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ABSTRACT. A variety of traces of pre-charring decay are described from coniferous charcoals from the Norken 
locality, stratigraphically positioned within the Breitscheid Formation (Late Oligocene, Chattian) of the West-
erwald area (Rhineland-Palatinate; W Germany). The traces include three-dimensionally preserved as well as 
collapsed fungal hyphae, collapsed filamentous structures (maybe related to ascomycetes), so-called shot-like 
holes of different diameters in cell walls of tracheids, as well as crater-like structures on the surface of tracheid 
walls. The latter occur on tracheids with bordered pits, in the direct vicinity of charred phloem (so far only rarely 
reported from pre-Quaternary charcoal). These observations, together with evidence that some of the charcoal 
fragments originated from wood that dried out prior to charring, point to a surface fire as the most likely source 
of the charcoal, although it cannot totally be ruled out that (partly) dead but still standing trees were affected 
during a crown fire. The data from the Late Oligocene of Norken provide further evidence that pre-Quaternary 
charcoal can be used as an additional, so far largely underutilized source for additional information about plant–
microorganism interactions in deep time.
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Fossil charcoal is an excellent source of 
information about a number of palaeoenviron-
mental parameters reaching back as far as the 
Palaeozoic (e.g. Scott, 2000). Besides providing 
unequivocal evidence for the occurrence of wild-
fires in palaeoecosystems, it is also possible to 
obtain information about the types of such wild-
fires (i.e. ground, surface or crown fire), as well 
as certain environmental parameters which can 
be deduced from specific modifications of plant 
anatomy (e.g. growth rings in wood due to sea-
sonality) (e.g. Scott, 2000, 2010; Scott et al., 

2014). Recently, El Atfy et al. (2019) demon-
strated that pre-Quaternary charcoal from 
clastic sediments can also be used to obtain 
information about pre-charring plant–microbe 
interactions. They provided a first general 
overview of pre-charring decay-related modi-
fications of cell walls that have been observed 
in pre-Quaternary charcoal from a number of 
different localities from the Permian up to the 
Palaeogene. The same had previously been 
demonstrated for charcoal from archaeological 
contexts (e.g. Moskal-del Hoyo et al., 2010).

El Atfy et al. (2019) figured and described so-
called shot-like holes produced by fungal hyphae 
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penetrating cell walls, from the Late Oligocene 
Norken locality, as an example of such struc-
tures, which are usually associated with brown 
rot in modern wood (e.g. Schweingruber, 1990; 
Schweingruber et al., 2006; Schwarze, 2007). 
However, the spectrum of decay-related modifi-
cations of cell walls seen in fossil charcoal from 
this locality is much more diverse. As the poten-
tial of pre-Quaternary charcoal (especially from 
clastic sediments) as a source of information 
on plant–microbe interactions is so far largely 
unexplored, the charcoal from Norken has 
subsequently been analysed in greater detail 
regarding such decay-related structures. The 
present contribution provides an in-depth anal-
ysis of the whole spectrum of these structures 
observed so far, delivering a more complete pic-
ture of plant–microbe interactions observed in 
charcoal from this locality.

GEOLOGY, PALAEONTOLOGY  
AND STRATIGRAPHY

The village of Norken is located at the west-
ern border of the High Westerwald (Fig. 1). This 
region is part of the Rhenish Slate Mountains, 

which were formed during the Variscan Orog-
eny during the late Palaeozoic. After the 
Variscan Orogeny until the beginning of the 
Cenozoic, the Devonian rocks from this region 
experienced intensive weathering and erosion 
(Baumann, 1993). During the Oligocene the 
area was subject to tectonic upheavals, result-
ing in the formation of numerous depressions, 
small basins and tectonic graben structures, 
which were subsequently filled with up to 
100 m thick, purely continental sediments, 
including claystones, black pelites (“oilshales”) 
and fossil-rich lignites (e.g. Schäfer et al., 2011; 
Uhl et al., 2011). There was also intensive 
volcanism in this area during the Oligocene, 
which led to the deposition of massive basaltic 
tuff/tuffite deposits, as well as basalt sheets 
(e.g. Schäfer et al., 2011). The maar or crater 
lake of Enspel, with its renowned fossil-rich 
deposits (e.g. Poschmann et al., 2010; Köhler 
and Uhl, 2014; Uhl and Poschmann, 2018), is 
also related to this volcanism (Schindler and 
Wuttke, 2010, 2015).

