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INTRODUCTION

Fossil woods are always of great scientific in­
terest because they can provide information about 
palaeoclimate, palaeoecology, phytogeography and 
evolution (Guleria, Awasthi, 1997). In the summer 
of 2007, a fossil forest was discovered in the open­
cast lignite mine near the village of Bükkábrány 
(Hungary). Catastrophic flooding of Lake Pannon 

and subsequent burial by deposition of sand from 
a prograding delta 7  million years ago preserved 
the Bükkábrány forest (Miocene epoch). The tree 
trunks were found standing in an upright position 
partly with bark and rather intact. The fossil fo­
rest at Bükkábrány is the only location in the world 
where large trees are preserved standing, in the 
original forest structure, as wood (Kázmér, 2008). 
The fossil trees have been identified as Taxodio­
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xylon germanicum and Glyptostroboxylon (Erdei 
et al., 2009; Gryc, Sakala, 2010). The structure of 
the Bükkábrány forest was described by M. Kázmér 
(2011). Mummification is considered to be a poten­
tial mechanism of a remarkable preservation state of 
the fossil trees from Bükkábrány (Bardet, Pournou, 
2015). A good preservation is a result of inhibition 
of wood-destroying microbes, decreased oxygen 
availability, and the absence of harsh chemical or 
physical conditions (Mustoe, 2018).

Although remaining well preserved, wood tis­
sue has undergone decay, however the petrifaction 
process was not progressed, and that is why the tree 
kept its wood features. M. Bardet and A. Pournou 
(2015) and K. Nikoloui et al. (2016) examined the 
fossil wood samples from Bükkábrány using light 
and scanning electron microscopy and observed 
extended wood biodeterioration caused by bacteria 
(erosion and tunneling bacteria) and fungi.

The study of chemical composition of six sam­
ples taken from standing fossil trunks done by 
M. Hámor-Vidó et  al. (2010) revealed lower con­
tents of cellulose and total phenols than in intact 
recent trees. The authors suggested that redox po­
tential and dissolved phenol content saturated water 
contributed to reduce microbial activity and preserve 
wood tissues. The loss of cellulose and degradation 
of lignin to some extent in fossil wood from Bük­
kábrány were detected by A. Bardet and A. Pour
nou (2015) by examining its chemistry with 13C 
CPMAS NMR. They found that all signals assigned 
to cellulose have almost disappeared. Lignin deg­
radation was more significant at the bottom than 
at the top or in the middle of the fossil trunk stu­
died. FTIR spectra of the Bükkábrány samples also 
showed that peaks attributed to hemicellulose and 
cellulose at 1734  cm–1, 1160 and 892  cm–1 disap­
peared and peaks related to aromatic vibrations in 
lignin at 1605 cm–1, 1510, 1420 and 1267 cm–1 dis­
played higher intensity (Nikoloui et al., 2016).

It is known that in waterlogged environments, 
anaerobic bacteria and soft rot fungi, which attack 
mainly cellulose and hemicelluloses and modify 
the lignin in the cell middle lamella but do not de­
grade it completely, can slowly degrade wood. The 
waterlogged wood is often characterized by a good 
preservation but it can still be extensively degra
ded, poor in polysaccharides and mainly composed 
of residual lignin (Łucejko et  al., 2015). In order 
to understand more about the extent of degradation 
of fossil wood from Bükkábrány, we used thermal 
analysis and analytical pyrolysis. The successful 
use of thermogravimetry (TG), differential scan­
ning calorimetry (DSC) and pyrolysis-gas chroma­

tography/mass spectrometry (Py-GC/MS) to study 
waterlogged archaeological, ancient and fossil 
woods has been demonstrated in a number of works 
(Tomassetti et  al., 1987; Campanella et  al., 1991; 
Obst et  al., 1991; Colombini et  al., 2007; Budru­
geac, Emandi, 2010; Donato et al., 2010; Cavallaro 
et al., 2011; Tamburini et al., 2014, 2016; Łucejko 
et al., 2015; Traoré et al., 2017; Romagnoli et al., 
2018). Thermal analysis provides information about 
the physical or chemical changes associated with 
substances, including wood and its components, as 
a function of temperature. Py-GC/MS is a precious 
tool to determine the chemical composition of all 
the wood constituents and to indicate the mecha­
nisms of degradation reactions (Van Bergen et al., 
2000; Tamburini et al., 2014; Ghalibaf et al., 2019). 
Therefore, the aim of this work was to evaluate the 
chemical alterations in main structural components 
(polysaccharides and lignin) of fossil wood from the 
Bükkábrány mine using TG, DSC, and Py-GC/MS.

