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As significant indicators of deep-time palaeoclimate, a number of newpalaeontological, pedological and geochem-
ical characteristics are provided for the Chemnitz Fossil Lagerstätte to depictmore precisely its environmental con-
ditions. For the first time, several lines of evidence indicate that this fossil forest, instantaneously preserved by
volcanic deposits, once received an annual precipitation of around 800–1100mm, but grew on a nearly unweath-
ered palaeosol. Although the composition of this rich and diverse T0 assemblage suggests a hygrophilous, dense
andmulti-aged vegetation dominated by conservative lineages, the habitat was affected by environmental distur-
bances and pronounced seasonality. Repeated changes in local moisture availability are suggested by geochemical
proxies, the co-occurrence to intergrowth of calcic and ferric glaebules in the palaeosol and developmental traits of
perennial vegetational elements. Specific substrate adaptation is reflected by different root systems and cyclic
growth interruptions recorded in the stems, branches and roots of long-lived woody plants. Many differentially
adapted terrestrial animals complete the more comprehensive reconstruction of a late Sakmarian ecosystem
and its climatic and preservational controls. Albeit spatially confined, this diverse in-situ record may contribute
to understand wetland–dryland dynamics of sub-tropical Northern Hemisphere Pangaea.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The most important witness of how ancient ecosystems react to
climatic and environmental changes lies in the geological record. Of
overall significance in this regard are fossil forests, especially if they rep-
resent in-situ records that reflect not only plant remains but also diverse
animals, interactions between organisms and environmental character-
istics. However, significant examples of such instantaneously preserved
ecosystems are rare in the late Palaeozoic. Nevertheless, if thoroughly
studied and understood they can provide a detailed picture of ancient
living communities in the continental realm, and offer a high potential
for understanding palaeoecological relationships (Césari et al., 2012;
Gastaldo et al., 2004; Hinz et al., 2010; Opluštil et al., 2014; Wang
et al., 2012). An ideal example with both a long study history (Cotta,
1832; Frenzel, 1759; Sterzel, 1875) and multi-focus ongoing research
(Dietrich et al., 2013; Dunlop and Rößler, 2013; Feng et al., 2012;
Matysová et al., 2010; Rößler et al., 2012a,b) is the Petrified Forest of
Chemnitz. It represents an early Permian (latest Sakmarian) forest
L. Luthardt),
geo.tu-freiberg.de
ecosystem developed on a distal braidplain and buried instantaneously
by the deposition of volcanic ashes and flows. The rapid coverage by
pyroclastics, due to a series of explosive volcanic eruptions, led to a
three-dimensional record of the forest in growth position including its
palaeosol, which classifies it as an outstanding T0 assemblage (compare
characteristics given in DiMichele and Falcon-Lang, 2011).

Historically, this fossil Lagerstätte has been well known since at
least the early 18th century, due to prospecting activities for pre-
cious minerals. Although there exist some scientific descriptions
from that time (Frenzel, 1759), the major motivation for collecting
petrifactions was the utilisation as gemstones. The interest in its
palaeobotanical significance has risen since the 19th century and
continues today (e.g., Barthel, 1976; Cotta, 1832; Rößler, 2000,
2006; Sterzel, 1904). However, for a long time scientific descriptions
were based on coincidental finds only, which occurred during
construction works in the city of Chemnitz. On the basis of such
material, research on specific fern or calamitean taxa has been car-
ried out (Feng et al., 2012; Rößler, 2000; Rößler and Galtier, 2002a,
b; Rößler and Noll, 2006, 2007, 2010). Additionally, during the last
two decades geological research improved the general understand-
ing of the basin development, its facies architecture, stratigraphic
subdivision and interregional correlation (Eulenberger et al., 1995;
Fischer, 1991; Schneider et al., 2012).
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Between 2008 and 2011, a scientific excavation site at Chemnitz–
Hilbersdorf delivered for the first time a more complete insight into a
local taphocoenosis of this fossil forest. During this excavation, a vast
amount of data was gathered offering potential for a detailed, albeit
spatially confined, reconstruction of this ancient forest habitat
(Kretzschmar et al., 2008; Rößler et al., 2008, 2009, 2010, 2012b). The
fossil record comprises a comprehensive spectrum of plant and animal
remains, more complete than ever documented before. Fifty-three
upright-standing petrified trees, still anchored in the original substrate,
were discovered together with a variety of parautochthonously
embedded stems and twigs. A countless number of leaf adpressions
andmoulds were found preserved in one single horizon next to various
arthropod remains or reptile and amphibian skeletons exhibiting even
their former body outlines (Dunlop and Rößler, 2013; Feng et al.,
2014; Rößler et al., 2012b).

Within a distance of approximately 2 km from the aforementioned
locality, a second excavation site in Chemnitz–Sonnenbergwas initiated
in 2009 andfinally set up in 2014 (Rößler andMerbitz, 2009).We aim to
continue this excavation during the next years to verify the knowledge
about the fossil forest ecosystem, especially regarding plant and animal
diversity and spatial distribution, variation of site-specific environmen-
tal characteristics within a wider area and taphonomic differences
correlated with different distances from the volcano.

Other late Palaeozoic T0 assemblages, which show similar volcanic
preservational backgrounds comprise peat-formingwetland communi-
ties that flourished in the Pennsylvanian palaeoequatorial tropics, in
basinal settings, obviously under long-term stable environmental and
climatic conditions (Opluštil et al., 2007, 2009). However, there is a
growing awareness of ice-age-caused repetitive climatic oscillations
resulting in seasonal dryness and floral change even in equatorial
Pangaea (DiMichele, 2014; DiMichele and Phillips, 1996; Falcon-Lang
et al., 2009; Montañez and Poulsen, 2013; Pfefferkorn et al., 2008;
Roscher and Schneider, 2006). In Cathaysia, conditions maintaining
extended peat-forming communities, continued into to the Permian
(Wang et al., 2012). On the contrary, early Permian ecosystems in
Euramerica and northern Gondwana were increasingly forced by
environmental and ecological dynamics (Capretz and Rohn, 2013;
DiMichele et al., 2006, 2007, 2011; Galtier and Broutin, 2008; Kerp,
1996; Looy et al., 2014; Ricardi-Branco, 2008; Rößler, 2006; Tabor and
Poulsen, 2008), which are documented by changing plant communities
and their migration routes, changes in dominance patterns of sedimen-
tary facies and palaeosols at different spatial and temporal scales.

In Chemnitz we have a wetland flora on mineral soil that was
captured in a red-bed environment, which is commonly occupied by
mesophilous to xerophilious plants (Schneider et al., 2012). This spatial-
ly restricted fossil Lagerstätte is ecologically far from the widely distrib-
uted peat-forming swamps that are most frequently documented from
theMiddle Pennsylvanian to the earliest Permian (e.g., DiMichele et al.,
2002; Greb et al., 2003; Opluštil et al., 2009;Wagner, 1989;Wang et al.,
2012). On the other hand, it has little in common with the typical
extrabasinal or upland occurrences (Cridland and Morris, 1963;
Falcon-Lang and Bashforth, 2004; Kerp, 1996; Pfefferkorn, 1980). This
still inadequately understood occurrence of plants that usually charac-
terise conservative peat-forming communities, show an overall absence
of typical extrabasinal elements.

In order to clarify these contradictions and improve the palaeo-
ecological model of this site we carried out additional investigations
and analyses focusing on both palaeontology and geochemistry. We
tried to exclude, asmuch as possible, any taphonomic effects that result-
ed from the volcanic type of entombment, which sometimes modified
the preservation of fossil material. This contribution provides new
results that enable us to interpret abiotic and biotic influences on the
environment and to recognise some variation at the habitat spatial
scale. The general aim to reconstruct this ecosystem can only be
achieved by the combination of different perspectives. These include
the understanding of taphonomic influences during the emplacement
of pyroclastics, palaeobotanical investigations focusing on the three-
dimensionally preserved plants, the appreciation of various interactions
between individual organisms in the habitat, as well as local environ-
mental constraints related to superordinated palaeoclimatic conditions.
To restrain the scope of this contribution particular attention was paid
to largely independent lines of evidence, which were traced by means
of (1) geochemical proxies of the sedimentary basement, (2) pedoge-
netic features of the palaeosol, (3) the morphology, anatomy and com-
munity structure of floral elements, (4) diverse invertebrate and
vertebrate animals and their mutual habitat preferences, and (5) inter-
actions between plants, animals and microorganisms. We aim to
integrate data derived from these individual lines of research in order
to develop a better understanding and a more appropriate reconstruc-
tion of the whole ecosystem. This integrated approach will permit us
to use this spatially constrained ecological study to understand aspects
of the depositional system on a basin-wide scale, given that any small-
scale site, although reflective of local conditions, also will bear a strong
overprint from regional climate and sedimentary conditions.

2. Geological setting

The Petrified Forest is located in the town Chemnitz (Saxony, SE-
Germany), situated in the eastern part of the early Permian Chemnitz
Basin (Fig. 1A). The basin is bordered by the Granulite Massif in the
North and the Erzgebirge Mountains in the South. It overlies different
Carboniferous coal-bearing basin structures and metamorphic units of
the Variscan basement and shows an extension of 70 × 30 km in SW–
NE orientation. The basin fill consists of continental red beds and
intercalated pyroclastics of early Permian (Asselian to Artinskian) and
middle to late Permian (Capitanian to Wuchiapingian) age. These are
overlain by late Permian (Wuchiapingian to Lopingian) marine and
sabhka deposits of Zechstein Sea transgressions, as well as lowermost
Triassic deposits (Legler and Schneider, 2008; Schneider et al., 2012).
Up to six sedimentary megacycles can be distinguished in the continen-
tal deposits of the Chemnitz Basin, which are grouped into four forma-
tions (Fig. 2), exhibiting an overall thickness of approximately 1550 m.

2.1. Leukersdorf Formation

Representing an 800m thick red-bed sequence of predominantly al-
luvial origin, the Leukersdorf Formation is characterised by three fining-
up mesocycles, which are, in case of the first cycle completed by the
25m thick lacustrine–palustrine grey sediments of the Rottluff Horizon,
restricted to the eastern part of the basin, as well as by the basin-wide
lacustrine Reinsdorf Carbonate Horizon (Fig. 2). There are some major
pyroclastic marker horizons, e.g., the Chemnitz Tuff in the first cycle
and in the third cycle the Zeisigwald Tuff, hosting the Chemnitz Fossil
Forest. The dominant lithofacies type is fine-grained alluvial red beds,
which interfinger with coarse clastics of semi-arid type alluvial fans
from the basin margins. The ichnofauna of these “wet” red beds is
dominated, and in contrast to the dry-playa red beds, characterised by
infaunal burrows of the Scoyenia and Planolites montanus types
(Schneider et al., 2012). Frequently, rhizolith-bearing, lessmature vertic
to calcic palaeosols occur, which are further diagnostic features of wet
red beds (Schneider et al., 2010) The sparse floral record is restricted
to minor relicts of meso- to xerophilous plants (“walchians”) typical
for this kind of late Pennsylvanian to early Permian red beds.

