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Abstract
The present paper studied the chemical composition of recent and historical oak 
wood comparing the extractive, holocellulose, α-cellulose, lignin, and ash contents. 
Comprehensive knowledge of the chemical components in recent and historical oak 
wood will facilitate the use of conservation agent in the restoration and conservation 
process of the investigated artifacts. The cyclohexane–ethanol extract of historical 
oak wood was significantly lower compared to recent wood, which can be explained 
by the leaching of extractives into the soil. No significant differences in the holocel-
lulose and α-cellulose content of recent and historical oak wood were found. The 
lignin and the ash contents were significantly higher in the historical samples. The 
EDX analysis of the ash of historical oak wood showed remarkably higher iron con-
tent compared to the recent material. The result indicated the degradation of hemi-
celluloses in the historical sample. The significant difference in the amount of ash 
between the samples was explained by sediment materials that have been introduced 
into the wood from the soil. SEM imaging made these materials clearly visible as 
depositions in the cell lumens.

Introduction

Throughout history, people have utilized wood as a base material in everything from 
art to construction. The remarkable improvement in material processing technolo-
gies that occurred in Europe from 6000 BC to 4000 BC represents a turning point 
in human civilization. A total of 151 oak timbers dating from 5469 BC to 5098 BC 
were discovered in a waterlogged area in Germany. The wood displayed signs of 
surprisingly advanced carpentry skills. The recently discovered water wells provide 
a thorough insight into the earliest wood architecture and the technical capabilities 
that existed 7000 years ago (Tegel et al. 2012). Further important historical artifacts 
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from oak wood found in Europe are the Viking ships that were buried in Gokstad 
and Oseberg, Norway in the ninth century and later discovered in 1962 (Logan 
2003; Richards 2005). The four fourth-century coffins originating from the reign of 
Valens and Valentinian discovered in the necropolis of Niculitel (Romania) in 1971 
are considered the oldest known oak artifacts found on Romanian territory (Sandu 
et al. 2007; Vasilache et al. 2008).

Being an organic material, wood has low resistance against environmental effects 
and is also affected by the time of exposure to microbiological and anthropogenic 
factors. Wood fossilization begins when wood material is submerged under water 
or buried in soil. This process happens in the absence of oxygen. Wood petrification 
depends on the characteristics of such an anaerobic environmental condition (Chris-
tiernin et al. 2009). Long-term deposition in water or soil determines the rates and 
mechanisms of degradation. As the conditions might vary from site to site, chemical 
changes in the material tend to vary. Thus, the chemical composition of archaeo-
logical or historic wood material is diverse. Among the conditions, time plays a sec-
ondary role in the degradation process (Krutul and Kocoń 1982; Passialis 1997). 
Several studies have investigated the modification of chemical structure during long-
term soil contact and connected changes in the physical and mechanical proper-
ties of archaeological or subfossil oak wood. The findings indicate lower cellulose 
content and higher lignin content in fossil oak wood relative to recent wood. The 
proportion of lignin increased at the expense of polysaccharides, which are more 
sensitive to degradation and loss, especially in waterlogged conditions (Krutul et al. 
2010; Łucejko et al. 2012; Bader et al. 2013; Kolář et al. 2014; Capano et al. 2015; 
Baar et al. 2019; Moosavinejad et al. 2019). The disappearance of acetyl side chains 
and the cleavage of backbones in hemicelluloses are the main chemical alterations 
of waterlogged cell wall components in wood material. The depolymerization of 
amorphous cellulose was also observed. In addition, the modification of functional 
groups and the partial depletion of β-O-4 links in lignin characterize the changes. 
(Guo et al. 2019; Walsh-Korb and Avérous 2019) Furthermore, the degradation of 
cell wall components of waterlogged or buried wood results in increased porosity 
(higher amount of mesopores in the cell walls) and decreased cellulose crystallinity 
(Svedström et al. 2012; Broda and Popescu 2019; Han et al. 2020).