MATERIAL AND METHODS

Wood material. The small pieces of a fossil 
trunk identified as Taxodioxylon germanicum were 
kindly provided by University of Sopron. The origin 
of the samples was the lignite mine of Bükkábrány 
(in the north-east part of Hungary). The trunks were 
discovered in a standing position, which proves the 
original location of the trees. The height of the fos­
sil trunks was about three to five meters, and the 
upper parts of the trunks were missing. Presumably 
these parts were above the sediment and degraded 
in a short time. Water and the sediment shut off oxy­
gen, preventing the degradation process preserving 
the wood for a long time. An average wood sample 
prepared from pieces of a fossil trunk was examined 
in this study. The wood sample of a closer relative 
recent bald cypress (Taxodium distichum (L.) Rich.) 
growing in Sopron (West Hungary), was taken as a 
reference. It was possible because this tree species 
still exists mostly in swampy territories. The wood 
samples were sawed with a fine-tooth metal saw to 
obtain fine sawdust. The powdered samples were 
used for TG, DSC, and Py-GC/MS.

Methods. Microscopic examination of fossil 
wood samples was done with a scanning electron 
microscope (TM-1000, Hitachi) equipped with an 
energy-dispersive X-ray microanalysis unit (EDX). 
The transverse and longitudinal sections were cut 
by hand. Observations were carried out at magnifi­
cations of 250–3000x.

Carbon and nitrogen contents in fossil and re­
cent wood samples were determined with an ele­
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mental analyzer (Vario ISOTOPE Cube, Elementar 
Analysensysteme GmbH).

Thermogravimetry was conducted on a TG 209 
F1 thermal analyzer (Netzsch, Germany) in an air 
atmosphere with the gas flow of 20 mL/min from 
25 to 700  °C, at 10  °C/min heating rate, in a co­
rundum crucible (Al2O3). The enthalpy change 
(∆H)  of thermo-oxidative degradation of wood 
was determined by DSC. Differential scanning 
calorimetry was done with a DSC 204 F1 thermal 
analyzer (Netzsch, Germany) in an air atmosphere 
in the following conditions: temperature range 25–
590 °C, the gas flow 40 mL/min, the heating rate of 
10 °C/min, an aluminum pan with pierced lid.

Py-GC/MS analysis was performed using a 
multi-shot pyrolizer EGA/Py-3030D (Frontier 
Lab) attached to a GCMS-QP2020D (Shimadzu). 
Approximately 100  μg of sample were pyrolyzed 
at 600  °C. The gas chromatograph was equipped 
with a stainless steel Ultra Alloy-5 capillary co­
lumn (30 m × 0.25 mm × 0.25 mm, liquid phase: 
5  % diphenyl 95  % dimethylpolysiloxane). Oven 
temperature was held at 50 °C for 5 min and then 
increased to 240 °C at the rate 4 °C/min, and from 
240 to 300 °C at the rate 10 °C/min, afterwards the 
final temperature of 300 °C was held for 5 min. The 
carrier gas was helium with a flow 1 ml/min. The 
split ratio was adjusted to 50. The mass spectro
meter operated at ionization energy of 70 eV, an ion 
source temperature of 250  °C, in a scan range of 
m/z 40–550. The pyrolysis products were identified 
by comparison with the NIST mass spectral library 
and data published the literature (Pouwels et  al., 
1987; Stankiewicz et al., 1997; Łucejko et al., 2009; 
Traoré et al., 2016, 2017; Subagyono et al., 2021). 
The relative abundance of every compound was 
expressed as a percentage of the total peak area.

RESULTS AND DISCUSSION

Microscopic observations. The scanning elec­
tron microscopy (SEM) images of the fossil wood 
samples are shown in Fig. 1. 

The anatomical features were well visible. Tra­
cheids and ray parenchyma cells with deposits were 
seen (Fig. 1, a, b). Fungal hyphae and spores were 
found (Fig. 1, c, d). In a longitudinal section, ero­
sion troughs (stripes) oriented along the cellulose 
microfibrils and extending from one bordered pit to 
the other were observed (Fig.  1,  e). Observations 
of a transverse section showed that the secondary 
cell walls of the tracheids were heavily degraded or 
completely absent (Fig. 1, f). Some tracheids partial­

ly or completely detached from the middle lamella. 
Detachment of pit borders from tracheids was also 
observed (Fig. 1, h). SEM/EDX analysis of mineral 
particles on fossil wood revealed the presence of Si, 
Fe, Al, Ca, Mg, S.

SEM observations showed that although the 
fossil trunks were well preserved, there was severe 
deterioration of wood. The decay pattern observed 
is similar to that caused by erosion bacteria and has 
been described in a number of works (Kim et  al., 
1996; Björdal et al., 1999; Blanchette, 2000; Nils­
son, Björdal, 2008; Björdal, 2012). Erosion bacteria 
degrade the secondary cell wall layers and deplete 
polysaccharides from the wood without affecting 
the middle lamella. In this type of attack bacteria 
produce troughs, which are parallel with cellulose 
microfibrils. However, we also observed the fungal 
hyphae and spores that indicate wood attacks by 
fungi.