The fossil-bearing deposits from Norken 
can be assigned to the Breitscheid Formation 
(cf. Uhl et al., 2011). This formation is of Late 
Oligocene (Chattian) age and consists of tuffs, 

Fig. 1. Geological overview map of the Westerwald Tertiary; ª fossil localities (after Schindler and Wuttke, 2010)
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tuffites, siliciclastic deposits as well as lignites 
(e.g. Schäfer et al., 2011). The Breitscheid For-
mation includes three so-called “main lignite 
seams”, of which only the uppermost seam has 
been mined in Norken (Steckhan, 1973). At 
this locality this seam overlies lacustrine sedi-
ments consisting of fine-grained, laminated 
black pelites, as well as coarse re-sediments 
probably originating from the banks of the 
lake (Uhl et al., 2011). 

The macroflora from Norken represents 
a riparian forest dominated by Acer tricus-
pidatum Bronn and Glyptostrobus europaeus 
(Brongniart) Unger, with only rare constituents 
from other vegetation types (Müller, 1997; Uhl 
et al., 2011, 2018; Krüger et al., 2017). Fossil 
charcoal from Norken, assignable to taxodioid 
Cupressaceae, provided unequivocal proof of 
the occurrence of palaeowildfires at this local-
ity during the Late Oligocene (Uhl et al., 2011).

For more details on the geology and palae-
ontology of the Norken locality, see Steckhan 
(1973), Uhl et al. (2011, 2018) and Krüger 
et al. (2017). 

MATERIAL AND METHODS

The material analysed here has been collected from 
spoil tips of the former Späth lignite mine in Norken in 
Westerwald, W Germany (Fig. 1). Samples are stored 
in the collection of the Maarmuseum Manderscheid 
(Germany), under collection numbers MMM-2012-001 
to −198.

For SEM analysis, small pieces of charcoal, which is 
rather rare at this locality, were mechanically extracted 
from lignite samples with the aid of preparation nee-
dles and tweezers under a binocular microscope (Leica 
M80). Samples were mounted on standard stubs with 
liquid LeitC (Plano, Münster, Germany), gold-coated, 
and subsequently examined with a JEOL JSM 6490 
LV scanning electron microscope (SEM; accelerator 
current 20 kV) at the Senckenberg Forschungsinstitut 
und Naturmuseum Frankfurt, Germany, for further 
analysis. Two of the seven charcoal samples analysed 
showed evidence of pre-charring decay.

RESULTS 

Macroscopically the specimens from Norken 
exhibit a silky lustre and a black streak, as 
well as excellent three-dimensional preserva-
tion and homogenized cell walls (Pl. 1, 2) when 
analysed by SEM. Together these features are 
regarded as typical for charcoal (e.g. Scott, 
2000, 2010). “Checking” of cell walls occurs in 
some specimens (Pl. 1, fig. 1). 