The Reinsdorf Carbonate Horizon consists of one to five 0.30–0.50 m
thick carbonate layers having a nearly basin-wide extent. The individual
carbonate layers are intercalated with red-coloured fine clastics and
coarse fluvial channel and sheetflood deposits of a braidplain system.
The carbonates predominantly appear as homogenous micrites. In the
urban area of Chemnitz they are described as laminated microbial-mat
limestones and massive or partly finely laminated dolosparites, which
frequently bear intraclasts and bioclasts. The microfaunal assemblage
is quite diverse encompassing common gastropods and ostracods as



Fig. 1. (A)Geographicalmap. (B) Geological setting of the study area. (C)Major geological units of the Chemnitz Basin and distribution of the Zeisigwald TuffMember; Study area is located
in the town of Chemnitz. (modified from Schneider et al., 2012).
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well as a few characean algae, small amphibian remains and rarely teeth
of actinopterygians and xenacanthid freshwater sharks (Schneider
et al., 2012). The Reinsdorf Carbonate Horizon belongs to the late
Sakmarian/early Artinskian wet phase D after Roscher and Schneider
(2006).

2.2. Zeisigwald Tuff—record of a short-term stacked eruption sequence

The Zeisigwald Tuff, a stratigraphic marker horizon of the
Leukersdorf Formation, has been dated radiometrically at 290.6 ±
1.8 Ma, using SHRIMP U–Pb dating of zircon grains (Rößler et al.,
2009). The distribution of the pyroclastic ejecta is traceable within the
whole northeast of the basin (Fig. 1C) and shows a maximum thickness
of about 90m caldera fill facies and up to 55 m of caldera outflow facies
in proximal position, at the northeasternmargin of the city of Chemnitz
(Eulenberger et al., 1995). The ejected pyroclastic material of the
Zeisigwald Tuff can be detected up to a distance of approximately
10 km from the eruption centre and consists of a series of tuff layers
(Fig. 3B). This pyroclastic succession is subdivided into four major
units, representing successive eruption phases (Eulenberger et al.,
1995; Fischer, 1991; Rößler et al., 2008).
2.3. The section at Hilbersdorf excavation site

In the middle of Chemnitz–Hilbersdorf (N 50°51′58.69″, E 12°57′
32.54″) and in a proximity of around 500 m from the mapped caldera
structure (Fig. 3A), the first excavation site was established by the
Museum für Naturkunde Chemnitz in 2008 (Kretzschmar et al., 2008;
Rößler et al., 2008, 2009, 2010, 2012b). Excavation work was done
within an area of 24 × 18 m and down to a depth of 6 m below the
surface. As a result, more than 2000 fossils were discovered, amongst
them numerous leaf adpressions as well as petrified twigs and stems,
seven vertebrate skeletons and eleven arthropod remains. In the
whole excavation area 53 stems were recognised in upright position,
still rooted in what we call the in-situ geological record of the
vegetation's original substrate (Rößler et al., 2012b).

The lithological section at the excavation (Fig. 3C) was
documented in detail and comprises the palaeosol horizon with the
root systems of the upright-standing trees as well as the overlying
basal pyroclastic units S 5 to S 3 (units b and a1 of the eruption
model presented by Eulenberger et al., 1995) of the Zeisigwald
Tuff, which are eroded at the top due to recent soil-forming
weathering processes.



Fig. 2. Stratigraphy of the Chemnitz Basin showing the stratigraphical position of the Leukersdorf Formation and the Zeisigwald Tuff containing the Chemnitz Fossil Forest.
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The 1.85 m thick palaeosol profile (Unit S 6) overlies unaltered
sediments of the upper Leukersdorf Formation representing silty to
fine-sandy alluvial red beds. The palaeosol profile consists of red-
coloured, silty sandstone with single quartz pebbles in the upper part.
In wide parts, the substrate experienced a secondary bleaching and car-
bonate glaebules occur (Fig. 4A). The upper part of thepalaeosol horizon
contains densely distributed root systems of the hygrophilous forest
vegetation (Fig. 5A). On the top of the irregularly wavy palaeosol



Fig. 3. Stratigraphicmodel of the Zeisigwald Tuff and excavation sections. (A) Estimated location of the Zeisigwald caldera in theNE of Chemnitz, as well as drillings and outcrops exposing
the base of the Zeisigwald Tuff (1–6; 2—excavation site Hilbersdorf (C); 5—excavation site Sonnenberg (D)). (B) Distribution and architecture of the major pyroclastic units shown on a
profile line diagrammed in ‘(A)’: Unit b—surge and minor ash fall deposits; Unit a1—pyroclastic flow deposit; Unit So—surge deposit; Unit ign—series of pyroclastic flow deposits (after
Fischer, 1991). (C) Lithological section of the Hilbersdorf excavation. (D) Lithological section of the Sonnenberg excavation encompassing palaeosol (Unit LE 1) and the basal pyroclastics
of the Zeisigwald Tuff (units LE 2 + 3), whereas Unit LE 2 correlates with Unit S 5 in the Hilbersdorf excavation.
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Fig. 4. Sedimentological and palaeontological record of the upper palaeosol units (S 6.6 + S 6.7) in the Hilbersdorf excavation. (A) Complete section of the palaeosol profile divided into
sub-units showing a clear bisection between the lower bleached, carbonate-bearing phreatic part, and the upper red-coloured vadose part (scale bar: 0.40 m). (B) Vertical root showing
convolution due to compaction. Compaction rate and decompaction factorwere estimated by calculating the ratio between the length (sR) and the distance from the upper and lower end
(sD) of the root (scale bar: 10mm). (C) One of two completely and in-situ preserved scorpions found in their burrow a few centimetres below the palaeosol surface. The red coloured area
marks the outline of the burrow and is caused by submerged clayminerals and iron oxides (polarised light, scale bar: 10mm). (D) Bone fragment from unit S 6.7 preserved in fluorapatite
(Ca5(PO4) 3F) with relicts of spongy tissue (scale bar: 0.5 mm). (E) Trigonotarbid arachnid preserved as partial ventral imprint on the palaeosol surface (scale bar: 2 mm).
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surface, sparse and badly preserved plant remains can be found,
although a typical litter horizon, which would usually consist of diverse
organic components, is missing in the excavation site. These isolated
remains were identified as shoots of large-leaved conifers and
calamitaleans, as well as cordaitalean and pteridosperm leaf fragments
and seeds (Rößler et al., 2012b). Slightly below the palaeosol surface
larger pieces and horizontally oriented logs of silicified deadwood are
preserved, which can be well distinguished from silicified roots. In one
case, a calamitalean stem base of Arthropitys bistriata was rooting
upon a cordaitalean deadwood trunk (Rößler et al., 2014). Besides
these plant fossils, a variety of animal remainswere found in the upper-
most palaeosol. Frequently, small fossilised bone fragments being less
than 10 mm and preserved as fluorapatite occur (Fig. 4D), but due to
the small size it is often impossible to refer them to any specific
vertebrate, with the exception of one amphibian clavicle and one reptile
jaw with tiny teeth.

Another group of fossils, frequently occurring down to a depth of
0.4m below the palaeosol surface, are 3–20mm large terrestrial gastro-
pods showing a trivial ornamentation (Fig. 5E). They belong to the
genus Dendropupa (Rößler et al., 2012b) and seem to be related to



Fig. 5. Sedimentological and palaeontological record of the upper palaeosol units (S 6.6 + S 6.7) representing the vadose zone. (A) Horizontal surface of red-coloured, medium-grained
sandstone of S 6.7, intensively pervaded by drab-haloed, flattened root traces filled with black-colouredmanganese and iron oxides (scale bar: 20 mm). (B) Unaltered, poorly-sorted sed-
iment of S 6.7, rich in angular quartz, feldspar grains and muscovite, surrounded by a silty matrix (plane-polarised light, scale bar: 1 mm). (C) Section of a carbonate glaebule from S 6.6
exhibiting colourmottling, tiny carbonate root tubes and iron oxide accumulation indicated by the red staining (scale bar: 10mm). (D) Likely root tube in transverse section possessing a
corefilling by sparitic carbonate surrounded by a layered rim of haematite, alongside a branching carbonate root tube (thin section of glaebule in ‘C’, cross-polarised light, scale bar: 1mm).
(E) Silicified gastropods from S 6.7 exhibiting up to seven windings and trivial ornamentation (in the middle: Micro CT image of left specimen showing internal architecture; scale bar:
2 mm). (F) Mass occurrence of gastropods on a deadwood fragment, preserved as moulds filled with iron oxides (scale bar: 20 mm).
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D. walchiarum Fischer from the lower Permian of France. Comparisons
are also possible to D. zareczenyi Panow from the lower Permian of
Poland (Stworzewicz et al., 2009) and D. vestusta from the lower
Pennsylvanian of Nova Scotia, Canada (Falcon-Lang et al., 2004). The
gastropods are preserved as moulds or casts, endocasts of manganese
or iron oxides, and rarely as silicified shells. Because they are predomi-
nantly found in full-body preservation and mostly lack a sediment infill
they are interpreted as being conveyed in their natural habit. Theywere
frequently found occurring in the vicinity of roots and deadwood logs,
sometimes forming discrete clusters. This observation leads to the
consideration that the gastropods were ecologically linked in some
way to the roots and deadwood pieces, probably feeding on microor-
ganisms such as microarthropods, algae, fungi or bacteria and reveal
an interesting type of interaction.

Besides a not yet identified trigonotarbid arachnid (Fig. 4E), themost
spectacular finds made in the uppermost palaeosol are two complete
scorpions and several associated ecdysis fragments, buried in their
original burrows, a few centimetres below the palaeosol surface
(Fig. 4C). These finds represent the first completely preserved scorpion
body fossils from the Permian.

Units S 5 and S 4 are a 0.54–0.61 m thick succession of purple to
light-grey/green-coloured, fine- to medium-grained, thinly bedded
and unwelded ash tuffs. The pyroclastic deposits overlie the palaeosol
with a sharp contact, which served as a sliding surface, induced by
sub-recent gravitational slope gliding. Pyroclastics are subdivided into
six horizons showing a coarsening-upwards, which is interpreted as a
result of increasing eruption energy. Ash tuffs bear a high amount of
lithic fragments originating from the bedrock, and an increasing fraction
of flattened pumice fragments upward in the section. The series of
thinly bedded pyroclastics is interpreted as a stacked deposit of low-
concentrated flows, fine surges and accompanying ash falls, which
originated from the initial eruption phase of the Zeisigwald volcano.
The lowermost horizon S 5.0 represents a 0–0.05 m thick, very fine-
grained and dark-purple-coloured fine-ash tuff, which is in wide parts
badly preserved, due to sub-recent sliding processes. It contains single
glass shards and seems to compensate the morphological relief of the
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palaeosol surface. Frequently occurringfine roots indicate a small hiatus
in the pyroclastic succession. This horizon is assumed to be the result of
a minor ash fall occurring a certain time before the major eruption
sequence started. Horizon S 5.1 is a poorly stratified, fine-grained,
dark-purple-coloured ash tuff that bears accretionary lapilli up to
5 mm in diameter. It is interpreted as the initial fallout of a low-
energy phreatomagmatic eruption that covered the former forest
ground. The fossil record of this key horizon is particularly comprehen-
sive and diverse in terms of preservation. Many fossils are buried in-situ
and fossilised in great detail. There is a high abundance of plant
adpressions of different size, as well as silicified branches and upright-
standing plant axes. Although preservation of any organic matter is
completely lacking, plant remains such as leafy twigs or fertile pinnae
often exhibit organ connections (Rößler et al., 2009). Even adpression
specimens in many cases reveal some kind of three-dimensional aspect
(Feng et al., 2014). Moreover, articulated skeletons of reptiles and
amphibians as well as adpressions or moulds of different kinds of
arthropods (Arthropleura, diplopods), trigonotarbid and uropygid
arachnids were found (Dunlop and Rößler, 2013; Rößler et al., 2012b).
In contrast, fossils are rare in the overlying horizons, except for an
upside-down embedded crown of a medullosan tree and some
cordaitalean or pteridosperm leaf fragments in Unit S 4.