According to the literature, the degradation of 
wood in waterlogged terrestrial and aquatic envi­
ronments with a low oxygen concentration can be 
related to both bacterial (erosion and tunneling bac­
teria) and fungal attacks (soft rot fungi taxonomi­
cally related to Ascomycetes and Deuteromycetes) 
(Kim et al., 1996; Blanchette, 2000; Singh, 2012). 
The erosion bacterial decay of archeological wood 
is the major microbial decay form found under 
near-anaerobic conditions, in waterlogged envi­
ronments. Erosion bacterial require only minimum 
oxygen concentration for their decay activities in 
contrast to soft rot and tunneling bacteria. Tunneling 
bacteria produce minute tunnels and are able to de­
grade all wood cell wall areas, including the highly 
lignified middle lamella. The wood attack by soft 
rot fungi result in the formation of longitudinal ca­
vities within the secondary wall of wood cells or an 
erosion of the entire secondary wall. The chemical 
effects of soft rot attacks are preferential depletion 
of both hemicelluloses and cellulose; lignin is mo­
dified only to a certain extent. Striated appearance 
of the bacterial eroded wall distinguishes this attack 
from soft rot erosion (Blanchette, 2000; Björdal 
et al., 2000; Björdal, 2012; Singh, 2012). Our SEM 
results are consistent with previous findings by 
M. Bardet and A. Pournou (2015) and K. Nikolouli 
et  al. (2016) who observed the patterns of decay 
attributed to fungi, erosion and tunneling bacteria 
in the fossil wood samples from the Bükkábrány 
area and concluded that the burial environment of 
the Miocene Bükkábrány fossil forest varied regar­
ding concentration of oxygen through the time but 
anoxic conditions probably dominated.
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Fig. 1. SEM transverse and longitudinal sections of fossil wood showing tracheids (a) and 
ray parenchyma cells with deposits (b), fungal hyphae (c) and spores (d), erosion troughs (e), 
degraded secondary cell walls of the tracheids (f), detached tracheid (g) and pit border (h).
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Thermal analysis. Figure 2 shows the thermo­
grams obtained in an air atmosphere for fossil and 
recent woods. 

It can be seen from the shapes of DTG curves 
that fossil wood demonstrated completely differ­
ent thermal behavior compared to recent wood. The 
DTG curve of recent wood showed three peaks cor­
responding three successive stages of mass loss in 
the TG curve. 

The first stage was due to the release of adsorbed 
water and the next two stages were mainly attrib­
uted to the thermal degradation of polysaccharides 
and lignin (Campanella et  al., 1991; Budrugeac, 
Emandi, 2010; Romagnoli et  al., 2018). Recent 
wood revealed 7.69 % of mass loss (peak at 63 °C) 
due to water evaporation. The slight shoulder in the 
DTG curve at ca 287 °C and a peak at 328 °C were 
related to the thermal decomposition of hemicellu­
loses and cellulose, respectively. There was a total 
mass loss of 60.24 % at this stage. 

The peak at 443  °C was associated with mass 
loss of 30.32  % due to the thermo-oxidation of 

lignin. The process of the thermal degradation of 
recent wood finished by 502  °C. The mass loss 
above 502  °C was negligible. The residual mass 
at 700 °C (ash  %) was 1.03  %. The enthalpy 
change (∆H) of thermo-oxidation of recent wood 
was –11.41 ± 0.41 kJ/g.

DTG curve of fossil wood revealed a high heter­
ogeneity in chemical composition and considerable 
overlapping the thermal decomposition stages due 
to the presence of degradation products (Fig. 2, b). 
To better visualize the stages of fossil wood degrada­
tion and establish the temperature intervals of mass 
loss, we resorted to the method of differentiating 
the contour of the mass loss rate ∂4(DTG)/∂t4 = f (t) 
(t – temperature). Then after equating the positive 
values of the derivative to zero, we approximated 
the obtained dependence by the Chebyshev polyno­
mial of the 20th order (Fig. 2, b, curve 3).

In the temperature range 25–178 °C, two peaks 
in the DTG curve of fossil wood were attrib­
uted to losses of different fractions of water. The 
broad peak at 75 °C and corresponding mass losses 

Fig. 2. Thermograms and mass losses of recent (a) and fossil (b) wood. 
1 – TG curve; 2 – DTG curve; 3 – ∂4(DTG)/∂t4 curve.
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of 3.10  and 1.84 % were related to the release of 
adsorbed water from wood. The peak at 160  °C 
(mass loss of 1.05 %) was not observed for recent 
wood and likely might be due to loss of water from 
hydrated salts (Genestar, Pons, 2008) contained in 
the fossil wood sample.