In addition to the degradation of the cell wall macromolecules, the deposition of 
inorganic substances during fossilization also occurs. This process is highly depend-
ent on the subsurface environment. Fossilization can occur as silicification, carboni-
zation, or calcification (Fengel and Wegener 1989; Florian 1990; Fengel 1991; Car-
rión 2003). The deposition of inorganic substances during long-term soil contact 
results in higher proportions of ash, calcium, and iron in subfossil wood, though the 
proportion of potassium was lower in fossil wood (Krutul et al. 2010; Kolář et al. 
2014). The variations in chemical composition cause inconsistencies in wood behav-
ior. Mańkowski et al. (2016) found that wood lying in a wet environment for sev-
eral years turns black as a consequence of the reaction with iron compounds. They 
also discovered an essential and direct relationship between the ash content in the 
archaeological oak wood and the density and compressive strength along the fibers. 
The changes in the chemical composition of historical wood cause increased shrink-
age and decreased mechanical properties. The influence of the environment during 
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deposition on the changes in chemical composition and mechanical properties is 
more important than the effect of time (Kolář et al. 2014).

Historical oak wood has been found in various archaeological sites, usually in 
conditions that are more or less humid. In order to set up a custom conservation 
plan, the wooden artifacts must be registered and examined after excavation. Bac-
teria, and sometimes even fungi, may have degraded the wood, but these processes 
are not yet well understood. Due to the particular circumstances of each excavation 
project, a wide range of storage conditions must be considered. For particularly long 
storage periods, it would be advantageous to be able to track whether there is poten-
tial for wood deterioration and, if there is, to what degree (Gelbrich et  al. 2008). 
After excavation, preventive preservation, and cleaning, it is recommended to per-
form scientific investigations on the material in order to prepare it for consolidation, 
preservation, and restoration. This has two main aims—the first is clarifying the 
attributes of authentication, and the second is to determine the conservation status. 
In both cases, it is vital to clear the chemical composition and to identify the species 
and the age of the wood along with the evaluation of the historical contexts. The lat-
ter requires the study of some archaeometric characteristics, respectively, the identi-
fication of chemometric quantities with archaeometric value (Fengel 1991; Millard 
2002; Pournou 2008; Manning and Kromer 2011; Todaro et al. 2012; Scharnweber 
et al. 2015; Sen et al. 2016; Luimes et al. 2018).

This study aims to investigate changes in the chemical compounds of oak wood 
originating from the fourteenth century found in Iasi (Romania) and to compare 
these with recent wood using different analytical approaches. The most important 
aspect of the investigated poles is that they served as fences for over 100 years in a 
pavement. A special load of the material was the presence of urine and waste from 
the horses used in public transport. After the pavements were destroyed, these poles 
remained under wet soil conditions for more than 200  years. Such samples have 
resisted severe conditions in the wet ground for around 400–500 years; hence, their 
conservation status is little affected. For this reason, the paper presents a compara-
tive study of the chemical composition, the residual ash after burning, the micromor-
phology by SEM imaging, and the EDX analysis for recent and selected historical 
oak wood samples (Quercus spp.) in order to determine and compare archaeometric 
characteristics.

Materials and methods

Raw materials and preparation

The recent oak wood samples (Quercus spp.) (SR) originated from a sawmill. 
These samples are comprised of boards with the dimensions of 45 × 90 × 4000 mm 
(thickness × width × length) representing the most relevant forest growth regions 
of Suceava, Romania. The samples were cut from heartwood. Defect-free samples 
(without knots, cracks, or reaction wood and annual growth ring slope < 5°) were 
selected for the tests.
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The investigated historical oak wood (SH) samples were originally used in street 
pavements as fences in the old urban center of Iasi, Romania. After excavating an 
archaeological site on Armenia Street (called “Ulita Mate” in the fourteenth cen-
tury) in downtown Iasi, large columns of oak originating from the fourteenth cen-
tury were extracted. These poles were about 1  m long with sharp pointed ends. 
The excavations were conducted in May–September 2009 when a large amount of 
archaeological wood was brought to the ARHEOINVEST laboratory (Iasi, Roma-
nia) for dendrochronological research and other scientific investigations. The con-
servation status of the wood was precarious, but fragments with good conservation 
status of the anatomical elements could be separated and cut crosswise. The wood 
was black because it had been buried in the soil for a long time (Fig. 1). Neverthe-
less, the wood’s structure remained intact; however, microscopic analysis revealed 
that most of the lumens of SH sample were filled with foreign matter (depositions).