Fungal hyphae can be observed in several 
specimens (Pl. 1, figs 2–6). Most abundant 
are three-dimensionally preserved hyphae 
with a smooth surface and diameter of ~1.0–
1.3 (1.6) µm (Pl. 1, figs 2–4). In a single case, 
a three-dimensionally preserved hypha of com-
parable dimensions but with a granulated sur-
face could be observed (Pl. 1, fig. 6). Besides 
three-dimensionally preserved smooth hyphae, 
collapsed hyphae with a smooth surface also 
occur. In some cases it was possible to observe 
a transition from three-dimensional to collapsed 
hyphae which seem to be fused to the cell wall 
(Pl. 1, fig. 4). Based on the size it seems likely 
that these hyphae were produced by “higher” 
fungi. However, as no clamp-connections have 
been observed in the charred hyphae, an une-
quivocal affiliation to basidiomycetes is not pos-
sible. Besides these hyphae, smaller collapsed 
filamentous structures also occur (Pl. 2, fig. 3); 
they may be remnants of either ascomycetes or 
filamentous bacteria. Some of the smooth three-
dimensionally preserved hyphae grew through 
shot-like holes in the cell walls of tracheids 
(Pl. 1, figs 1–4). In one case, two of these hyphae 
seem to have penetrated the wall through a sin-
gle hole (Pl. 1, fig. 4). In the cases where hyphae 
could be observed crossing the cell wall through 
the shot-like holes, the entrances of these holes 
were widened in crater-like structures (Pl. 1, 
figs 3, 4). Besides the shot-like holes associated 
with fungal hyphae, there were other shot-like 
holes that were considerably smaller: ~0.8–
1.0 µm in diameter (Pl. 1, figs 3–6). Although 
no direct connection could be observed, it seems 
possible that these holes were produced by the 
same organisms that produced the small fila-
mentous structures. An additional feature of 
the charcoal from Norken, probably related to 
microbial decay prior to charring, are crater-
like structures of different diameters on trac-
heid walls. One type of these structures, rang-
ing in diameter from 2.0 to 3.5 µm, is related to 
the large shot-like holes mentioned above (Pl. 1, 
figs 3–5). A second type of crater-like structure 
is much flatter and wider (12–18 µm) than the 
structures directly related to shot-like holes. 
It occurs abundantly on some of the tracheids 
(Pl. 2, figs 1–4) and in one case a filamentous 
structure can be seen growing over the surface 
of such a crater-like structure (Pl. 2, fig. 3).

Another interesting observation, although 
not directly related to microbial decay, is the 
presence of phloem in one charcoal specimen 
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(Pl. 2, figs 5, 6). The phloem, located in the 
direct vicinity of areas exhibiting the flat crater-
like structures in the tracheid walls, consists 
of sieve cells with sieve pores in the radial cell 
walls, as well as axial parenchyma (Pl. 2, fig. 6). 
So far, the published record of phloem preserved 
in charcoal is rather limited, with only a few 
records (e.g. Degani-Schmidt et al., 2015). It is 
noteworthy that the crater-like structures seen 
on tracheid walls of the charcoal from Norken 
occur mostly in an area located between these 

phloem cells and normal tracheids with bor-
dered pits. Unfortunately it is not possible to 
identify fibers associated with phloem, due to 
the fragmentary preservation of the charcoal.

DISCUSSION

The observable anatomical features (e.g. 
homoxylic wood) of the charcoal from Norken 
analysed for this study point to a gymnospermic, 

Plate 1. SEM images of woody charcoal from the Late Oligocene of Norken (MMM-2012-138). 1. Tracheids exhibiting “checking” 
of the cell walls, indicative of drying out prior to charring (cf. Jones, 1993); 2. Overview of tracheids with three-dimensionally 
preserved fungal hyphae and shot-like holes (modified from El Atfy et al. 2019); 3. Detail of tracheid wall with shot-like holes 
of different diameters, as well a fungal hypha growing through a shot-like hole (modified from El Atfy et al., 2019); 4. Detail 
of tracheid wall with shot-like holes of different diameters, as well as two fungal hyphae growing through a single shot-like 
hole; arrow points to transition from three-dimensionally preservation to the collapsed state of a fungal hypha (modified from 
El Atfy et al., 2019); 5. Details of shot-like holes, with crater-like structures around holes (modified from El Atfy et al., 2019); 
6. Tracheid with shot-like holes and a granulated fungal hypha. Arrows point to parallel cracks in the cell wall and the hyphae
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probably coniferous origin of the wood, similar 
to charcoal with an affinity to taxodioid Cupres-
saceae studied by Uhl et al. (2011) from this 
locality. Due to the small size of the fragments 
and the fact that some delicate but taxonomi-
cally important anatomical details (e.g. cross-
field pitting) can be distorted during charring 
(cf. Gerards et al., 2007), it is not possible to 
provide a more specific taxonomic assignment 
for this material.

In some of the charcoal specimens, remnants 
of microbes (higher fungi, ascomycetes and/or 
filamentous bacteria) as well as modifications 

of the cell walls occur, which are interpreted as 
evidence of pre-charring microbial decay, can 
be observed.