Unit S 3 is overlying Unit S 4 with an erosional contact and has a
thickness of more than 3.35 m, which is limited due to recent
weathering and erosion. This massive layer of light-red to purple-red
colour is a poorly sorted, matrix-supported and unwelded lapilli tuff
with large flattened pumice fragments (15–50 mm in diameter), abun-
dant accretionary lapilli up to 12mmin diameter, andminor amounts of
lithic fragments. The unit is interpreted as an ignimbrite, deposited from
a highly concentrated pyroclastic density current and correlating with
the a1 horizon sensu Eulenberger et al. (1995) of the Zeisigwald Tuff
(Fig. 3B). In this unit, the small- to medium-sized upright-standing
stems are toppled at a height of 1.5 m emphasising the destructive
energy of this high-concentration pyroclastic flow. Other trunks lying
horizontally in this layer were transported over small distances and
orientated in an east–west direction. Further phenomena indicative of
lateral transport are accretions of plant debris in the current shadow
of trees. Bleaching haloes occurring around the petrified trunks and
branches are the result of diagenetic processes that took place during
the petrifaction of the wood. One of the most famous fossils found in
this layer is the largest calamite documented in the world to date
(Arthropitys bistriata) with an estimated length of 15 m (Feng et al.,
2012; Rößler et al., 2012a). This outstanding fossil tree, showing multi-
ple branching, a three-dimensional crown architecture, abundant
secondary growth, challenged the conventional reconstruction of the
calamitaleans. Unit S 3 is covered by sub-recent hill-side scree and a
recent soil horizon.

2.4. The section at Sonnenberg excavation site

The second excavation was established in 2009, in Chemnitz–
Sonnenberg (N 50°50′07.97″, E 12° 56′01.86″). It is situated c. 1.5 km S
of the Hilbersdorf excavation site and 2 km SW of the estimated eruption
centre (Fig. 3A). The 20 × 15 m large excavation area bears a similar po-
tential to upgrade the fossil record of the Chemnitz Fossil Lagerstätte.
The lithological profile encompasses the epiclastic palaeosol horizon and
the overlying basal pyroclastics of the Zeisigwald Tuff (Fig. 3D). Due to
compression tectonics, the beds show a general dip of c. 3° in WSW
direction. The overall thickness of the section is about 3.10 m. It is
subdivided into three units: the palaeosol at the base (Unit LE 1), overlain
by basal, bedded ash tuffs (Unit LE 2) and a massive ash tuff (Unit LE 3).

The palaeosol developed upon alluvial deposits of the upper
Leukersdorf Formation (LE 1a), which are represented by a red-
coloured sandy siltstone. They show moderate sorting, a high amount
of platymuscovite and angular quartz grains. The transition from the un-
altered sediments to the palaeosol is gradational. In contrast to the
unaltered red-coloured sediment of LE 1a, the up to 1 m thick palaeosol
is characterised by the dark greyish to purple colour at the base (LE 1b)
as well as light to the intense green colour at the top (LE 1c), whereas
the transition from LE 1b to LE 1c shows typical colour mottling. A dom-
inant feature of the palaeosol is the high clay content, especially in the
lower 0.55 m thick LE 1b, which is therefore classified as Bt horizon.
Slickensides occur frequently. The 0.35–0.50 m thick LE 1c, classified as
A horizon, exhibits a massive fabric and is strongly lithified at the top,
due to intense cementation by SiO2; the high silica content, up to 90%,
is most probably derived from the overlying pyroclastics by diagenetic
migration. Root tubes occur not as frequently as in the palaeosol of the
Hilbersdorf excavation site and are mainly preserved as adpressions,
thinly coated by yellowish-brownish iron oxyhydroxide (goethite).
Thickness variations of LE 1c seem to reflect the morphological relief of
the palaeosol surface. Altogether, the palaeosol at the Sonnenberg exca-
vation site represents a poorly drained substrate, which is likely to be
formed under waterlogged conditions. Further investigations will eluci-
date the relation of palaeosol moisture regime and the floral assemblage.

The overlying basal, bedded pyroclastics of Unit LE 2 represent a c.
0.45 m thick succession of thinly-bedded, purple-coloured ash tuffs,
which showa sharp contactwith the underlying palaeosol and an inverse
internal grading from the bottom to the top. These are subdivided into
four horizons. LE 2a represents an intense dark purple-coloured, very
fine-grained ash tuff possessing a thickness of 0–0.20m. By accumulating
upon the palaeosol the morphological relief is equalised. So far, a few
plant debris relicts have been found. LE 2a is interpreted as the strati-
graphic equivalent of Unit S 5.0 in the Hilbersdorf excavation site. LE 2b
is a 0.05–0.06 m thick, dark-purple-coloured ash tuff with silt- to sand-
sized components revealing a moderate sorting. Major components are
vesicular glass shards, angular quartz crystals, lithic fragments, up to
1 mm large pumice fragments and up to 5 mm large accretionary lapilli.
LE 2b bears silicified branches and leafy shoots of calamitaleans,
cordaitaleans and psaroniaceous tree ferns, and can be correlated with
the major fossil-bearing horizon S 5.1 at Hilbersdorf excavation site. The
upper horizons LE 2c and 2d are characterised by an increasing grain
size, an increasing amount of lithic fragments and up to 10 mm large
pumice fragments. The latter appear concentrated in a 0.03 m thick
layer at the top of LE 2d. Altogether, LE 2 is interpreted as a succession
of low-concentrated pyroclastic surges and accompanying ash falls
representing the stratigraphic equivalent of Unit S 5 at theHilbersdorf ex-
cavation site. The slightly reduced thickness of LE 2 compared to S 5may
correspond to an increased distance to the eruption centre.

The uppermost Unit LE 3 is a light-purple- to red-coloured, massive
ash tuff with a maximum thickness of 1.75 m at the excavation site,
surely not representing the original thickness, which must have been
much more, at the caldera border up to 50 m according to
Eulenberger et al. (1995). Depositional features are a homogeneous
grain size distribution ofmainly coarse ash components and slightly vis-
ible bedding in the outcrop. Partly fragmented accretionary lapilli up to
10 mm in size occur frequently and are concentrated in the basal part.
The matrix consists of vesicular glass shards, quartz crystals and minor
lithic fragments. Besides highly fragmented remains of unidentified
leafy shoots, a large petrified trunk with a diameter of 0.60 m was
found in horizontal position on the top of LE 2, buried in LE 3 and orient-
ed in NE–SWdirection (Rößler andMerbitz, 2009). LE 3 is interpreted as
the deposit of a low-concentrated pyroclastic flow with a major lateral
component, comparable to a base surge, and pointing to a highly explo-
sive, phreatomagmatic eruption. Whereas LE 3 seems to correlate with
the So horizon of the Zeisigwald Tuff sensu Eulenberger et al. (1995),
their a1 horizon (= Unit S3 in Hilbersdorf) is lacking at Sonnenberg
excavation site.

3. Material and methods

During the excavation in Chemnitz–Hilbersdorf the pyroclastic rock
was removed bed by bed down to the palaeosol. Surfaces were
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documented sector by sector, each 1 × 1 m in size encompassing
sketches and descriptions in protocols and photographs. Measurement
of the surface relief was done by tachymeter, producing three-
dimensional data, from which a graphical computer model was devel-
oped (Rößler et al., 2012b). After recording the surface, the upper
0.40 m of the palaeosol was removed, fossils were collected and
documented. The complete recovery of selected root systems related
to upright-standing trees was a great challenge because of their three-
dimensional habit and the often patchy preservation due to the state
of silicification.

The complete palaeosol profile was exposed in two trenches, each
having a depth of 2 m below the palaeosol surface with unaltered
sedimentary rocks of the upper Leukersdorf Formation. Both palaeosol
sections were investigated in great detail, comprising profile descrip-
tions, sampling for thin sections and geochemical analyses. In addition,
twelve further rock samples were collected from the uppermost
palaeosol subhorizon (S 6.7) for geochemistry to ensure representative
results for the whole excavation area. Samples were chosen by follow-
ing the systematic grid of squared sectors, used for spatial documenta-
tion. Whole rock geochemical analyses of major and trace elements
were carried out at the Geological and Palaeontological Institute of the
Charles University Prague by using ICP-OES and titration for determina-
tion of Fe2+/Fe3+. Furthermore, qualitative mineral analysis of whole
rock powder fraction was done by X-Ray diffraction.

Results of sedimentological and geochemical investigations are
supplemented by palaeobotanical data. Root systems of the upright-
standing trees were excavated and, as fully as possible, reconstructed
and the best preserved specimens of all plant groups were chosen (19
of 53). The root systems were graphically reconstructed on the basis
of observations listed in the protocols during recovery.

Preliminary results ofwood anatomical studies are presented, which
also show the potential for gaining additional environmental data.
Several specimens ofwoody arboreal plants, calamitaleans in particular,
show distinct tissue density variations in their secondary xylem, which
probably reflect growth ring-like patterns. They were investigated in
planar sections of the specimens K3257 (Arthropitys sterzelii, see
Rößler and Noll, 2010), KH0277 and KH0052 (Arthropitys bistriata)
and K5200 (Arthropitys ezonata, see Rößler and Noll, 2006). Criteria
for qualitative evaluation of tissue density variations are cell size, cell
wall thickenings, destructive patterns of cell lumen, presence of callus
tissue as well as circumferential continuity in the stem.

In order to investigate the internal anatomy of the petrified trees, we
used a sand blaster to clear the stem's surfaces. Specimens were subse-
quently cutwith a trimming saw to reveal transverse sections. The latter
were ground and polished according to standard procedures (e.g.,
Taylor et al., 2009) and examined using reflected light microscopy.
Sections were photographed under reflected light using a Nikon DS-
5 M-L1 digital camera attached to a Nikon SMZ 1500 microscope.
Overview photographs were made by using an Epson Perfection V330
scanner. The specimens are stored at the Museum für Naturkunde
Chemnitz.

4. Results

The fossil forest ecosystem developed on a mineral substrate in an
alluvial plain environment. However, the greater detail described herein
for the Hilbersdorf excavation site depicts just a small window that
gives insight into a very local habitat of the whole forested area.