The thermal degradation of the wood substance 
occurred above 178 °C. The DTG curve did not re­
veal two distinct peaks corresponding to degrada­
tion of polysaccharides and lignin like in the case of 
recent wood. Only one broad peak at 369 °C with 
two shoulders at ca 250 and 450 °C and slight mass 
losses above 553 °C were observed in the TG/DTG 
curves. The ∂4(DTG)/∂t4 curve allowed us to dis­
tinguish six individual stages of mass loss within 
the interval 178–700 °C. In comparison with recent 
wood, the mass loss in the temperature range of 
178–367 °C decreased by 40 % and mainly occurred 
due to the remaining cellulose. In waterlogged con­
ditions, hemicelluloses are the first constituents lost 
because of their highest susceptibility to biological 
degradation (Romagnoli et al., 2018). Our thermo­
gravimetry data is in agreement with the chemical 
investigations of M. Hámor-Vidó et al. (2010) who 
reported cellulose content of 18–41 % in the fossil 
wood samples from Bükkábrány.

At temperature range 367–700  °C, the mass 
loss attributed to thermo-oxidation of lignin was 
79  % higher in relation to recent wood. It should 
be noted that the process of the thermal degrada­
tion of fossil wood continued above 500 °C. Four 
stages of mass loss in the ∂4(DTG)/∂t4 curve (32.07, 
21.13, 0.75 and 0.35 %) point out that lignin under­
went alterations which resulted in the presence of 
aromatic compounds with different oxidative ther­
mal stability. These results are consistent with the 
previous observations of a selective removal of 
polysaccharides in fossil wood and its enrichment 
by lignin (Fengel, 1971; Obst et  al., 1991; Uçar 
et al., 2005; Krutul et al., 2010; Ozgenc et al., 2018). 
Finally, at 700 °C, fossil wood had ash content of 
2.74 %. The percentage of ash in fossil wood was 
only slightly higher than that in recent wood. A rel­
atively low ash content indicates that fossil wood 
was not permineralized (Obst et al., 1991).

The enthalpy change of combustion (thermo-
oxidation) was significantly greater (–18.08  ± 
± 0.82  kJ/g) for fossil wood compared to recent 
wood. This indicates that more heat was released 
likely due to the higher content of lignin (aro­
matic compounds) in the sample. According to 
the literature (Kubler, 1982; Rowell, Dietenberg­
er, 2013; Ioelovich, 2018), lignin has the high­
est heat of combustion compared to cellulose and 

wood. O. V. Voitkevich et al. (2012) reported that 
the enthalpy values of combustion for hardwood 
and softwood lignins were found to be –21.45 and 
–23.50 kJ/g, respectively. 

Elemental analysis. The elemental analysis re­
vealed that recent wood contained 49.16 ± 0.28 % 
of total carbon (TC) and 0.19  ±  0.04  % of total 
nitrogen (TN), fossil wood 58.05  ±  2.33  % and 
0.44  ±  0.07  %, respectively. In comparison with 
recent wood, fossil wood had significantly higher 
content of TC and a twofold increase in TN due 
to nitrogen immobilization (Romero et  al., 2005). 
C/N ratio, considered as an indicator of the degree 
of  organic matter alteration (Silva et  al., 2013), 
was  in two times lower for fossil wood compared 
to recent wood (132 vs. 259). This is in agreement 
with the literature regarding the anaerobic condi­
tions cause a decrease of this ratio in the buried 
plant material and fossil wood (Gröcke, 2002; Silva 
et al., 2013).

Py-GC/MS. The pyrograms showed 89 peaks 
for recent wood and 149  peaks for fossil wood 
(Fig. 3). 

The peak area of identified compounds ac­
counted for 92 and 87 % of the total peak area, re­
spectively. The identified compounds, their relative 
amounts and origin are listed in Table. The pyro­
grams of both wood samples revealed the presence 
of pyrolysis products of polysaccharides and lignin. 
Pyrolysis products were attributed to polysaccha­
rides and lignin based on literature data (Pouwels 
et al., 1987; Stankiewicz et al., 1997; Łucejko et al., 
2012, 2021a; Ház et al., 2013; Karami et al., 2013; 
Liaw et  al., 2014; Tamburini et  al., 2014, 2015; 
Traoré et al., 2017; González Martínez et al., 2019; 
SriBala et al., 2019; Subagyono et al., 2021). There 
were the substantial differences in the presence and 
the relative abundance of the individual pyrolysis 
products between the samples. Py-GC/MS analysis 
also showed that wood samples are of gymnosperm 
origin as indicated by the presence only guaiacyl 
derivatives (Saiz-Jimenez, De Leeuw, 1986; Stan
kiewicz et al., 1997; Van Bergen et al., 2000).