The most conspicuous evidence consists of 
three-dimensionally preserved and collapsed 
hyphae, as well as smaller filaments, which pro-
vide direct evidence for the occurrence of higher 
fungi, as well ascomycetes and/or filamentous 
bacteria. However, the question arises as to 
whether these structures, especially the three-
dimensionally preserved hyphae, are in fact 
fossil hyphae or modern contamination. There 
are a number of arguments to support the 

Plate 2. SEM images of woody charcoal from the Late Oligocene of Norken (MMM-2012-139). 1. Overview of charred wood 
with numerous crater-like structures on cell wall surfaces; 2. Detail of 1; 3. Close-up of crater-like structures on cell walls, 
with collapsed filamentous structure (arrow); 4. Tracheid with slightly degraded bordered pits next to area with crater-like 
structures on cell walls; 5. Overview of charred phloem (sieve cells and axial parenchyma) of the same specimen as shown in 
1–4; 6. Detail of sieve pores from 5
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interpretation of these remains as fossil hyphae 
that were present prior to charring. (1) Besides 
the fossil charcoal, a number of uncharred 
plant remains from Norken have been analysed 
by SEM (e.g. Uhl et al., 2018; unpublished 
data), and in none of these remains was any 
evidence of comparable modern fungi or other 
microbes observed. (2) The charcoal specimen 
with three-dimensionally preserved hyphae 
exhibits numerous cracks in the cell walls due 
to compression of sediments (e.g. Pl. 1, figs 2, 6), 
and in cases where hyphae are crossing these 
cracks the hyphae are also broken (Pl. 1, fig. 6). 
In the case of modern fungi colonizing charcoal, 
hyphae would simply cross such cracks in the 
cell walls. (3) In some places, transitions from 
three-dimensional hyphae to collapsed hyphae, 
which seem to be fused to the cell walls, can 
be observed. Such collapsed hyphae, probably 
fused to the cell wall, are typical for fossil hyphae 
occurring in pre-Quaternary fossil charcoal (e.g. 
Uhl et al., 2007; Kubik et al., 2015; Jasper et al., 
2017; El Atfy et al., 2019). (4) As the chemical 
structure of the compounds of a typical plant 
cell wall (i.e. cellulose, hemicellulose, pectin and 
lignin) is destroyed during charring, ultimately 
leading to cell walls consisting of almost pure 
carbon, charcoal can be considered to be mostly 
inert in terms of chemical or biological destruc-
tion (e.g. Beaumont, 1985; Ascough et al., 2010; 
El Atfy et al., 2019). Thus, it seems rather 
unlikely that the observed shot-like holes were 
produced by microorganisms directly colonizing 
the charcoal. Based on this, it seems unlikely 
that the observed hyphae and filaments repre-
sent modern contamination.

The question remains: how can these decay-
related structures be compared to structures 
related to microbial decay in modern wood? 
Recently, El Atfy et al. (2019) provided a first 
general overview of pre-charring decay-related 
structures that can be observed in pre-Quater-
nary charcoal from clastic sediments. They inter-
preted the larger shot-like holes, with hyphae 
growing through them, as one type of evidence 
of brown rot, as such shot-like holes are consid-
ered to be more or less typical for this type of 
rot in modern plants (e.g. Daniel, 2003; Schwe-
ingruber et al., 2006; Schwarze, 2007). This kind 
of rot is usually caused by different interacting 
basidiomycetes, which selectively decay cellulose 
within cell walls (e.g. Schweingruber, 1990; Dan-
iel, 2003; Schweingruber et al., 2006; Schwarze, 
2007; Hiscox et al., 2018). However, this kind of 

rot is often accompanied by the formation of cell 
walls that are “wavy” as seen in cross-section, as 
the cell walls lose their stability due to the decay 
of cellulose and thus can be compressed easily 
after being affected by brown rot (e.g. Schwein-
gruber, 1990; Daniel, 2003; Schweingruber et al., 
2006; Schwarze, 2007). We did not observe this 
in the charcoal from Norken, so it is not cer-
tain that the shot-like holes can be used here 
as an indicator of brown rot; such holes can also 
be produced by other types of fungal wood-rot 
(cf. El Atfy et al., 2019 and references therein).