Wood samples were chipped and dried in an oven at 105 ± 3 °C. The dried sam-
ples were then ground to a powder and sieved. The 250–425 μm fraction was used 
for all chemical analyses.

Analysis and evaluation methods

Moisture content

An Ohaus MB-23 moisture analyzer was used to determine the moisture content of 
the samples as part of all the chemical analyses.

Cyclohexane–ethanol extract

Samples in the amount of 2–3  g were deposited into covered extraction thimbles 
and extracted with 100  mL cyclohexane: ethanol 50:50 v/v solution in a Soxhlet 
apparatus for 24 h. After extraction, the extract was filled up into a volumetric flask 
to 100 mL with pure solvent (ethanol, 99.99%). From these precisely filled up solu-
tions, 20 mL was pipetted to a plastic tray and left to dry at room temperature. The 

Fig. 1  Samples of a recent oak (SR); and b historical oak (SH)
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extract amount was then weighed. The following formula (1) was used to calculate 
the cyclohexane–ethanol extract:

where T1 is the empty weight of the plastic tray; T2 is the full weight of the plastic 
tray with dry extractives; G is the weight of samples; and N is the moisture content 
of samples. Analyses were run in triplicates.

Holocellulose content

After the extraction process described in chapter “Cyclohexane–ethanol extract,” the 
wood samples were transferred into an Erlenmeyer flask. Subsequently, 80 mL of 
hot distilled water, 0.5 mL acetic acid (96%), and 1 g of sodium chlorite were added. 
The mixture was heated in a water bath at 70 °C for 1 h. After each succeeding hour, 
portions of 0.5 mL acetic acid and 1 g sodium chlorite were added by shaking. This 
process was repeated 6 times. After six cycles, the samples were left in the water 
bath overnight. At the end of 24 h of reaction, samples were cooled and filtered on 
a G1 glass funnel filter and the holocellulose was washed with 10 mL acetone and 
water until the yellow color was removed (Rowell 2012). The prepared holocellulose 
was dried at 105 °C and then weighed. The following formula (2) was used to obtain 
the holocellulose content:

where S1 is the empty filter funnel weight; S2 is the full filter funnel weight; G is the 
weight of samples; and N is the moisture content of samples. Analyses were run in 
triplicates.

α‑Cellulose content

The previously prepared holocellulose was transferred into a 250-mL glass beaker, 
and 10 mL of 17.5% NaOH solution was added. At 5-min intervals, portions of 5 mL 
NaOH solution were added until the holocellulose was fully covered with solution. 
The reaction time was 1 h. The α-cellulose was filtered on a G2 porosity glass fun-
nel filter and washed with 5% NaOH, acetic acid, and water. This washing cycle 
was repeated twice. The prepared α-cellulose was dried at 105 °C and then weighed 
(Rowell 2012). To calculate the α-cellulose content, as in holocellulose, the follow-
ing Eq. (3) was used:

(1)E (%) = 100 × 5
(T2 − T1)

G
(100−N)

100

,

(2)HC (%) = 100 ×
(S2 − S1)

G
(100−N)

100

(3)C� (%) = 100 ×
(S2 − S1)

G
(100−N)

100

,
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where S1 is the empty filter funnel weight; S2 is the full filter funnel weight; G is the 
weight of wood samples; and N is the moisture content of samples. Analyses were 
run in triplicates.

Kürschner–Hoffer cellulose content

In this research, the method of Kürschner and Hoffer (1929) was also used to obtain 
cellulose content as follows: Approximately, 1  g of the sample was refluxed with 
100 mL nitric acid: ethanol 20:80 v/v mixture for 1 h. After the removal of the reac-
tion solution, the digestion was repeated with the same solvent mixture for 1 h. The 
prepared Kürschner–Hoffer cellulose was filtered using a G2 glass funnel filter and 
washed with 10 ml ethanol and 500 mL hot distilled water. The following Eq. (4) 
was used to obtain the cellulose content:

where S1 is the empty filter funnel weight; S2 is the full filter funnel weight; G is the 
weight of wood samples; and N is the moisture content of samples. Analyses were 
run in triplicates.

Lignin content

The total lignin content was estimated by the remaining fraction of the wood after 
ash content, holocellulose, and cyclohexane–ethanol extract content determinations 
by the use of the following formula (5):

where Adb is ash content, HC is holocellulose content, and E is cyclohexane–ethanol 
extract.