The pyrogram of recent wood revealed that py­
rolysis products derived from polysaccharides and 
lignin represented 33 and 45  % of the total peak 
area, respectively. The main polysaccharide pyro­
lysis products were methyl glyoxal, levoglucosan, 
acetaldehyde, 3-methylhexanal, acetic acid, acetol, 
2-oxopropanoic acid methyl ester, acetoxyacetic 
acid, 2-hydroxy-2-cyclopenten-1-one. The other 
important compounds were furfural, 1,4:3,6-dian­
hydro-alpha-d-glucopyranose, 2-hydroxy-3-me­
thyl-2-cyclopenten-1-one, 2(5H)-furanone.
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Pyrolysis products of lignin were mainly repre­
sented by trans-coniferyl alcohol, cis-coniferyl al­
cohol, guaiacol, 4-vinylguaiacol, trans-isoeugenol, 
dihydroconiferyl alcohol, conferyladehyde, vanil­
lin, 4-methylguaiacol, acetovanillone, and eugenol. 
Coniferyl alcohol (trans- and cis-isomers) accoun­
ted for 35 % of the total lignin pyrolysis products 
in recent wood which agrees with the literature data 
for sound wood (Łucejko et al., 2021b). Trans-co­
niferyl alcohol was the dominant monomer since the 
lignin in conifers is based mainly on trans-coniferyl 
alcohol (Obst, 1983). Other lignin-compounds such 
as phenols, cresols, 4-ethylquaiacol were in minor 
abundance. The presence of trans-coniferyl alco­
hol in combination with relatively small amounts 
of phenol, 2-methylphenol, 3- and 4-methylphenol, 
2,4-dimethylphenol, 3-ethylphenol, 4-ethylphenol 
is characteristic of nondegraded lignin (Stankiewicz 
et al., 1997).

Py-GC/MS of fossil wood showed a significant 
decrease in polysaccharide-derived compounds 
with regard to recent wood. The peaks deriving 
from polysaccharides accounted for only 3 % of the 
total peak area. The most of characteristic peaks of 

polysaccharide pyrolysis products were absent or 
negligible. Pyrolysis products of polysaccharides 
were mainly represented by levoglucosan with a 
combination of smaller amounts of acetaldehyde, 
acetic acid, and furfural. This provides evidence of 
a substantial degradation of hemicelluloses and cel­
lulose in fossil wood.

A great increase in lignin pyrolysis products up 
to 69  % was observed. The main lignin pyrolysis 
products were guaiacol and guaiacyl derivatives 
(4-vinylguaiacol, 4-methylguaiacol, 4-ethylguaia­
col, vanillin, acetovanillone), 4-methylcatechol, and 
catechol. It is important to note that styrene was 
highly abundant in fossil wood compared to recent 
wood. Other significant lignin-derived peaks in the 
pyrogram were related to the presence of phenol 
and phenolic compounds. A relative abundance of 
cresols was markedly higher than in recent wood.

We calculated the pyrolytic H/L ratio, which is 
a commonly used parameter to estimate the prefe­
rential loss of polysaccharides or lignin in a degra­
ded wood sample by comparing its value with that 
obtained for sound wood (Tamburini et  al., 2015; 
Zoia et al., 2017; Łucejko et al., 2021a). The recent 

Fig. 3. Total ion current chromatograms of recent (a) and fossil (b) wood.
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List of the identified pyrolysis products

No. Name
Retention time (min)

Origin
Relative area (%)

recent wood fossil wood recent wood fossil wood
1 2 3 4 5 6 7

1 Carbon dioxide 1.514 1.517 9.66 6.57
2 Acetaldehyde 1.587 1.593 Ps 2.70 0.97
3 Methanethiol - 1.624 - 0.75
4 Methyl glyoxal 1.718 - Ps 4.76 -
5 Oxirane, methyl-, (S)- - 1.727 - 1.38
6 Dimethyl sulfide - 1.794 - 0.09
7 1-Penten-3-yne 1.850 1.849 0.24 1.32
8 1.3-Diamino-2 propanol 1.927 - 1.18 -
9 Acetic acid 1.998 2.003 Ps 3.66 0.40
10 2,3-Butanediol 2.105 - Ps 0.21 -
11 1,3-Cyclohexadiene - 2.329 L - 0.14
12 1,3-Cyclopentadiene, 1-methyl- - 2.359 L - 0.10
13 2-Butenal 2.391 - Ps 0.61 -
14 Acetol 2.470 - Ps 2.73 -
15 Benzene - 2.505 Ps, L - 0.23
16 2,3-Pentanedione 2.779 - Ps 0.08 -
17 1,4-Dioxin, 2,3-dihydro- 2.927 - 0.30 -
18 Propylene Glycol - 3.373 - 0.75
19 (S)-5-Hydroxymethyl-2[5H]-furanone 3.546 - Ps 0.21 -
20 1,4-Pentadien-3-one 3.618 - 0.44 -
21 Acetic acid, (acetyoxy)- 3.931 - Ps 1.95 -
22 Toluene - 3.954 Ps, L - 0.99
23 2(5H)-Furanone 4.079 - Ps 0.21 -
24 Succindialdehyde 4.181 - Ps 0.46 -
25 Propanoic acid, 2-oxo-, methyl ester 4.370 - Ps 1.97 -
26 Furfural 5.741 5.737 Ps 0.82 0.13
27 Ethylbenzene - 6.770 L - 0.43
28 m-Xylene - 7.071 L - 0.26
29 4-Cyclopentene-1,3-dione 7.660 - Ps 0.07 -
30 Styrene 7.892 7.895 L 0.11 8.29
31 Ethanol, 2-butoxy- - 8.554 - 0.20
32 Hexanal, 3-methyl- 9.054 - Ps 3.89 -
33 2-Cyclopente-1-one, 2-hydroxy- 9.296 - Ps 1.54 -
34 Benzaldehyde - 10.774 L - 0.26
35 Butanedioic acid, cyclic hydrazide 10.921 - 0.27 -
36 alpha-Methylstyrene - 11.783 L - 0.25
37 Phenol 11.972 11.958 L 0.54 1.86
38 Oxazolidine, 2,2-diethyl-3-methyl- 12.433 - Ps 0.94 -
39 Benzene, 1-methoxy-3-methyl- - 13.415 L - 0.14
40 Benzene, 1-propenyl- - 13.663 L - 0.18
41 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 13.760 - Ps 0.37 -
42 Benzaldehyde, 2-hydroxy- - 14.336 L - 0.08
43 o-Cresol 15.047 15.035 L 0.39 1.13
44 Benzenemethanol, alpha-methyl- - 15.176 - 0.09
45 Acetophenone - 15.352 L - 0.23
46 p-Cresol 15.906 15.900 L 0.87 1.37
47 m-Cresol - 15.930 L - 0.92
48 Guaiacol 16.360 16.364 L 2.29 2.95
49 Pentanal 16.446 - Ps 0.43 -
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Table continuation