4.1. Significance of the palaeosol profile

We focus here on diagnostic macroscopic features, which are often
recognisable in the field (Mack et al., 1993; Retallack, 1988), and on
geochemical proxies (see Section 4.2). The soil cover provides key
information about the environment. This is important for interregional
comparisons, which reveal how they change across continents.
Comparable to modern soils, the soils of the past provide a highly
appropriate proof of the land surface environment back to deep time.
Palaeosols link local climatic conditions and geomorphology with
parent material and time as the main controlling influences. Because
of the additional information they yield on the biosphere and the
vegetation cover in particular, they play a crucial role as natural archives
recording environmental changes over geological spans of time
(Birkeland, 1999; Retallack, 2001). Nevertheless, burial and diagenesis
canmodify palaeosols, change their chemical properties and complicate
distinguishing between the results of pedogenetic and diagenetic pro-
cesses (Wright, 1992). Although research on palaeosols has developed
as a major topic in geologically younger strata (Achyuthan et al., 2012;
Kraus and Hasiotis, 2006; Lu et al., 2015; Vacca et al., 2012; Wagner
et al., 2012) there are also examples to solve both stratigraphic and
palaeoecological questions in the Palaeozoic (Besly and Fielding, 1989;
Mack et al., 2010; Rosenau et al., 2013; Tabor and Poulsen, 2008;
Tabor et al., 2011).

4.1.1. Pedogenic features and composition of the palaeosol
The standing vegetation was found rooting in a clastic alluvial

palaeosol. The dominating red colour of the sediments indicates that
they were deposited on a predominantly well-drained alluvial plain.
Green bleaching around different-sized organic matter, such as roots,
leaf fragments or seeds/ovules is frequently present and the typical
mottling as well (Figs. 4A and 7). The grain size ranges between silt
and medium sand with a minor percentage of clay fraction. In the up-
permost part, medium-sized, semi-rounded quartz pebbles occur spo-
radically. Due to bioturbation by plants and soil organisms the original
stratification of the former substrate is nearly completely overprinted,
but in exceptional cases still preserved. The uppermost 0.30 m of the
palaeosol is lithified and bears a high potential for fossil preservation
(Figs. 4 and 5). On the basis of colour and compositional variations,
the palaeosol profile was subdivided into seven horizons from S 6.1–S
6.7, bearing information on different stages of soil formation (Fig. 7).
All horizons show a diffuse gradual transition at base and top and vary
laterally in thickness, except for S 6.4. Furthermore, horizons show a
more or less consistent grain-size distribution with a slight
coarsening-up tendency. The same holds true for the original mineral
composition of the sediment, which mainly consists of quartz, musco-
vite, metamorphic rock fragments originating from the Variscan
basement in the source area and feldspars such as plagioclase and
orthoclase (Fig. 5B). Mineral grains are poorly sorted and generally
angular to sub-angular indicating a low maturity of the original
sediment. The same trait is shown in the lowermost horizon S 6.1 that
represents the unaltered, original alluvial sediment, typical for the
upper Leukersdorf Formation (Schneider et al., 2012). The red silty
sandstone of S 6.1 shows small patchy areas of green colour and
contains a low amount of carbonate. Besides quartz, metamorphic
rock fragments and feldspars (orthoclase, plagioclase), the composition
of the sediment is characterised by a high amount of muscovite (up to
20%). Haematite and clay minerals are present as minor components.
Carbonate occurs in small elliptical areas, where it replaced the original
matrix material. The sorting of the matrix-supported sediment is poor,
mineral grains are angular to sub-angular. In outcrop, S 6.1 seems to
be massive, no bedding structures were recognised. No clear evidence
for intense chemical weathering was found at either the macroscopic
or microscopic scale.

The transition to the overlying palaeosol (horizons S 6.2–6.7) is
diffuse. Except for the uppermost horizon S 6.7, an extended portion
of the profile underwent sub-recent weathering, resulting in consider-
able delithification. S 6.2–S 6.6 exhibit a more or less clear bisection
into a lower greenish-coloured or mottled part, and an upper red-
coloured part. The colour transition is confluent and strongly fluctuates
with depth, which is well illustrated in the profile shown in Fig. 4A. In
the profile, the red-coloured part (S 6.6 and S 6.7) reaches a depth of
0.50 m below the palaeosol surface, whereas in other areas of the
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excavation the bleached part (S 6.2–S 6.5) reaches up to the palaeosol
surface, so that residually red-coloured areas remain restricted to the
uppermost 0.20 m.

Horizons S 6.2–S 6.5 consist of silty to fine-sandy sediment, com-
monly with carbonate glaebules of 5–100mm in size, and finely distrib-
uted carbonate cement occurring in residual decimetre-sized hard
lenses and blocks. No original bedding structures are present; they are
destroyed by pedogenic processes and carbonate formation, respective-
ly. S 6.3 shows an intense colour-mottling between green and purple,
indicating fluctuating Eh conditions (Fig. 7). Additionally, clay minerals
show awoven bright claymicrofabric (omnisepic), which points to a re-
peated swelling and shrinkage (Brewer, 1976). Upwards in the profile, S
6.4 bears large, decimetre-sized carbonate blocks that aggregate a
dense, nearly impervious layer of 0.30–0.40 m thickness throughout
the whole excavation site (Fig. 6A, B). Smaller carbonate glaebules
occur in close association below and above the carbonate horizon.
Some of them reveal a relict red-coloured core, coated by a greenish
rim. EDX analyses on single carbonate crystals and whole-rock-
geochemistry revealed a low Ca/Mg-ratio leading to a classification as
Fig. 6. Sedimentological and mineralogical features of the lower palaeosol sub-units (S 6.3–S 6.
calcrete showing a weathered surface and a layer of authigenic silica and a dark chert lense with
carbonate and bright coloured root tubesfilledwith sparitic cement (arrow, scale bar: 10mm). (
by local accumulation of silica in a carbonate glaebule (S 6.3, cross-polarised light, scale bar: 0.2
grained idiotopic dolomite (b) in a void, surrounded by amatrix of equigranular, microsparitic c
transverse view filled with sparitic cement (arrows) in a carbonate glaebule of S 6.5 (plane-pol
muscovite plates, which were drifted apart during rapid carbonate formation (S 6.5, cross-pola
High-Mg-Calcite. XRD analyses detected dolomite as a major compo-
nent of S 6.3 and S 6.4. The presence of dolomite was also proven in
thin sections made of glaebules, blocks and lenses (Fig. 6D). Altogether,
four different types of carbonate cement have been recognised. Thema-
trix in all samplesmainly consists of equigranular, microsparitic cement
that shows a dense fabric of fine crystallinity (20–100 μm). Grain
boundaries are irregular, possibly due to diagenetic leaching (Fig. 6D).
This type frequently changes into coarser, inequigranular microsparitic
cement with subhedral crystal boundaries and occasional euhedral
rhomboid dolomite crystals. Besides the aforementioned matrix ce-
ments, macrosparitic drusy cements and megacements occur as infill
of fissures, vugs, small cavities, and also tiny root tubes (Fig. 6D, E). Fre-
quently, cavities are filledwith single crystals.Where carbonate cemen-
tation appeared, the components of the original clastic sediment are
almost completely replaced, which is indicated by leached quartz grains
floating in the carbonatematrix, alteredmica sheets adjusted parallel to
themargins of the recrystallisation fronts, and amajor depletion of SiO2

and Al2O3. Slightly above the massive carbonate of S 6.4 so-called
‘displacive structures’ sensu Watts (1978) were recognised (Fig. 6F).
5) representing the phreatic zone. (A) Carbonate block of S 6.4 as part of the groundwater
in (scale bar: 0.1m). (B) Section of a carbonate block (S 6.4) of greenish colouredmassive
C) Brownish carbonate cementwith dissolved crystal grain boundaries due to replacement
mm). (D) Multiple-phased crystallisation of marginal chalcedony (a) and central coarse-

ement (S 6.4, cross-polarised light, scale bar: 1mm). (E) Tiny root tubes in longitudinal and
arised light, scale bar: 1 mm). (F) ‘Displacive structure’ sensuWatts (1978) showing single
rised light, scale bar: 0.1 mm).
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Several of the carbonate blocks contain irregularly shaped,
centimetre-sized lenses of black chert consisting of cryptocrystalline
silica (Fig. 6A). In the vicinity of these lenses, silica is also present as
marginal infill of small cavities, forming multiple layers of chalcedony
(Fig. 6D). The centre of the cavities is often filled with macrosparitic
carbonate cement, mainly dolomite. Cryptocrystalline silica cementa-
tion was also recognised in thin sections of carbonate glaebules from
the over- and underlying horizons. Silica often surrounds or borders
leached carbonate crystals and contains high amounts of the original
clastic sediment, e.g., feldspar or muscovite (Fig. 6C).

Relicts of biogenic components are rare in the lower horizons, with
the exception of tiny root tubes frequently occurring in S 6.4 and S 6.5,
but never beneath (Fig. 6B, E). They are up to 2 mm in diameter,
sometimes show furcation and are always filled with macrosparitic
cement.

Horizons S 6.6 and S 6.7, representing the upper part of the palaeosol
profile, exhibit a variable thickness of 0.40–0.50 m. The top of S 6.7, the
palaeosol surface, shows a sharp contact to the overlying basal pyroclas-
tics. The original reddish-brown colour is interspersed with light-green
bleaching dots. In comparison to the unaltered sediment (compare S
6.1), S 6.7 shows only minor compositional differences. The sediment
is dominated by angular to sub-angular quartz and muscovite
(Fig. 5B). Lithic fragments and feldspar occur as minor components.
Unusually, mineral grains do not or rarely show chemical alteration.
The fabric is massive and supported by a clayey and silty matrix, rich
in haematite. Millimetre- to centimetre-sized ferritic concretions occur
frequently, especially in S 6.6. In this horizon they appear together
with carbonate precipitates, whereupon a core of carbonate is covered
with concentric rims of haematite, which is regarded as an in-situ for-
mation (Fig. 5C–D). Dislocation of clay minerals from the upper horizon
down to lower horizons was observed, but is most probably due to
modern weathering processes (Retallack, 1988).

At the top of the palaeosol, S 6.7 and S 6.6 supported dense
vegetation dominated by hygrophilous elements and is completely
pervaded by different kinds and sizes of roots (Fig. 5A). These roots
exhibit different states of preservation, such as silicified organs
showing cellular preservation up to root tubes or haloes. The major-
ity of roots remained as flattened moulds with an infill of black-
coloured manganese/iron oxides and bleaching haloes around
them. The roots are predominantly positioned horizontally in the
uppermost part of the palaeosol horizon (S 6.7) and rarely show fur-
cation patterns. In contrast, deeper in the profile (0.20–0.35 m, S
6.6), roots occur as finely distributed moulds forming a dense net-
work, which seems to be partly decomposed. This type of root was
not observed in the whole excavation site, but in wide parts and
has no relation to single specimens of the upright-standing plants.
The root systems of the latter occasionally remained in an incom-
plete silicified state, reaching down to a maximum depth of 0.70 m
(Fig. 9F), but in average not deeper than 0.40 m.