Ash content

To determine ash content, the standard EN 15403 (2011) was used. The same par-
ticle size as used in the chemical analyses was used here as well. The wood sam-
ples were dried in an oven, and about 2.5 g portions were transferred into pre-dried 
ceramic dishes. The dishes were placed in the cold furnace, and the furnace tem-
perature was evenly raised to (250 ± 10) °C over a period of 50 min. This tempera-
ture level was maintained for 60 min to allow the volatiles to leave the sample before 
ignition. The furnace temperature continued to be evenly raised to (550 ± 10)  °C 
over a period of 60 min, and this temperature level was maintained for 120 min. The 
dishes and their contents were removed from the furnace and left to cool on a thick 
metal plate for 5 min to 10 min before being transferred to a desiccator without des-
iccant and allowed to cool to ambient temperature. After 30 min, the cooled dishes 
were weighed. Equation (6) was used to calculate the ash content:

(4)C (%) = 100 ×
(S2 − S1)

G
(100−N)

100

,

(5)L = 100 − A
db
− HC − E
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where m1 is the mass of the empty dish; m2 is the mass of the dish plus the general 
analysis sample; and m3 is the mass of the dish with the ash. Analyses were run in 
triplicates.

After the ash contents were obtained, SH ash and SR ash were placed into the 
scanning electron microscope (SEM) for imaging and to perform the subsequent ele-
mental analysis by energy-dispersive X-ray (EDX) spectrometry.

Characterization by scanning electron microscope (SEM)

Wood samples and wood ash samples were both investigated. For wood samples, 
10 × 10 × 10 mm3 sized specimens were used. The surface was cut with a razor blade 
before imaging. Some ash from SR and SH were placed inside the SEM specimen 
holder for the imaging of the ash samples. The surfaces/samples were not coated 
with a sputter coater before imaging. A Hitachi S-3400 N type equipment, using a 
vacuum of 70 Pa and an accelerating voltage of 10 kV, was used for SEM imaging.

Energy‑dispersive X‑ray (EDX) spectrometry

In this study, EDX spectrometry was used to identify the elements in the SH and SR 
samples. The point method was employed for the EDX analysis of both the wood 
and the ash samples. EDX analysis was completed equally at five samples of SR, 
SH, SR ash and SH ash at five points on each, with the diameter of approximately 
three micrometers of each measurement point. The device used for SEM imag-
ing was a Hitachi S-3400 N, equipped with a Bruker XFlash Detector 5010 EDX 
detector.

Statistical analysis of the results

For the comparison of samples, ANOVA analysis was run using Statistica 10 (Stat-
Soft Inc., Tulsa, OK, USA) software at p < 0.05 significance level, applying the Fis-
cher LSD calculation method for post hoc test. To fulfill ANOVA analysis require-
ments, measurement values were first checked for normal distribution, and then, the 
variables were checked for the homogeneity of variances using Bartlett’s χ2 test.

Results and discussion

Chemical analysis

Table 1 shows a summary of the results of the chemical analysis in SR and SH. 
As several different methods for cellulose determination from wood exist, and 
since none of these are perfect, the cellulose content was assayed using two dif-
ferent methods. The Kürschner and Hoffer (1929) method is based on refluxing 

(6)A
db

=
(m3 − m1)

(m2 − m1)
× 100,
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wood for 1 h with nitric acid: ethanol 20:80 v/v mixture. The assay is easy to 
execute and relatively fast; however, the prepared Kürschner–Hoffer cellulose 
may contain residues of hemicelluloses and the method often destroys some 
of the cellulose (Rowell 2012). The other method is the chlorite holocellulose 
assay combined with the subsequent α-cellulose determination. The isolation of 
the chlorite holocellulose fraction is more time-consuming. Furthermore, apply-
ing too long of a reaction time may lead to excess chloriting and the loss of 
some of the polysaccharides (Rowell 2012). The different modifications of the 
chlorite assays are more readily used by researchers today for the determination 
of wood and fossil wood structural carbohydrate contents compared to the Kür-
schner–Hoffer assay.