1 2 3 4 5 6 7

50 Phenol, 2,6-dimethyl- - 17.082 L - 0.18
51 2,5-Dimethylanisole - 17.221 L - 0.11
52 2,4(3H,5H)-Furandione, 3-methyl- 17.635 - Ps 0.68 -
53 Phenol, 2-ethyl- - 18.461 L - 0.07
54 Phenol, 2,4-dimethyl- 18.849 18.837 L 0.59 0.47
55 Phenol, 2,5-dimethyl- - 18.893 L - 0.26
56 Benzaldehyde,2-hydroxy-5-methyl- 19.019 19.017 L 0.13 0.20
57 Phenol, 4-ethyl- 19.594 19.588 L 0.13 0.19
58 Phenol, 3,4-dimethyl- 19.690 19.683 L 0.07 0.18
59 Phenol, 2-methoxy-3-methyl- 19.987 19.985 L 0.12 0.22
60 4-Methylguaiacol 20.541 20.557 L 2.18 5.19
61 Catechol - 20.946 L - 2.55
62 1,4:3,6-Dianhydro-alpha-d-glucopyranose 21.072 - Ps 0.20 -
63 Benzofuran, 2,3-dihydro- 21.609 21.593 Ps, L 0.43 0.38
64 Sulfurous acid, cyclohexylmethyl nonyl ester - 22.171 - 0.18
65 Phenol, 3-ethyl-5-methyl- 22.323 22.324 L 0.31 0.40
66 Phenol, 2,3,5,6-tetramethyl- 22.697 22.692 L 0.09 0.10
67 Benzoic acid, 2-propenyl ester - 23.018 - 0.08
68 3-Methylcatechol - 23.247 L - 0.69
69 4,7-Methano-1H-indenol, hexahydro- - 23.711 - 0.12
70 4-Ethylguaiacol 23.809 23.810 L 0.67 1.40
71 2-Allylphenol 24.276 - L 0.23  
72 4-Methylcatechol - 24.312 L - 2.87
73 Benzofuran, 2,3-dihydro-2-methyl- - 24.732 L - 0.20
74 4-Vinylguaiacol 25.069 25.091 L 3.75 9.62
75 3-Methoxy-5-methylphenol 25.344 25.339 L 0.17 0.25
76 Phenol, 4-(2-propenyl)- 26.060 26.049 L 0.28 0.09
77 Eugenol 26.625 26.625 L 1.12 0.71
78 Phenol, 2-methoxy-4-propyl- 26.967 26.968 L 0.16 0.33
79 4-Ethylcatechol - 27.585 L - 0.48
80 Vanillin 28.013 28.021 L 2.47 2.43
81 trans-Isoeugenol 28.360 28.360 L 0.35 0.52
82 Phenol, 2-methyl-6-(2-propenyl)- 28.651 28.636 L 0.33 0.23
83 trans-Isoeugenol 29.745 29.747 L 2.85 2.25
84 Dimethyl phthalate - 29.915   - 0.22
85 Levoglucosan 30.822 31.109 Ps 4.56 1.95
86 Acetovanillone 30.926 30.933 L 2.24 2.74
87 Vanillic acid methyl ester - 31.933 L - 0.21
88 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 32.365 32.364 L 0.58 0.87
89 1-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- - 33.982 L - 0.94
90 Butyrovanillone - 34.118 L - 0.50
91 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate - 34.482 - 0.49
92 Dihydroconiferyl alcohol 35.918 35.917 L 2.79 1.34
93 7-Methoxy-1-naphthol - 36.328 - 0.13
94 cis-Coniferyl alcohol 36.587 36.587 L 1.54 0.41
95 Coniferylaldehyde 38.384 38.385 L 2.63 0.27
96 trans-Coniferyl alcohol 38.511 38.499 L 14.14 0.07
97 Diallyl phthalate - 38.807 - 0.21
98 Benzene, 1’1-(1,3-butadienylidene)bis- - 40.691 - 0.13
99 Phenol, 2,2’-methylenebis- - 44.810 L - 0.44
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and fossil woods had H/L ratios 0.7 and 0.1, respec­
tively (Table). This highlights a preferential loss of 
polysaccharides in fossil wood from Bükkábrány.

