 0,45 g.cm-3) (Akgün 2020). Due to the suspicion caused by this value, it was 
decided to perform SEM. In order to determine the physical conditions of the samples, SEM 
images were taken.  

When the SEM images of the sample taken from IK13-1 were examined, it was observed 
that the wood was highly preserved, and tracheid, ray, and tracheid tangential wall of 
the  wood were almost intact. The SEM images of the sample showed that there was almost 
no degradation on the structure of wood cells (Figs. 2a-c). When SEM images of the sample 
taken from SK6-1 were examined, it was observed that SK6-1 was covered with iron 
corrosion products so the woody tissue could not be observed (Figs. 2d-f). When SEM images 
of the sample taken form IK11-1 were examined, the degradation of the wood cells could be 
observed. Especially, collapse of the wood cells could be detected (Figs. 2g-i). 

After these SEM observations, XRF analyses were done in order to measure the iron 
amounts of the samples (Tab. 1). 

 
Tab. 1: MWC values of the samples. 

Sample MWC (%) BD (g.cm-3) Iron amounts of the samples (%) 
IK11-1 441 0.20 3.7 
IK13-1 164 0.45 0.4 
SK6-1 87 0.71 32.3 

IK and SK: Plank. 

 
Moreover, an additional sample was taken from a part which was distant from 

the corroded area of the SK6-1 wood and SEM images of the sample were taken in order to 
have an idea about the physical condition of the SK6-1 wood (Fig. 3).  

 

 
Fig. 3: SEM images of an additional sample taken from SK6-1. 
 

When the SEM images were examined, the distortion occurring in the wood structure was 
observed. These images gave an idea about what might happen if the wood was not filled with 
corrosion products. For this reason, it is necessary to examine the woods with very low MWC 
values and very high BD values via microscopic methods especially via SEM. 
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CONCLUSIONS 
 

The Yenikapı shipwrecks project handled hundreds of waterlogged wood pieces from 
dozens of shipwrecks, so the simplicity and the cost of the analysis techniques used for 
determination of the physical condition of the woods are very fundamental. With the help of 
determining the physical condition of the woods, conservation procedure of the wood can be 
maintained successfully. MWC and BD values can be calculated easily and economically but 
any contamination can cause incorrect results. In order to avoid any erroneous sampling due 
to the excessive number of the wooden parts, the size of the wooden parts of the shipwrecks, 
the sampling conditions (samples can be taken when the samples were in the desalination 
tank), and the sampling should be inspected well. Nevertheless, should be specifically 
examined with further analysis techniques such as SEM and XRF especially the wooden parts 
of the shipwrecks which were near the corroded iron nails. Iron corrosion products are stable 
against heat. In addition, the weight of the wood was similar before and after heating. 
Therefore, corrosion products which have penetrated the gaps in the woods cause failures 
in the MWC and the BD calculations. This study presented that usage of multiple analysis 
techniques is very beneficial for determining the physical condition of the waterlogged wood 
near the corroded parts.  

 
ACKNOWLEDGEMENTS 

 
We would like to thank Prof. Dr. Ufuk Kocabaş, Istanbul Archaeology Museums, and 

Yenikapı Shipwrecks Project Team for their help and support. The IU Yenikapı Shipwrecks 
Project has been realized with the financial support of İstanbul University Scientific Research 
Projects Unit (Project nos: 13986, 2294, 3907, 7381, 12765, SDK-2016-3777, SDK-2016-
3776, SYL-2019-34322). 
 

REFERENCES 
 

1. Akgün, C., 2020: The investigation of degradation degree of Yenikapı 29 shipwreck and 
conservation proposal. Istanbul University. Master’s Thesis, 114 pp. 

2. Akkemik, Ü., 2015: Woods of Yenikapi shipwrecks. Ege Publishing, 213 pp. 
3. Babiński, L., Izdebska-Mucha, D., Waliszewska, B., 2014: Evaluation of the state of 

preservation of waterlogged archaeological wood based on its physical properties: basic 
density vs. wood substance density. Journal of archaeological science 46: 372-383. 