Millimetre-sized bone fragments, frequently occurring in S 6.7
(Fig. 4D), are preserved as fluorapatite (Ca5(PO4)3F) as proved by XRD
analysis (Rößler et al., 2010). With regard to diagenetic processes, it is
important to mention that they still exhibit both their original shape
and calcium portion.

4.1.2. Interpretation
As illustrated by Schneider et al. (2012), the Hilbersdorf excavation

site is situated in a basinal position of the north-eastern part of the
Chemnitz Basin. The depositional environment is interpreted as a distal
alluvial braidplain. The common sediment type is that as characterised
for horizon S 6.1, mainly representing fine-grained overbank and
sheet flood deposits. These have a low maturity, indicating a short
transportation distance from the source area represented by the
surrounding Variscan metamorphic units. The same parent material
can be assumed for the overlying palaeosol succession (S 6.2–6.7),
which underwent pedogenetic processes and reflects them to various
degrees. With regard to surface-weathering processes, the palaeosol
profile can be subdivided into a phreatic (S 6.2–6.5) and a vadose
zone (S 6.6 and 6.7).

The occurrence of a carbonate horizon in S 6.4, bearing large carbon-
ate blocks accompanied with intense bleaching in the phreatic zone, is
one of the most striking features of the palaeosol. The large carbonate
blocks are seen as residuals of a former massive calcrete horizon,
which was leached in parts by sub-recent weathering, because the
blocks exhibit a weathered surface (Fig. 6A) and are surrounded by
dark-grey mud, rich in manganese oxides. As will be substantiated sub-
sequently, we interpret this level as a groundwater calcrete. Carbonate
formation is a common feature in ancient and recent soils in regions
of semi-arid to sub-humid climate (e.g., Alonso-Zarza, 2003;
Khadkikar et al., 1998; Mack et al., 2000; Pimentel et al., 1996;
Retallack, 2001; Thiry and Milnes, 1991; Wright, 2007). Carbonate for-
mation could be either caused primarily, by ascending pore water in
the vadose zone of the soil profile (Gile et al., 1966; Klappa, 1980;
Machette, 1985; Schneider and Rößler, 1995; Watts, 1980), or second-
arily, by carbonate precipitation from a highly saturated groundwater
(Alonso-Zarza et al., 2011; Arakel, 1986; Nash et al., 2004; Semeniuk
and Meagher, 1981; Spötl and Wright, 1992). Based on specific traits
for the distinction of pedogenic and groundwater calcretes (Pimentel
et al., 1996), the groundwater interpretation of S 6.4 is most likely for
the following reasons. It shows (1) a gradational transition to the
under- and overlying sub-horizons in association with colour mottling
and bleaching caused by iron translocation in a reducing environment,
(2) amassive fabric in the carbonate blocks, a typical alpha-fabric inmi-
croscopic scale sensu Wright (2007), and (3) a wide range of different
crystal sizes with tendency to coarse-grained cementation. In addition,
the low Ca/Mg-ratio and a high abundance of dolomite support this in-
terpretation. Moreover, the formation of authigenic silica in the carbon-
ate blocks of S 6.4 is a typical process, commonly observed in
groundwater calcretes (Alonso-Zarza et al., 2011; Nash and Ullyott,
2007). It is likely to be seen as a result of replacement of the original
clastic sediment, when silica was discharged by dissolution of quartz
and silicates. Dissolved silica then accumulated in vugs or cavities and
led to local replacement of the carbonate cement (Fig. 6C). The infill of
small cavities with multiple layers of chalcedony at the margins reveals
that replacement, dissolution and accumulation of silica during carbon-
ate formation was a multi-staged process, which was later presumably
overprinted by diagenesis. In general, diagenetic processes have to be
taken into account regarding the overprint of the original carbonate
fabric, as it is proven by evidence for recrystallisation, neomorphism
and dolomitisation. Carbonate precipitation at the top of the groundwa-
ter table was a fast elapsing process, supported by an initially highly
saturated fluid. This is indicated by displacive structures in carbonate
glaebules in S 6.5 (Fig. 6F), slightly above the massive calcrete (Watts,
1978). Carbonate formation was probably initiated by a high evapo-
transpiration rate under dry conditions. Normally, formation of soil
carbonate occurs in arid to semi-arid climates, infrequently under sub-
humid conditions but also in wetland environments (Alonso-Zarza,
2003; Alonso-Zarza et al., 2011). Mack and James (1994) quote to a
maximum MAP of 1000 mm/a, under which calcrete formation is
possible. Intense colour mottling resulting from alternating Eh
conditions, accompanied by microscopic swell-and-shrink structures
of oriented clay minerals, gives evidence for a fluctuating groundwater
table, which could be seasonally driven (Brewer, 1976; PiPujol and
Buurman, 1994; Retallack, 2001). The frequent occurrence of tiny root
tubes in the calcrete is a phenomenon that is commonly observed in
pedogenic calcretes (Pimentel et al., 1996), but does not really contra-
dict the interpretation as a groundwater calcrete (Fig. 6B). Probably, in
the studied profile an initial pedogenic calcrete was succeeded by a
groundwater calcrete. Typical fibrous cements and laminarmarginal ac-
cretion of carbonate are absent. Rhizoliths in groundwater calcretes are
described in connection to phreatophytic plants, which develop deep
roots down to the groundwater level as a survival strategy to resist
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longer periods of drought (Canham et al., 2012; Purvis and Wright,
1991; Semeniuk and Meagher, 1981). Here, it is assumed that the
rhizoliths are relicts of a low vegetation cover during an earlier soil
forming phase, which probably has been preserved by a primary pedo-
genic carbonate formation, later overprinted by the influence of ground-
water leading to formation of the massive calcrete. The depth of a
calcrete horizon correlates well with mean annual precipitation,
which was proven by numerous data sets from modern and ancient
soils (e.g., Jenny, 1941; Retallack, 1994, 2005). By infiltrating the
palaeosol, low-pH rain water causes dissolution of near-surface soil car-
bonate and leads to translocation to deeper soil horizons. The depth of
the calcrete horizon at Hilbersdorf excavation site is 0.80 m, reflecting
the equilibrium level between surface water and groundwater. As com-
paction of the palaeosol during burial has to be taken into account
(Caudill et al., 1997), it is necessary to ascertain the decompacted thick-
ness of the palaeosol section,which overlies the calcrete horizon (S 6.4).
Due to the fact that data concerning burial depth are lacking, the com-
paction rate was estimated by “re-stretching” a contorted, vertically
downward-oriented root, according to the method applied by Caudill
et al. (1997) for clastic dikes. The resulting compaction ratio of C =
0.54 would yield a depth to the calcrete horizon of ca. 1.50 m
(Fig. 6B). Considering that a root is not propagating exactly vertically
the real original depth to calcrete horizon was probably slightly less.
Palaeoprecipitation was estimated by using the equation of Retallack
(2005) formean annual precipitation,whereD is the depth to carbonate
horizon:

P ¼ 137:24þ 6:45Dþ 0:013D2

R2 ¼ 0:52; Standarderror : �147mm
ð1Þ

As a result, amean annual precipitation of P=812±147mm/awas
calculated.

In contrast to the phreatic zone represented by S 6.2 to S 6.5, the
upper part of the palaeosol profile was not influenced by secondary dia-
genetic overprint and still shows primary pedogenic features,which can
beused for reconstructing palaeoweathering conditions. This upper sec-
tion (S 6.6 and S 6.7) shows a low maturity and can be classified as an
Entisol, according to Retallack (2001). Nevertheless, classification sys-
tems of recent soils are complex and never-endingly controversial,
and their application to palaeosols is challenging since the duration
and amount of moisture in the soil, beingmajor traits in recent soil tax-
onomy, cannot be substantiated (Mack et al., 1993; Retallack, 2001).
Grain-size distribution suggests good aeration and drainage properties
under moderate pH values, indicated by the red sediment colour in
combination with dark-coloured root moulds, surrounded by green,
bleached haloes (Kraus and Hasiotis, 2006). The haematite-rich matrix
and small ferritic glaebules indicate chemical weathering under warm
and humid conditions (PiPujol and Buurman, 1994; Widdowson,
2007). However, this is not confirmed by the nearly unaltered state of
quartz and feldspar grains that likely reflects the low maturity of the
substrate. Regarding this, a relatively short exposition time can be as-
sumed. The co-occurrence and intergrowth of glaebules consisting of
both carbonate and haematite (Fig. 5D) is a clear indicator for distinct
climatic seasonality, caused by alternation of dry and wet phases
(PiPujol and Buurman, 1997; Retallack, 1994; Sehgal and Stoops,
1972). Carbonate precipitates during dry phases with high evaporation
rates, whereas haematite formed during phases of increased humidity
(Retallack, 1994). Glaebules that show alternating rims of carbonate
and haematite were reported from soils subjected to periodic changes
in moisture availability that may also cause groundwater-table fluctua-
tions (Sehgal and Stoops, 1972). The set of features revealed by the
palaeosol at Hilbersdorf excavation site points therefore to soil-
forming processes under seasonal climatic conditions. In monsoonal
tropical soils, there are differences in root activity between wet and
dry seasons (Singh and Singh, 1981), which cause temporal variations
in respiration patterns. Carbonate precipitated at shallow depths during
the dry season is partly dissolved by respiration of fine shallow roots,
then further dissolved by respiration of deeper roots later in the wet
season, as indicated by dissolution rinds and interlaminated goethite
in carbonate glaebules of monsoonal soils (Courty and Fédoroff, 1985;
Sehgal and Stoops, 1972) and palaeosols (Retallack, 1991). Because
soil profiles continuously adjust in response to environmental influ-
ences, such as sediment supply, changes in local relief, temperature,
rainfall, evaporation and vegetation cover, often results in some kind
of polygenetic palaeosol, more or less reflecting successive stages of
palaeosol formation. Although soil fabrics usually remain unaltered, it
seems difficult to infer the palaeoclimate only from a single palaeosol
sequence as investigated at our Hilbersdorf excavation site. Here we
try to linkmicromorphological and compositional pedogenic character-
istics with other indications of the habitat, such as geochemical proxies
or anatomical structures of woody plants that colonised the parent
substrate.

4.2. Geochemical proxies and traits of early diagenesis

Results of geochemical analyses comprise information on major
element variations in the vertical section of the palaeosol profile and
on horizontal variations in the excavation area referred to the upper-
most Horizon S 6.7 (Table 1). Major element data are presented as
weight percentages. Measurements of the whole fraction embrace the
portion of annealing loss. Weight percentages of major elements were
recalculated by extracting the amount of annealing loss. Weight
percentages were then converted into moles, marked by simple
element notation (e.g., Al instead of Al2O3), as suggested by Sheldon
and Tabor (2009).