The small shot-like holes observed in some 
specimens resemble the effects of certain asco-
mycetes and/or tunnelling bacteria on cell walls 
of modern wood (e.g. Daniel, 2003; Singh et al., 
2016). Based on their size, it seems possible 
that they were produced by the same organisms 
producing the filamentous structures we saw 
in some specimens. However, as no direct con-
nection between these filaments and the small 
shot-like holes could be observed in the mate-
rial from Norken, such an interpretation must 
remain speculative at the moment. It is, never-
theless, another clear indication of pre-charring 
decay seen in the charcoal from Norken.

Flat crater like-structures may be related to 
soft rot. In this kind of rot, microbes preferen-
tially decay cellulose and hemicellulose, prefer-
ably in the secondary and/or tertiary cell walls 
of tracheids, ultimately leading to craters and, 
later on, large holes in the cell walls (e.g. Dan-
iel, 2003; Schwarze, 2007). This type of pre-
charring decay has previously been reported 
from Cretaceous charcoal (El Atfy et al., 2019). 
As stated above, these crater-like structures 
occur mostly in an area located between the 
phloem cells and normal tracheids with bor-
dered pits. Thus, it seems possible that this 
kind of decay was restricted to, or started in, 
the area adjacent to the axial cambium.

Our observations indicate that several speci-
mens of the charcoal from Norken experienced 
microbial decay prior to charring. The co-occur-
rence of charcoalified wood with indications of 
drying out prior to charring (checking of cell walls, 
cf. Jones, 1993) indicates that wildfire probably 
affected dead (and partly dried out) wood from 
litter or from partly dead but still standing trees; 
such a scenario would imply that the wood dried 
out after being attacked by microbes. Hollow and 
(at least) partly dead trees can be ignited rather 
easily when struck by lightning, producing large 
quantities of charcoal (e.g. Potonié, 1929; Scott 
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et al., 2014). It seems likely that this charcoal 
should show traces of pre-charring decay, but 
actuo-taphonomic studies of such charred mate-
rial are lacking, unfortunately. Other potential 
sources of charcoal with pre-charring traces 
of microbial decay are ground or surface fires, 
which might have charred partly decayed wood 
lying on the forest floor or even within peat (e.g. 
Uhl et al., 2019). A number of studies of vari-
ous coals have indeed demonstrated that partly 
decayed plant material is frequently charred in 
peat and peat-forming vegetation (e.g. Guo and 
Bustin, 1998; Hower et al., 2011; Hower et al., 
2013a,b,c). But again, actuo-taphonomic studies 
of such charred material are lacking.

From a taphonomical point of view, the 
three-dimensionally preserved hyphae are also 
of considerable interest. In almost all cases 
where fungal hyphae have been reported from 
pre-Quaternary charcoal, these hyphae were 
collapsed and probably fused to the cell walls 
(e.g. Uhl et al., 2007; Kubik et al., 2015; Jas-
per et al., 2017; El Atfy et al., 2019). In the 
specimens from Norken, transitions from three-
dimensionally preserved hyphae to collapsed 
hyphae can be observed. There are, however, 
no in-depth experimental studies dealing with 
the anatomical changes of fungal remains in 
modern charcoal originating from wood/plants 
affected by different types of rot/microbial 
decay. This lack of detailed (i.e. SEM) data ham-
pers the interpretation of such remains in fos-
sil charcoal, although it seems clear that many 
decay-related structures seen in fossil charcoal 
should be amenable to interpretation via direct 
comparisons with decay-related structures in 
modern uncharred wood (e.g. Moskal-del Hoyo 
et al., 2010; El Atfy et al., 2019).

The data from the Late Oligocene of Norken 
provide further evidence that pre-Quaternary 
charcoal can be used as an additional (so far 
largely underutilized) source for information 
about plant–microorganism interactions in deep 
time. They also point to a considerable gap in 
our knowledge about the taphonomy of microbial 
(i.e. fungal) remains in fossil charcoal: for exam-
ple, three-dimensional preservation of hyphae 
(exceptional) versus collapsed hyphae (usual). 
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