In order to provide more information on chemi­
cal alterations in lignin we summarized the peak 
areas of the pyrolysis products assigned to follo- 
wing categories: monomers (coniferyl alcohol), 
long chain compounds (guaiacyl units with modi­
fied C3 alkyl chains), short chain compounds 
(guaiacyl units with up to C2 alkyl chains), car­
bonyl compounds (compounds containing aldehyde 
and ketone functionalities), carboxyl compounds 
(acids and esters), demethylated/demethoxylated 
compounds (guaiacyl units in which the methoxy 
groups on the aromatic rings had undergone al­
teration), and others (Tamburini et al., 2015, 2016; 
Braovac et al., 2016; Łucejko et al., 2020, 2021b).

In recent wood, monomers accounted for 35 %, 
long chain compounds 10  %, short chain com­
pounds 20  %, carbonyl compounds 16  %, others 
20  %, carboxyl and demethylated/demethoxylated 
compounds were not detected. The distribution of 
lignin pyrolysis products in fossil wood was diffe­
rent. Monomers constituted for only ca 1 %; long 
chain compounds 5  %, short chain compounds 
28  %, carbonyl compounds 8  %, carboxyl com­
pounds 0.3 %, demethylated/demethoxylated com­
pounds 10 %, others 49 %.

Although lignin is generally less susceptible to 
degradation processes in the burial environment, 
especially in waterlogged conditions, compared 
to cellulose and hemicelluloses it also undergoes 
chemical changes, which can involve demethy­
lation, oxidation, and depolymerisation (Saiz-
Jimenez, De Leeuw, 1986; Tamburini et al., 2016; 

Łucejko et  al., 2021b). The results of Py-GC-MS 
of fossil wood showed that not only the relative 
amount of lignin-derived pyrolysis products sub­
stantially increased but also their chemical compo­
sition changed. Coniferyl alcohol is characteristic 
of an unaltered gymnosperm lignin and its strong 
decrease indicates the structural changes in lignin 
due to degradation (Saiz-Jimenez, De Leeuw, 1986; 
Łucejko et  al., 2021b). The higher relative abun­
dance of shortened side chain pyrolysis products 
compared to lignin monomers is connected to the 
depolymerisation of lignin (Tamburini et al., 2016; 
Łucejko et  al., 2021b). The formation of cate­
chol-type compounds (catechol, 3-methylcatechol, 
4-methylcatechol, 4-ethylcatechol) also reflects the 
lignin degradation. Catechol is the main degrada­
tion product of gymnospermous lignin arising via 
demethylation of the methoxyl group (Van Bergen 
et al., 2000). Demethylation occurs in degradation 
pathways initiated by fungi or bacteria and results 
in lignin units with hydroxyl groups, which are 
more reactive and thus susceptible to further reac­
tions (Łucejko et  al., 2021a). The relative abun­
dance of catechol-like and phenol-like structures 
was observed in plant materials (degraded wood, 
coalified logs) at different stages of the coalifica­
tion process (Hatcher et al., 1988, 1989). A signif­
icant decrease in the relative amount of carbonyl 
compounds in fossil wood points to alteration of 
lignin. This also reflects the absence of the oxi­
dizing conditions because the oxidation of lignin 
results in an increase in carbonyl and carboxyl 
functionalities (Łucejko et  al., 2021b). Moreover, 
a low relative amount of oxidized phenols such 
as vanillic acid methyl ester in fossil wood as well 

End of table

1 2 3 4 5 6 7

100 Phenol, 2-[(4-hydroxyphenil)methyl]- - 45.449 L - 2.93
101 Phenol, 4,4’-methylenebis- - 47.061 L - 2.72
102 Phenol, 4,4’-(1-methylethylidene)bis- - 49.680 L - 4.03
103 Ferruginol 53.192 53.185 0.79 0.19
104 Cyclohexane, 1,3,5-triphenyl- - 55.251 - 0.49
105 (E)-3’3-Dimethoxy-4,4’-dihydroxystilbene 57.952 57.947 L 1.23 0.31
106 3,4-Divanillyltetrahydrofuran - 60.973 - 0.32