4.2.1. Major and trace element distribution in the vertical section
To evaluate sedimentological and pedogenic processes, different

major and trace element ratios were plotted in the vertical section
of the palaeosol profile (Fig. 7). The Ti/Al ratio represents a reliable
indicator for provenance (Sheldon and Tabor, 2009). As expected, it
shows just minor changes in the vertical section and refers to a con-
sistent source area. By reflecting the clay content (Ruxton, 1968), the
Al/Si ratio shows no major differences between the palaeosol hori-
zons. This is of particular interest for the upper horizons S 6.5–S 6.7
because the constant ratio confirms the field observation that forma-
tion of a clayey Bt horizon by lessivage seems to be absent. Major el-
ement distribution in the vertical section is generally strongly
dependent on carbonate formation. The carbonate-bearing horizons
S 6.2–S 6.5, but in particular the calcrete horizon S 6.4, show an en-
richment in Mg, Ca and Mn, whereas especially Si, Al, K and Fe
(total) are depleted (Table 1). This is also expressed in the ∑
bases/Al (Ca + Mg + Na + K/Al) ratio, which is an indicator for
weathering processes like hydrolysis (e.g., Retallack, 2001). Due to
the presence of carbonate, the palaeosol is base-rich (Sheldon et al.,
2002). Changes of Eh in the vertical section are shown by the Fe
(total) + Mn/Al ratio (Retallack, 2001). Surprisingly, values do not
reflect any difference between the vadose zone of the red-coloured
horizons S 6.6 and S 6.7, which was under aerobic conditions and
the bleached phreatic zone (S 6.2–S 6.5). However, the high Fe
(total) + Mn/Al ratio of S 6.6 compared to the lower ratio of S 6.7
confirms the field observation of an accumulation of haematitic
glaebules in S 6.6. The U/Th ratio is another proxy reflecting leaching
processes or Eh conditions, respectively (Sheldon and Tabor, 2009).
It shows a strong dependency to carbonate formation, which is
mainly a result of thorium depletion in the carbonate-bearing
horizons. By comparing values of all element ratios from the upper
horizons S 6.6 and S 6.7 with the unaltered sediment (S 6.1) it is con-
spicuous that particularly values of Al/Si, Fe+Mn/Al and∑ bases/Al
are very similar. This supports the conclusion of a very immature
palaeosol that has not experienced intense chemical weathering.



Table 1
Geochemical data of major and trace elements of the palaeosol presented in molar fraction (annealing loss included).

Horizon Selection Si Ti Al Fe3+ Fe2+ Mn Mg Ca Na K U Th

S 6.1 Vertical profile 1.1500 0.0076 0.1499 0.0363 0.0059 0.0007 0.0521 0.0117 0.0130 0.0531 0.0157 0.,0629
S 6.2 Vertical profile 1.1841 0.0033 0.1166 0.0186 0.0051 0.0018 0.0595 0.0865 0.0025 0.0464 0.0105 0.0607
S 6.3 Vertical profile 1.2424 0.0041 0.0892 0.0134 0.0025 0.0031 0.1150 0.1028 0.0056 0.0273 0.0063 0.0211
S 6.4 Vertical profile 0.6077 0.0037 0.0821 0.0130 0.0014 0.0170 0.4719 0.5335 0.0050 0.0244 0.0114 0.0159
S 6.5 Vertical profile 0.9571 0.0059 0.1294 0.0122 0.0034 0.0052 0.0724 0.3142 0.0085 0.0475 0.0185 0.0380
S 6.6 Vertical profile 1.1498 0.0068 0.1395 0.0518 0.0063 0.0007 0.0425 0.0128 0.0080 0.0444 0.0237 0.0426
S 6.7 Vertical profile 1.1474 0.0058 0.1459 0.0315 0.0049 0.0007 0.0352 0.0317 0.0086 0.0581 0.0195 0.0489
S 6.7 Area 1.1308 0.0071 0.1571 0.0294 0.0063 0.0009 0.0303 0.0210 0.0100 0.0683 – –
S 6.7 Area 1.0910 0.0075 0.1450 0.0336 0.0046 0.0005 0.0185 0.0483 0.0078 0.0787 – –
S 6.7 Area 1.1400 0.0069 0.1490 0.0387 0.0048 0.0015 0.0269 0.0181 0.0098 0.0629 – –
S 6.7 Area 1.2221 0.0069 0.1321 0.0081 0.0053 0.0005 0.0210 0.0299 0.0125 0.0683 – –
S 6.7 Area 1.1315 0.0051 0.1261 0.0309 0.0041 0.0007 0.0227 0.0632 0.0067 0.0594 – –
S 6.7 Area 1.1943 0.0064 0.1384 0.0249 0.0061 0.0007 0.0279 0.0184 0.0092 0.0611 – –
S 6.7 Area 1.1797 0.0075 0.1498 0.0271 0.0093 0.0010 0.0325 0.0094 0.0107 0.0584 – –
S 6.7 Area 1.1412 0.0073 0.1532 0.0295 0.0066 0.0009 0.0375 0.0205 0.0097 0.0643 – –
S 6.7 Area 1.1078 0.0058 0.1397 0.0272 0.0070 0.0005 0.0263 0.0616 0.0071 0.0668 – –
S 6.7 Area 1.0976 0.0070 0.1516 0.0336 0.0079 0.0014 0.0340 0.0393 0.0092 0.0663 – –
S 6.7 Area 1.1521 0.0085 0.1485 0.0221 0.0060 0.0014 0.0304 0.0329 0.0100 0.0633 – –
S 6.7 Area 1.2113 0.0061 0.1342 0.0191 0.0055 0.0009 0.0237 0.0148 0.0091 0.0701 – –
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4.2.2. Palaeoweathering indices
Quantification of chemical weathering in clastic sediments has

proven to be a powerful tool for palaeoenvironmental studies in the
last decades (Nesbitt and Young, 1982; Sheldon and Tabor, 2009;
Sheldon et al., 2002). Here, we use a variety of approved methods, e.g.,
based on CIA, CIW or CALMAG, which contribute to our understanding
of ancient weathering conditions under which the Chemnitz Fossil
Forest developed. Methods were applied on the upper palaeosol
Fig. 7. Pedogenic characteristics and selection ofmajor element ratios of the palaeosol at Hilbers
in the outcrop. Classification of soil horizons is based on classification scheme proposed by Reta
represented by S 6.1 (C horizon).
horizons S 6.6 and S 6.7, which are in contrast to the lower horizons S
6.2–S.6.5, part of the vadose zone and thus solely influenced by surface
weathering processes. For quantification of chemical weathering
processes the following equations were applied:

Nesbitt&Young 1982ð Þ : CIA ¼ 100� Al
Alþ Ca � þKþNa

ð2Þ
dorf excavation site. Colours in the profile sketch are close to original colours documented
llack (2001). Geochemical proxies show the comparison to the unaltered parent material
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Harnois 1988ð Þ : CIW CIA‐Kð Þ ¼ 100� Al
Alþ Ca � þNa

ð3Þ

Nordt&Driese 2010ð Þ : CALMAG ¼ 100x
Al

Alþ CaþMg
ð4Þ

Original CIA values can be influenced by sediment grain-size varia-
tions, a higher amount of CaO originating from carbonate, and mobility
of K+ especially during diagenesis (Fedo et al., 1995; Shao and Yang,
2012). For the analysed samples grain-size variations can be excluded
because grain size is more or less stable in all samples. Occurrence of
carbonate, however, seems to be likely. This is indicated by a higher
amount of CaO compared to Na2O. The original portion of CaO is deter-
mined by applying the method of McLennan (1993). The recalculated
portion of calcium is quoted as Ca* or CaO*, respectively. The influence
of potassium mobility can be validated by using the chemical index of
weathering (CIW or CIA-K), which was proposed by Harnois (1988).
However, Fedo et al. (1995) discourage the use of CIW because it does
not involve the accompanying loss of aluminium. Most likely, compari-
son of both the CIA and the CIW will provide the best evidence for
ancient weathering processes. In contrast to CIA and CIW, the
CALMAG equation includes magnesium and calcium portions derived
from carbonate weathering, which are the most reliable indicators of
annual palaeoprecipitation (Nordt and Driese, 2010). However, the
CALMAG was developed for vertisols, and therefore its applicability for
the investigated palaeosol has to be documented.

The thirteen analysed samples of S 6.7 and S 6.6 show CIA values in a
range of 54 to 57 (Fig. 8A). According to Nesbitt and Young (1982), CIA
values commonly range from 50 to 70, whereupon unaltered feldspar
has a value of 50 and unaltered sediment values between 60 and 70.
In contrast, intensely weathered soils of the tropics exhibit CIA values
of around 100. In addition to the macro-morphological features, the
low CIA values of the analysed palaeosol samples are another indicator
for a low chemical weathering intensity. Values of CIW range from 73 to
81. In comparison to the calculated CIA values the CIW values are much
higher, probably indicating an enrichment of potassium during
Fig. 8. Boxplot diagrams of geochemical weathering indices and equations of mean annual prec
area (n = 13). (A) Comparison of different chemical weathering indices. (B) Most probable ra
(MAP 1 after Nordt and Driese (2010), based on CALMAG; MAP 2–4 after Sheldon et al. (2002
diagenesis. However, it was shown by Fedo et al. (1995) that CIW
tends to be systematically higher than CIA, because it does not reflect
the original K/Al ratio of potassium feldspars, which frequently occur
in the samples of the palaeosol. Nevertheless, diagenetic potassium en-
richment is much likely. In conclusion, the CIA values of the palaeosol
are probably slightly higher than calculated, but not as high as the
CIW values. The CALMAG values range from 76 to 85 and are therefore
higher than the values of CIA and CIW, which is a typical trend (Nordt
and Driese, 2010). The clear deviation compared to CIA and CIW values
shows that it seems not to be a representative indicator for the investi-
gated type of palaeosol, which is poor in clay minerals.

4.2.3. Estimation of mean annual precipitation (MAP)
For MAP estimation different equations derived from CIA and CIW

based on empirical data of the Bw and Bt horizons (Sheldon et al.,
2002), were used. Additionally, two further methods are presented
and discussed using the total soil iron portion (Stiles et al., 2001), and
the CALMAG, which is based on datasets from vertisols (Nordt and
Driese, 2010).

Nordt and Driese 2010ð Þ : P mm a‐1
� � ¼ 22:69CALMAG‐435:8

R2 ¼ 0:90; Standarderror : �108mm

ð5Þ

Sheldonetal: 2002ð Þ : P mm a‐1
� � ¼ 221:1e0;0197 CIA‐Kð Þ

R2 ¼ 0:72; Standarderror : �181mm
ð6Þ

P mm a‐1
� � ¼ 259:3 ln

X
Bases
Al

 !