According to Rowell (2012), the holocellulose content of Quercus species 
varies between 59 and 71% and can vary with age and location of the investi-
gated tissue. Holocellulose content in historical oak wood was reported by Baar 
et  al. (2019), 68.5–71.1%. The α-cellulose content for hardwoods reported by 
Pettersen (1984) was 45.4 ± 3.5%. According to the results, the difference in the 
amount of α-cellulose in the SH and SR was not significant.

The results for Kürschner–Hoffer and α-cellulose are in accordance as no sig-
nificant differences were observed between SH and SR. Cellulose contents of 
32.1–35.2% (Kürschner–Hoffer method) for historical oak wood were reported 
by Krutul et al. (2010). These results confirm that other wood constituents were 
possibly changed during wood aging.

The hemicellulose content of the SH sample was significantly lower com-
pared to the SR sample. Generally, this amount was 25% for hardwoods (Rowell 
2012). According to Baar et al. (2019), the hemicellulose content for historical 
oak wood was 18.7–21.2%. This result can be explained by the degradation of 
hemicelluloses as the second group of materials that are degraded during the 
aging of wood in soil contact (Rowell 2012). The amount of lignin in the SH and 
in the SR were both slightly higher than reported by Pettersen (1984), who found 
this amount for hardwoods to be 23 ± 3%. Compared to literature data, Baar 
et  al. (2019) measured lignin contents in subfossil oak wood samples between 
28.9 and 31.5%, while Krutul et al. (2010) reported lignin content of fossil wood 
between 39.3 and 40.8%. This increase in the lignin content can be attributed to 
the loss of wood compounds (e.g., the hemicelluloses), which causes the lignin 
content to increase relatively in SH compared to SR. The cyclohexane–ethanol 
extract of SH was significantly lower compared to the similar extract of SR. It 
can be concluded that this is due to the destruction and consecutive leaching of 
extractives in the first step of wood aging during soil contact (Pettersen 1984). 
The ash content in SH was 2.24%, while in the SR it was only 0.23%. The lat-
ter amount was consistent with the results of Pettersen (1984), who observed 
0.5 ± 0.3%. According to Krutul et al. (2010), ash content in historical oak wood 
was 1.1–2.4%. The significantly higher ash content of SH is due to the presence 
of inorganic depositions originating from the soil. This material is clearly vis-
ible in the SEM images as well as depositions in the cell lumens (Fig. 2b).
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Characterization by scanning electron microscope (SEM)

Corroborating the analytical techniques of imaging and spectroscopy, wooden 
samples of SR and SH are discussed, followed by ash samples of SR and SH. The 
microscopic analysis evidenced no general deformation of anatomical characters 
(fiber, vessel, and ray cells). However, the sample surface was more brittle during 
preparation (cutting by razor blade). It is impossible to prepare clear surface cuts, 
which indicates cell wall degradation. The destruction can be attributed to the years 
spent underground, determined by the degradation of lignin and especially cellulose 
(as shown by the results in the chapter “Chemical analysis”), most likely caused by 
local environment factors such as bacteria, fungi, acid, and alkali (Bjurhager et al. 
2012; Capano et al. 2015).

Since the SH had prolonged ground contact, the material within the soil entered 
the wood lumens (McClellan 2018). In addition to the differences in ash content 
and elemental composition caused by the long term soil contact, there were also 
visible differences between the SEM images of SH and SR samples. This differ-
ence is clearly seen as bright depositions in the cell lumens of SH (Fig. 2b), mainly 
in ray parenchyma cells, but partly in vessels, axial parenchyma, and fibers as well. 
The presence of deposited materials in the cell lumens of the SH samples is clearly 
visible. Such depositions are common in fossil wood, and they are identified as inor-
ganic in origin (Krutul et al. 2010). In addition, the high amount of iron changed SH 
color, making it darker than normal (Pele et al. 2015). Wood blackening is caused by 
dissolved iron components in soil interacting with tannins found in oak. The strength 
of the materials’ dark color is determined mainly by the period of wood deposition 
and the sediment conditions (Govorčin and Sinković 1995).

In addition to the SH and SR wood tissue images, SEM images of ash were taken. 
SEM images of SH and SR ash are shown in Fig. 3.