Sum of identified compounds
Sum of polysaccharide pyrolysis compounds
Sum of lignin pyrolysis compounds
Holocellulose/lignin (H/L)

91.71 87.32
33.05 3.45
45.35 68.56
0.7 0.1

Note. The relative area was expressed as a percentage of the total area of the peaks detected in the pyrogram. The holocellulose/
lignin (H/L) is defined as the ratio between the relative abundances of holocellulose (cellulose and hemicelluloses) and lignin pyrolysis 
products (Łucejko et al., 2021a).
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indicates an anoxic burial history (Saiz-Jimenez 
et al., 1987).

The fossil wood showed higher abundance of 
cresols, phenol and monocyclic aromatic hydrocar­
bons (benzene, toluene, m-xylene, styrene) com­
pared to recent wood. Phenolic compounds such as 
phenol, 2,2′-methylenebis-; phenol, 2-[(4-hydroxy­
phenil)methyl]-; phenol, 4,4′-methylenebis-; phe­
nol, 4,4′-(1-methylethylidene)bis- and polycyclic 
aromatic hydrocarbons (7-methoxy-1-naphthol) 
were not encountered in recent wood. D. Shen et al. 
(2015) reported that the presence of phenol-type and 
cresol-type compounds is related to the demethoxy­
lation of guaiacol-type compounds. It should also 
be noted that a high relative abundance of styrene in 
the pyrolysates of fossil wood indicates lignin deg­
radation (Nierop et al., 2001). 

The peak of methanethiol in the pyrogram of 
fossil wood reflects the presence of sulphur-con­
taining compounds. This is in agreement with ob­
servations of J. Guo et al. (2019) who reported that 
methanethiol can be a result of the enrichment of or­
ganic sulfur produced by sulfate reducing bacteria.

CONCLUSION

In this study, the methods of thermal analy­
sis and  analytical pyrolysis were used in order to 
provide more information about degradation of 
the unique fossil wood from the Bükkábrány area. 
Thermal analysis of fossil wood showed a high he­
terogeneity of wood substance, a significant degra- 
dation of polysaccharides and enrichment by 
lignin including more thermally stable compo­
nents (> 500 °C), a larger enthalpy change (∆H) of 
combustion compared to recent wood. Py-GC/MS 
results were in agreement with thermal analysis 
indicating a preferential loss of polysaccharides. 
Polysaccharide pyrolysis products were mainly rep­
resented by levoglucosan. Other polysaccharide-de­
rived compounds were not detected or were present 
in minor quantities. Among lignin pyrolysis pro­
ducts, a significantly low abundance of lignin mon­
omers, an increase in short side-chain compounds 
and presence of demethylated/demethoxylated units 
in fossil wood provided evidence of lignin altera­
tion (degradation). Thus, obtained results showed 
that fossil wood, which had been exposed to the 
burial environment for 7 million years, had signifi­
cant changes in the chemical composition.
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Ископаемая древесина возрастом около 7 млн лет из Бюккабрани (Венгрия) была проанализирована с по­
мощью термогравиметрии (ТГ), дифференциальной сканирующей калориметрии (ДСК) и пиролитической 
газовой хромато-масс-спектрометрии (Пи-ГХ/МС) для оценки изменения ее химического состава. В каче­
стве контроля был взят образец древесины таксодиума двурядного (болотного кипариса обыкновенного) 
(Taxodium distichum (L.) Rich.) из Западной Венгрии. Ископаемая древесина характеризовалась более высо­
ким содержанием общего углерода (58.05 %) и общего азота (0.44 %) по сравнению с современной древеси­
ной. ТГ ископаемой древесины показала высокую неоднородность древесинного вещества, значительную 
потерю полисахаридов и обогащение лигнином, включая более термостабильные компоненты (> 500 °C). 
Изменение энтальпии (∆H) сгорания (термоокисления) ископаемой древесины было значительно больше, 
чем современной древесины (–18.08 против –11.41 кДж/г). Пи-ГХ/МС ископаемой древесины показала зна­
чительное уменьшение продуктов пиролиза полисахаридов и увеличение продуктов пиролиза лигнина по 
сравнению с современной древесиной. Пиролитическое отношение H/L свидетельствует о преимуществен­
ной потере полисахаридов в ископаемой древесине. Продукты пиролиза полисахаридов встречались редко 
и были представлены в основном левоглюкозаном. Лигнин также претерпел существенные изменения. Рез­
кое уменьшение доли мономеров, увеличение доли соединений с короткой боковой цепью и присутствие 
деметилированных/деметоксилированных соединений в составе продуктов пиролиза лигнина указывает на 
изменение (деградацию) лигнина. Кроме того, отмечено высокое содержание стирола, крезолов, фенола и 
фенольных соединений.
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