R2 ¼ 0:66; Standarderror : �235mm
ð7Þ

P mm a‐1
� � ¼ 14:265 CIA‐Kð Þ‐37:632

R2 ¼ 0:73; Standarderror : n:a:

ð8Þ
ipitation. Data source is given by samples from Unit S 6.7 taken from thewhole excavation
nge of mean annual precipitation shown by dashed lines derived from various equations
), based on CIW; MAP 5 after Stiles et al. (2001), based on total iron portion).
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Stilesetal: 2001ð Þ : P mm a‐1
� � ¼ 654:4þ 31:5 Fe TOTð Þ

R2 ¼ 0:92; Standarderrror : n:a:
ð9Þ

By regarding the equations of Sheldon et al. (2002), precipitation
values vary between 800 and 1100 mm/a (Fig. 8B). Considering that
CIW values are probably lower than calculated, it must be assumed
that MAP was likewise slightly lower than estimated. The equation
based on total iron content (Stiles et al., 2001) offers much lower values
of around 655mm/a. This is outside of the range of 800–1500mm/a, for
which this equation is valid. So, it seems not applicable to the studied
palaeosol. The same seems to be likely for the equation derived from
CALMAG, which delivers values from 1300–1480 mm/a. As mentioned
before, the CALMAGwas developed for vertisols and therefore its appli-
cation to the analysed palaeosol is limited. Altogether, it can be assumed
that palaeoprecipitation rate was likely in a range of 800–1100 mm/a,
with a tendency to slightly lower values. Onemajor problem in estimat-
ing palaeoprecipitation values at the Hilbersdorf excavation site is the
fact that the investigated palaeosol exhibits a low maturity lacking a
typical Bt horizon. The low maturity is also indicated by similar CIA
values of horizons S 6.6 and S 6.7. Following Sheldon et al. (2002),
Sheldon and Tabor (2009) and Adams et al. (2011), the applied
methods for providing palaeoprecipitation values are not appropriate
under these preconditions. Thus we specify our values in a wider
range and by use of different methods. The range of MAP is in agree-
ment to the estimated MAP values derived from depth of carbonate
horizon, although it confirms a trend towards slightly lower values.

4.3. Adaptation strategies of plants to palaeoenvironmental conditions

Plants are directly exposed to their environment and thereforemore
or less adapt to different conditions. Styles of adaptations are manifold
encompassing plant architectural modifications of individual organs
such as stems, roots and shoots.Moreover, woody tissues usually record
any environmental changes in the cellular detail. To amplify our
palaeoenvironmental studies we present data from several in-situ
plants with regard to the architecture of their root systems as well as
variations in the tissue of long-lived woody plants.

4.3.1. Evidence from root systems of the in-situ plant community
Palaeosols can be understood as trace fossils of ecosystems, rather

than of species or individuals (Retallack, 1999), because they usually
do not reveal which kind of trees were involved in their formation. At
Hilbersdorf excavation site, however, the T0 assemblage allows for
recognising the kind of plants rooting in the underlying palaeosol.

Fossil in-situ rooting systems have been recognised from all major
constituents of the ancient plant community at the Hilbersdorf excava-
tion site, including medullosan seed ferns (35%), cordaitaleans (30%),
psaroniaceous tree ferns (22%) and calamitaleans (13%) ascertained
from 37 stems (altogether 53 stems, 30% remain unidentified) still
standing in growth position in an area of 24 x 18 m (Rößler et al.,
2012b). According to the extent of secondary growth in their stems,
branches and roots of cordaitaleans and calamitaleans seem to
represent the older in-situ vegetation elements reaching stem
diameters up to 0.5 m, although successional patterns in the habitat
remain to be evaluated.

Root systems of the upright-standing plants are differentially
silicified and often remained in cast preservation. Silicification, in
contrast to the frequent fluoritisation in overlying pyroclastics, is the
only form of petrifaction inside the palaeosol and mostly incomplete
and restricted to larger portions of the root systems. Only in a few
cases we recognised detailed preservation down to cell structures.
Silicified roots are mostly fragmented, which sometimes made their
recovery nearly impossible. Except for the tree ferns, whose roots are
exclusively preserved as flattened impressions, root systems of nearly
all present plant groups were affected by silicification. For many speci-
mens it was not possible to reconstruct their complete root systems
due to the lack of adequate preservation andmissing organ connections.
In general, the preservation potential seems to decreasewith decreasing
plant size (Rößler et al., 2014). The uppermost part (0–0.30 m) of the
palaeosol profile exhibits the majority of root masses. Most of the
specimens have a rootingdepth of 0.10–0.25m, some reach amaximum
depth of 0.40 m. The cordaitalean trunk KH0018 represents an
exception with a maximum rooting depth of 0.70 m.

Description is done separately for every plant group because
architectural features of the root systems are plant group-specific.

4.3.1.1. Medullosan seed ferns. At the Hilbersdorf excavation site seed
ferns represent the most abundant plant group, indicated by different
traits of stem anatomies, ovules or pollen organs (Feng et al., 2014;
Rößler et al., 2012b). In spite of the restricted area a considerable
diversity of medullosan seed ferns seems to have grown close together.
So far, two formswere identified to intraspecific level,Medullosa stellata
f. stellata and Medullosa stellata f. lignosa (Rößler et al., 2012b); the
presence of several additional species or distinguishable growth forms
is likely. The preservation state of their tabular root systems varies
from very poor (only relicts of sediment casts) to fairly good (mainly
silicified) and seems to depend on trunk diameter, whereby rarely
occurring large specimens have partly silicified root systems, e.g.,
KH0056, KH0124 and KH0198 (Fig. 9A–C). These three specimens
have a tap root that departs from the stem base and penetrates vertical-
ly into the palaeosol (Fig. 9B). It remained in a silicified state down to
0.25–0.35 m depth and shows appendages to small-sized secondary
roots in all three specimens, which are mostly not anatomically
preserved. Originating from the stem base, horizontally or slightly
obliquely partly silicified secondary roots extend into the upper
palaeosol. In KH0124, these secondary roots possess diameters between
0.05 and 0.07 m and a maximum length of 0.80 m (Fig. 9C). In KH0056,
secondary roots spread from the stem base in a radius of 1.10 m. Other
specimens do not show any relicts of a vertical central root. Instead, sev-
eral roots extend obliquely from the stem base into the palaeosol, e.g., in
KH0050, where roots are partly silicified. The same propagation pattern
can be assumed for the non-silicified specimens. It is likely that
medullosan seed ferns, according to their species diversity, exhibit at
least two different types of root systems, one with a characteristic tap
root and another without.

4.3.1.2. Cordaitaleans. Root systems of three specimens were investigat-
ed. The best preserved is KH0018, which is nearly completely silicified
(Fig. 9D–F). Projecting downward from the 0.45 m wide basal stem, a
0.70 m long, a conical tap root penetrates vertically into the palaeosol.
It ends slightly above the massive groundwater calcrete (S 6.4), which
could have acted as a natural obstacle (Fig. 9F). From the central stem
base, additionally three first-order roots spread nearly horizontally in
a radius of c. 1.50 m and a depth of less than 0.40 m. Distally, they
branch at least up to second order. One of the roots exhibits an unusual
U-turn by first continuing upwards and then in the opposite direction
towards the stem base (Fig. 9E). A fourth first-order root steeply
penetrates into the palaeosol. Numerous smaller roots, observed in
the vicinity of the stem base, either originate from the tap root or do
not reveal traceable organ connections.

Two additionally investigated specimens, KH0073 and KH0171, are
much smaller than KH0018 and exhibit less completely developed
root systems. KH0073 has a silicified vertical tap root originating from
the 0.12 × 0.14 m wide stem base. The tap root shows appendages of
secondary roots; the latter are not preserved. Furthermore, some roots
preserved as flattened impressions spread radially from the stem base,
slightly beneath the palaeosol surface. The root system of KH0171 was
not silicified. Instead, some root impressions were found spreading
from the0.05mwide stembase, showing that thedegree of silicification



Fig. 9. Root systems of different plant groups. (A) Part of a 3D computer model showing three medullosan seed ferns (green coloured, from left to right: KH0198, KH0124, KH0056) in
upright position and rooting in the palaeosol (scale bar: 1m). (B) Silicified central, conical-shaped root of KH0056 (M. stellata, scale bar: 0.1m). (C) Reconstructed root systemof specimen
KH0124 (Medullosa sp.) showing a central root and numerous obliquely dipping radial roots. (D) 3D computermodel of a cordaitalean found in upright position (KH0018); Root system is
visualised by cutting thepalaeosol surface (scale bar: 1m). (E) Exposed silicified root systemofKH0018 showing fourmajor roots dipping sub-horizontally, whereas one of them exhibits a
180° turn (scale bar: 0.5 m). (F) Reconstructed root system of KH0018 showing a conical shaped central root additionally to the four horizontal roots. Central root does not penetrate the
groundwater calcrete (S 6.4). (G) 3D computermodel focusing on the basal trunk of an upright standing calamitalean (KH0277, red coloured, scale bar: 1m). (H) Silicified basal trunk and
root system of KH0277 in-situ preserved on a cordaitalean deadwood (scale bar: 0.2 m).
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seems to be likely a function of tree size. Small specimens could repre-
sent juvenile plants, which have poorly developed root systems and
therefore seem to be unsuitable for anatomical preservation.

4.3.1.3. Psaroniaceous tree ferns. Psaronius is a well-known genus at the
Chemnitz Fossil Lagerstätte (Cotta, 1832; Rößler, 2000), and at the
Hilbersdorf excavation site it was an abundant constituent of the former
plant community. Slender stems are surrounded by a downward thick-
ening mantle of aerial adventitious roots, a typical feature in many
ancient and modern tree fern species (Christ, 1910; Taylor et al.,
2009). These endogenously arising secondary roots are produced
throughout the whole life of the fern as the stem grows, and have
essential mechanical and physiological functions, i.e., anchorage,
stability and the uptake of water and nutrients.

Although a considerable local species diversity of psaroniaceous
tree ferns is suggested by historical finds from Hilbersdorf (Sterzel,
1918), only distichous specimens like Psaronius cf. simplex were
identified at Hilbersdorf excavation site. The root systems are exclu-
sively preserved as drab-haloed, flattened impressions in the
palaeosol (Fig. 10C). Three in-situ standing trunks (Fig. 10A) exhibit
numerous small vertical to sub-vertical root tubes penetrating the
uppermost palaeosol (Fig. 10D). Their marginal roots extend
horizontally and spread radially to form a nearly circular root mass
of 1 to 2 m in diameter (Fig. 10B). Single roots show an internal



Fig. 10.Morphological features of psaroniaceous tree fern root systems. (A) Three upright standing specimens (blue coloured, from left to right: KH0066, KH0111, KH0117), broken in a
height of 1m and displaced from their stem bases (blue cylinders) by sub-recent slope gliding (scale bar: 1m). (B) Stem bases of KH0111 (left) and KH0117 (right) show radial spreading
of horizontally dipping roots (preserved as drab-haloed traces) and bulging of the palaeosol in the case of KH0117 (scale bar: 50 mm). (C) Horizontally deflected unbranched roots of
KH0066, slightly below palaeosol surface (scale-bar: 20 mm). (D) Bleached palaeosol surface below the stem base of KH0066(-09) showing numerous vertical root tubes (scale bar:
50 mm). (E) Reconstruction of the root system of KH0111 showing shallowly spreading roots.
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fringe pattern, which is likely due to compaction of the former root
tube. Most of them continue straight, and rarely show any branching.
The general rooting depth of these tree ferns is not more than 0.25 m
(Fig. 10E). At the site of several specimens (e.g., KH0066 and
KH0117), the palaeosol surface is considerably elevated, forming a
circular hummock (Fig. 10B). The formation of these bulges is still a
matter of debate, but probably a result of sediment capture within
the basal root mantle. All things considered psaroniaceous tree
ferns at the Hilbersdorf excavation site show a shallow-rooting pat-
tern, most of the roots occur only in the uppermost soil layer.