4. Broda, M., Mazela, B., Krolikowska-Pataraja, K., Siuda, J., 2015a: The state of 
degradation of waterlogged wood from different environments. Annals of Warsaw 
University of Life Sciences-SGGW. Forestry and Wood Technology 91: 23-27. 

5. Broda, M., Mazela, B., Królikowska-Pataraja, K., Hill, C.A., 2015b: The use of FT-IR 
and computed tomography non-destructive technique for waterlogged wood 
characterisation. Wood Research 60(5): 707-722. 

6. Capretti, C., Macchioni, N., Pizzo, B., Galotta, G., Giachi, G., Giampaola, D., 2008: 
The characterization of waterlogged archaeological wood: the three Roman ships found 
in Naples (Italy). Archaeometry 50(5): 855-876. 



 
 
WOOD RESEARCH 
___________________________________________________________________________________________________ 

 

1052 
 

7. Charola, A.E., Koestler, R.J., 2006: Methods in conservation. In: Conservation Science: 
Heritage Materials (Ed. May E., Jones M.). Pp. 13-31, RSC Publishing. 

8. Christensen, B.B., 1970: Conservation of waterlogged wood in the National museum of 
Denmark. National Museum of Denmark. Copenhagen, 118 pp. 

9. De Jong, J., 1977: Conservation techniques of old waterlogged wood from shipwrecks 
found in the Netherlands. In: Biodeterioration Investigation Techniques (Ed. Walters 
A.E.). Pp 295-338, Applied Science Publishers, London. 

10. Dollarhide, K.D., 2019: A tale of two shipping crates from Brother Jonathan 1865. Texas 
A&M University. Doctoral dissertation, 129 pp. 

11. Fix, P.D., 2015: Archaeological watercraft: A review and critical analysis of the practice. 
Texas A&M University. Doctoral dissertation, 387 pp. 

12. Florian, M.E., 1990: Scope and history of archaelogical wood. In: Archeological wood – 
properties chemistry and preservation (Ed. Rowell R.M., Barbour R.J.). Pp 3-32, 
Advances in Chemistry Series 225, American Chemical Society.  

13. Grattan, D.W., 2000: Wood (waterlogged) conservation. In: Archaeological method and 
theory: an encyclopedia (Ed. Ellis L.). Pp 665-667, Taylor & Francis. 

14. Grattan, D.W., 1987: Waterlogged wood. In: Conservation of marine archaeological 
objects (ed. Pearson C.). Pp 55-67, Butterworth-Heinemann. 

15. Gregory, D., Jensen, P., Matthiesen, H., Straetkvern, K., 2007: The correlation between 
bulk density and shock resistance of waterlogged archaeological wood using the Pilodyn. 
Studies in Conservation 52(4): 289-298. 

16. Hamilton, D.L., 1996: Basic methods of conserving underwater archaeological material 
culture. US Department of Defense, Legacy Resource Management Program, 128 pp. 

17. Han, L., Guo, J., Wang, K., Grönquist, P., Li, R., Tian, X., Yin, Y., 2020: Hygroscopicity 
of waterlogged archaeological wood from Xiaobaijiao No. 1 shipwreck related to its 
deterioration state. Polymers 12(4): 834: 1-15. 

18. Hedges, J.I., 1990: The chemistry of archaeological wood. Archaelogical Wood – 
properties chemistry and preservation (Ed. Rowell R.M., Barbour R.J.). Pp 111-140, 
Advances in Chemistry Series 225, American Chemical Society.  

19. Heritage, E., 2010: Waterlogged wood. Guidelines on the recording, sampling, 
conservation and curation, 35 pp. 

20. Jensen, P., Gregory, D.J., 2006: Selected physical parameters to characterize the state of 
preservation of waterlogged archaeological wood: a practical guide for their 
determination. Journal of Archaeological Science 33(4): 551-559. 

21. Kaye, B., Cole-Hamilton, D.J., 1998: Supercritical drying of waterlogged archaeological 
wood. In: Hidden Dimensions: the cultural significance of wetland archaeology 
(Ed. Bernick K). Pp 329-339, UBC Press. 