The structure of the ash samples showed remarkable differences during SEM 
imaging. According to Fig. 3b, which is related to the SH ash, the anatomical struc-
ture is well preserved and wood cell types can be identified. The reason for this was 
the presence of inorganic depositions, including iron in the structure of the SH (Pele 

Fig. 2  SEM microphotograph with anatomical elements: a SR; b SH. Depositions in the lumens are 
marked with arrows
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et  al. 2015). Unlike SH ash, SR ash was structureless, homogeneous, and porous. 
This is normal for all wood species. In addition to the differences in the structure of 
SH ash and SR ash, SH and SR differed in color. The high iron content within SH 
gives it a reddish color. Figure 4 shows this phenomenon, proving the presence of 
iron compounds that turn red when oxidized at high temperatures (Pele et al. 2015). 
EDX analysis proved the high ratio of iron in the historical samples as well.

Energy‑dispersive X‑ray (EDX) spectrometry

EDX spectrometry was used to identify the elements in the SH and SR samples. 
Table 2 lists the elemental composition in the SR, SH, and depositions in the SH.

According to the results, carbon and oxygen have the highest value in all three 
samples. No significant difference could be observed in the value of carbon in 
the three investigated samples. Bravo (2012) mentioned ranges in the amount of 
carbon between 41.08 and 47.75% for Quercus species. The reason for this differ-
ence can be due to the presence of other elements in the SH and amount of car-
bon in the deposited materials. Other elements in the SH include some usual soil 
elements. The presence of iron was especially noteworthy, as it was not detected 

Fig. 3  SEM microphotograph of oak ash: a SR; b SH

Fig. 4  Images of recent oak (SR) ash (a) and historical oak (SH) ash (b)
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in the SR sample, yet showed high levels in SH and even higher levels in the SH 
lumen depositions. The reason for the black discoloration of SH was the presence 
of iron in the wood (Pele et al. 2015). Fossil oak wood contains higher amounts 
of iron, calcium, copper, zinc, and manganese than recent oak wood, according to 
Krutul and Kozakiewicz (2003). For example, iron and calcium contents in fossil 
oak wood equal 7350 mg kg−1 and 7800 mg kg−1, respectively, and correspond-
ing values for recent oak wood were 120 mg kg−1 and 480 mg kg−1, respectively. 
In fossil wood (25 mg kg−1), the potassium concentration is much lower than in 
the recent wood (1250 mg kg−1).

Other elements such as calcium, potassium, magnesium, sulfur, and iron are the 
main elements of soil formation (Fenn 1982). These elements were found in the dep-
ositions in the SH. The depositions contained iron, calcium, potassium, magnesium, 
and sulfur in descending order from 7.86 to 0.18%.

Table 3 shows the elemental composition (wt%) of the SR and SH ash obtained 
from the EDX analysis. Along with oxygen, the major components of wood ash are 
calcium, potassium, magnesium, silicon, and phosphorus (Nilsson and Timm 1983; 
Kofman 1987; Eriksson and Börjesson 1991; Holmroos 1993; Steenari et al. 1999).

According to the results, the sodium, magnesium, and iron contents of SH ash 
were significantly higher than in SR. The amount of sodium in SH ash was almost 
eight times higher compared to SR ash. The high amount of sodium in SH ash is 
probably the result of long-term soil contact (Pele et al. 2015). The amount of iron 
in SH ash was forty-five times higher and the amount of magnesium, seven times 
higher compared to SR ash. These considerable differences can be due to the deposi-
tion of elements from the soil into the wood material (McClellan 2018) as the SH 
was placed as a fence within soil. The amount of aluminum in the SH ash was more 
than three times higher than in SR ash. A possibility for this difference was the pres-
ence of aluminum-containing minerals (e.g., clay minerals) in the soil (Pele et  al. 
2015).