22. Kılıç, A.G., 2017: Sulphur and iron analysis together with their distribution in woods and 
their removal from the woods of Yenikapı shipwrecks. Doctoral dissertation. Istanbul 
University, 193 pp.  

23. Kılıç, N., Kılıç, A.G., 2018: Analysis of waterlogged woods: Example of Yenikapı 
Shipwreck. The Art-Sanat Journal 9: 1-11.  



 
 
WOOD RESEARCH 
___________________________________________________________________________________________________ 

 

1053 
 

24. Kılıç, N., Kılıç, A.G., 2019: Physical properties for the characterization of waterlogged 
archaeological woods of eight Yenikapı shipwrecks from Byzantine period. 
Mediterranean Archaeology & Archaeometry 19(2): 133-148. 

25. Kocabaş, U., 2015: The Yenikapı Byzantine-era shipwrecks, Istanbul, Turkey:                
A preliminary report and inventory of the 27 wrecks studied by Istanbul University. 
IJNA. 44-1: 5–38. 

26. Koman, S., Feher, S., 2015: Basic density of hardwoods depending on age and site. Wood 
Research 60(6): 907-912. 

27. Macchioni, N., Pizzo, B., Capretti, C., Giachi, G., 2012: How an integrated diagnostic 
approach can help in a correct evaluation of the state of preservation of waterlogged 
archaeological wooden artefacts. Journal of archaeological science 39(10): 3255-3263. 

28. McConnachie, G., Eaton, R., Jones, M., 2008: A re-evaluation of the use of maximum 
moisture content data for assessing the condition of waterlogged archaeological wood.   
E-preservation Science. 5: 29-35. 

29. Ogilvie, T., 2000: Water in archaeological wood: a critical appraisal of some diagnostic 
tools for degradation assessment. Doctoral dissertation. Durham University, 331 pp. 

30. Oron, A., Liphschitz, N., Held, B.W., Galili, E., Klein, M., Linker, R., Blanchette, R.A., 
2016: Characterization of archaeological waterlogged wooden objects exposed on 
the hyper-saline Dead Sea shore. Journal of Archaeological Science: Reports 9: 73-86. 

31. Pizzo, B., Giachi, G., Fiorentino, L., 2010: Evaluation of the applicability of conventional 
methods for the chemical characterization of waterlogged archaeological wood. 
Archaeometry 52(4): 656-667. 

32. Rodgers, B.A., 2004: Archaeological wood. The archaeologist’s manual for conservation: 
A guide to non-toxic. Minimal Intervention Artifact Stablization, 214 pp. 

33. Romagnoli, M., Galotta, G., Antonelli, F., Sidoti, G., Humar, M., Kržišnik, D., Cufar, K.,  
Petriaggi, B.D., 2018: Micro-morphological, physical and thermogravimetric analyses of 
waterlogged archaeological wood from the prehistoric village of Gran Carro 
(Lake Bolsena-Italy). Journal of Cultural Heritage 33: 30-38. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
WOOD RESEARCH 
___________________________________________________________________________________________________ 

 

1054 
 

ASLI GÖKÇE KILIÇ* 
ISTANBUL UNIVERSITY 
FACULTY OF LETTERS 

 MUSEOLOGY DEPARTMENT 
 ISTANBUL 
 TURKEY 

*Corresponding author: gokcegokcay@istanbul.edu.tr 
 

 NAMIK KILIÇ 
ISTANBUL UNIVERSITY 
FACULTY OF LETTERS 

 DEPARTMENT OF CONSERVATION OF MARINE ARCHAEOLOGICAL OBJECTS 
ISTANBUL 
 TURKEY 

 
CEM AKGÜN 

YILDIZ TECHNICAL UNIVERSITY 
FACULTY OF ARCHITECTURE 

 DEPARTMENT OF CONSERVATION AND RESTORATION OF CULTURAL 
PROPERTY 
 ISTANBUL 
 TURKEY 

 