Table 2  Elemental composition of the SR, SH, and depositions in the SH

Data indicated as mean (± standard deviation). Different superscript letters in a row indicate significant 
differences between samples at p < 0.05 level

Element SR (wt%) SH (wt%) Deposited materials inside 
cell lumens of SH (wt%)

Carbon 40.78 (± 9.4)a 34.81 (± 3.34)a 45.27 (± 3.92)a

Sodium 0.33 (± 0.66)a 0n/a 0.31 (± 0.2)a

Chlorine 0.19 (± 0.38)a 0n/a 0n/a

Potassium 0.32 (± 0.48)a 0n/a 1.22 (± 0.46)b

Oxygen 58.26 (± 9.46)a 51.20 ± 1.6)b 41.19 (± 1.26)c

Calcium 0.09 (± 0.19)a 1.21 (± 1.07)a 2.78 (± 1.31)b

Magnesium 0n/a 0.87 (± 1.44)a 1.11 (± 0.36)a

Sulfur 0n/a 0.74 (± 0.5)b 0.18 (± 0.15)a

Iron 0n/a 1.29 (± 1.21)a 7.86 (± 3.11)b

Aluminum 0n/a 0.69 (± 0.77)b 0.01 (± 0.03)a
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The amount of potassium in the SR ash was more than three times higher than in 
SH ash. This might be due to potassium leaching from the wood material during the 
long-term soil contact. Soil has much lower potassium content than plants. Potas-
sium and other water-soluble inorganic nutrients leach out with water in the soil. 
Consequently, as organic residues decompose, most of the potassium was quickly 
released. The behavior of potassium in the soil was determined more by physical 
than by chemical or biological processes (Fenn 1982). The amount of phosphorus in 
SR ash was almost thirteen times higher than in SH ash. The amount of manganese 
in SR ash was thirty-five times higher compared to SH ash. Possibly manganese was 
dissolved from the subfossil wood and absorbed by the soil. Other significant differ-
ences between the elemental composition of the SR and SH ash samples were not 
determined.

Conclusion

Oak wood is highly tolerant to the impact of biotic influences and is therefore fre-
quently found in archaeological excavations. After lying in wet conditions for sev-
eral years, the wood turns black as a consequence of reaction with iron compounds. 
Archaeological oak is an essential raw material. The research results from this study 
on recent oak wood (Quercus spp.) and historical oak wood show that the contents 
of cyclohexane–ethanol extract and hemicellulose in the recent oak wood are signifi-
cantly higher than those of the historical oak, which was explained by the degrada-
tion of hemicelluloses and the leaching of native wood extractives during soil con-
tact. The amount of lignin in the historical oak wood increased relatively compared 
to the recent oak wood; however, no significant difference was found between cel-
lulose levels. Both Kürschner–Hoffer and chlorite holocellulose assays/α-cellulose 
assays proved to be suitable to assess the cellulose content of the samples. Data can 

Table 3  Elemental composition 
of the SR and SH ash 
(average ± standard deviation)

Different superscript letters in a row indicate significant differences 
between samples at p < 0.05 level

Element SR (wt%) SH (wt%)

Oxygen 46.58 (± 5.5)a 45.06 (± 4.88)a

Sodium 0.43 (± 0.35)a 3.36 (± 0.92)b

Magnesium 1.07 (± 0.66)a 7.57 (± 1.56)b

Silicon 1.26 (± 0.56)a 1.10 (± 0.43)a

Phosphorus 2.06 (± 1.55)a 0.16 (± 0.09)b

Sulfur 2.29 (± 0.98)a 2.33 (± 1.38)a

Potassium 22.66 (± 5.3)a 6.86 (± 3.26)b

Calcium 22.54 (± 2.33)a 19.49 (± 5.21)a

Manganese 0.69 (± 0.48)a 0.02 (± 0.1)b

Iron 0.31 (± 0.48)a 14.14 (± 5.23)b

Aluminum 0.04 (± 0.13)a 0.13 (± 0.14)a
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be used as archaeometric characteristics of the samples. The ash content of the his-
torical oak wood was remarkably higher, due to the deposition of inorganic elements 
from the soil into the wood. The amount of iron was remarkably higher in the his-
torical oak wood due to the long-term soil contact of the oak material. This high 
amount of iron element in the historical oak wood caused the color change in the ash 
of the historical oak wood and possibly the color change of the historical oak wood 
material itself as well. Among inorganic components, higher amounts of calcium, 
magnesium, sulfur, iron, and aluminum were found in the historical wood. These 
above elements, as well as potassium, were found as deposition components in the 
cell lumens. These depositions were clearly visible in the SEM images as well. The 
amount of phosphorus, potassium, and manganese was lower in the ash of recent 
oak wood; however, other components displayed higher amounts.
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