4.3.1.4. Calamitaleans. As indicated by several specimens, the
calamitaleans represent free-stemmed, high rising, multiannual
trees and exhibit a system of plagiotropic roots with considerable
secondary growth. Two well-preserved specimens of Arthropitys
bistriata (KH0042 and KH0277) are described in detail by Rößler
et al. (2014), who provided the earliest unequivocal records of
anatomically preserved in-situ rooted Permian calamitalean trunks
that challenged the traditional reconstructions showing arborescent
sphenopsids exclusively as rhizomatous trees. Rößler et al. (2014)
presented multiple evidence of organic connection of the stems to
their underground root systems. It was demonstrated that
A. bistriata grew as a free-stemmed tree that was anchored in the
soil by numerous secondary roots arising from different nodes of
the slightly enlarged trunk base, branching several times and taper-
ing on their oblique downward course. In detail, KH0042 has a basal
stem diameter of 0.30 × 0.24 m and ends abruptly at the palaeosol
surface. Attached to the stem, six silicified first-order roots of similar
diameter extend obliquely into the palaeosol by showing second-
and third-order branching. Silicification of roots is restricted to a
maximum length of 0.40 m, whereas the distal parts continue as sed-
iment casts. In the vicinity of the trunk, several further silicified roots
were documented, but miss a clear connection to a stem. First- and
second-order roots show secondary growth and belong to the com-
mon Astromyelon type. Asymmetrical growth-ring-like tissue densi-
ty variations were observed. KH0277 (Fig. 9G–H) shows a similar
root system to that of KH0042, but in contrast was growing upon a
cordaitalean deadwood trunk. From the 0.32 × 0.40 m wide basal
trunk seven first-order roots with a maximum length of 0.65 m de-
part obliquely into the palaeosol down to a maximum depth of
0.40 m. They show a thickened, conical habitus and attachments of
second-order roots arranged in node-like levels. Roots mainly be of



Fig. 11. Tissue density variations in thewood of an in-situ calamitalean fromHilbersdorf excavation site (A. bistriata, KH0277). (A) Transverse section from the base of KH0277-04 showing
tissue density variations and preservational variation visible by changing colours (scale bar: 50mm). (B) Documentation of tissue density variations in the section of “(A)”: a—pith, b—zone
of irregular tissue density variations (see also “(C)”), c—non-circumferential, but very distinct tissue density variations or event zone (see also “(D)”), respectively, which is associated to a
major injury to the outer part of the trunk, d—callus tissue, overgrowing injuries from two sides (see also “(E)”), e—radial fissure cracks caused by wood contraction, f—zone of regular
tissue density variations (C) Irregular tissue density variations with predominantly gradational cell size variation (scale bar: 1 mm). (D) Distinct event zone showing decrease of cell
size and cell deformation (scale bar: 0.5 mm). (E) Zone of major injury of the event zone showing a fissure crack in the inner wood, overgrown by callus tissue from the right (scale
bar: 2 mm).
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the Astromyelon type, in one case assignable to the Asthenomyelon
type, as well. A high amount of ray parenchyma inside the wood,
approximately 50%, is conspicuous, but corresponds well to
calamitalean aerial parts.

4.3.2. Evidence from woody arboreal plants: growth rings?
Wood structure and composition have been investigated since the

early days of plant anatomy, and most living woody species have been
described in great anatomical detail (e.g., Richter et al., 2004;
Schweingruber et al., 2011; Wheeler et al., 1989, 2007). Nevertheless,
despite of the long history of plant anatomical investigations,
palaeoecological knowledge about most Palaeozoic species, even
frequently occurring ones such as calamitaleans, cordaitaleans or
medullosan seed ferns, remains superficial. Although there are a few
helpful publications that enlighten the influence of environmental
factors on the wood structure of both living and fossil trees (Chaloner
and Creber, 1990; Creber and Chaloner, 1984), a general assignment
of the substantial knowledge provided by the study of modern trees
(Schweingruber et al., 2008, 2011) to arboreal plants from the fossil
record is restricted to selected applications (Ash and Creber, 1992;
Falcon-Lang, 1999, 2003, 2005; Francis, 1984). If vegetation can be
called “crystallised climate” as was metaphorically expressed by
Köppen (1936), plants with considerable secondary growth epitomise
this in particular.

However, even with a local focus one can find significant archives of
habitat cyclicity, e.g., in persisting vegetation elements. Extending the
vegetative life span of Arthropitys ezonata ensures that it may have
had the capacity to survive unfavourable periods and extend its repro-
ductive life span, including during such less favourable times (Rößler
and Noll, 2006). Whilst adaptation to seasonal drought is well under-
stood in evolutionarily derived plants, such as conifers or cycads, we
found a number of survival strategies also amongst more primitive
clades. Based on palaeofloras from different low-latitude sites of
both Euramerica and Gondwana we can adduce that phenotypic
plasticity amongst arboreal sphenopsids and psaroniaceous tree
ferns enabled them to withstand severe moisture stress (Barthel
and Weiß, 1997; Neregato et al., 2015; Rößler and Noll, 2006,
2010; Tavares et al., 2014). Although both are usually regarded as
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evolutionarily less-derived plant lineages, we recognise trends to
enlarge the water storage capacity by more voluminous parenchyma
portions or reduce transpiration by protecting leaves with a cover of
fine hairs, reducing their surface or simply by shedding leafy shoots
during drier seasons.

At first view, “growth” rings in calamitaleans sound strange,
ultimately these pteridophytes are presumed as typical representatives
of Palaeozoic wetland communities showing long-term compositional
conservatism and likewise colonising wet clastic-substrates or mires
(Falcon-Lang, 2015). On the other hand calamitaleans can exhibit
considerable secondary growth (Rößler and Noll, 2006; Rößler et al.,
2012a) offering a local monitoring of environmental conditions over
longer periods of time. Different organs of the woody arboreal plants,
calamitaleans in particular, exhibit various patterns of tissue density
variations in their secondary xylem.

4.3.2.1. Tissue density variations in calamitaleans. Amongst tissue density
variations we recognised several types of growth interruptions by
investigating two calamitalean specimens. One of them (Arthropitys
bistriata, KH0277-04, Fig. 11) was found in growth position, the other
(A. sterzelii, K3257) is from the vicinity of the Hilbersdorf excavation
(Fig. 12). The transverse section of the basal part of the stem
(KH0277-04) measures 310 × 220 mm. Cell preservation differs within
the section of KH0277, whereas in K3257 cells are uniformly well-
preserved. The major type of tissue density variations, predominant in
both specimens, is characterised by diffuse radial zones of slightly
smaller and thick-walled cells, quite comparable to false rings (Creber
and Chaloner, 1984; Figs. 11C/D and 12C). Most are circumferential
and parallel to each other. The ring width of tissue density variations
varies considerably; intervals are wider and more irregular in the
central part of the stems, but narrower andmore regular in themarginal
part (Fig. 11B). Some of themore distinct tissue density variations show
a gradual decrease of cell size and increase of cell wall thickness follow-
ed by a thin zone of deformed, crushed or collapsed cells, accompanied
by disruption of normal growth direction of the tracheids (Fig. 11D).
Frequently so called ‘double rings’ occur (e.g., Francis, 1984). Exception-
al tissue density variations are present in KH0277-04 and K3257. In
KH0277-04 such a zone is represented by a very clear, but non-
circumferential tissue density variations characterised by sudden cell
size decrease and deformation of cells followed by a distinct “recovery
phase” back to normal cell growth (Fig. 11B, D). The radial section of
this tissue density variation is interrupted by a prominent scar associat-
ed with fissure cracks resulting from an outer injury, which is followed
by a prominent zone of callus tissue growing from both sides of the scar
(Fig. 11B, E). In K3257, an exceptional zone appears by a gradual cell
wall thickening and cell size decrease followed by a thin zone of crushed
cells and a sudden growth of large thin-walled parenchyma (Fig. 12E, F).

4.3.2.2. Interpretation. The majority of tissue density variations found in
the investigated specimens are different from normal growth rings
usually occurring in woody trees of temperate latitudes. Instead, they
represent zones of reduced growth activity as is typical for false rings,
frequently observed in the tropics and subtropics as well as in arid
desert regions (Chapman, 1994; Creber and Chaloner, 1984;
Schweingruber et al., 2008). They likely represent both seasonal and
intra-seasonalfluctuations and are probably caused by limiting environ-
mental conditions, such as reducedwater availability or frost. Due to the
palaeogeographical position of the study area, at approximately 15°N,
frost events seem implausible. With regard to the regular ring width
pattern in the outer part of the stems, the tissue density variations likely
reflect restricted growth during seasonal dry phases. More severe
droughts usually led to the formation of zones with collapsed and
even crushed cells (Fig. 11D). Ring width variation between the inner
and outer parts of the stem is probably due to ontogenetic development.
Wide and irregular tissue density variations in the central part suggest
fast growth of the young plant, whereas very regular and narrow tissue
density variations dominating the outer part of the stem developed in a
later growth stage (Schweingruber et al., 2008).

Because of their unique occurrence exceptionally severe tissue den-
sity variations occurring in both specimens are seen as ‘event zones’
being the result of distinct environmental impact. There are several pos-
sible causes leading to the formation of event zones, e.g., frost, severe
drought, defoliation, wildfires, lightning strikes, volcanic ash falls or
flash floods (Byers et al., 2014; Creber and Chaloner, 1984;
Schweingruber et al., 2011). Flash floods can be excluded for both spec-
imens according to the sedimentary record. As argued above severe
frost events are unlikely. The same for wildfires, because no charcoal
was found in the palaeosol. Most likely are severe droughts or even vol-
canic ash falls; the latter could result from pre-eruption events presag-
ing the major eruption of the Zeisigwald volcano. It is hard to say
whether the event zones of KH0277-04 and K3257 were caused by
the same environmental event because no correlation is available, so far.

Tissue density variations are not restricted to calamitaleans. They are
likely to occur inmedullosan seed ferns and cordaitaleans aswell, which
contributes to their environmental significance. Future research will
show to what extent tissue density variations in specimens of different
species are useful to recognise short-time climatic developments and
how they correlate to the palaeoclimatic model of Roscher and
Schneider (2006), which suggests different patterns of seasonality.
Altogether, tissue density variations record the most detailed level of
environmental rhythmicity in the habitat and therefore possess the
same high resolution as the laminated carbonate of the lacustrine
Reinsdorf Horizon does.

5. Discussion

5.1. Interregional comparisons of geological and palaeontological
background

Traditionally, the major indicators of deep-time palaeoclimate are
provided by palaeontological, pedological and geochemical evidence
(e.g., DiMichele et al., 2008; Gulbranson et al., 2015; Hasiotis et al.,
2007; Raymond et al., 2014; Tabor and Poulsen, 2008). Data presented
above shed light on the Chemnitz Fossil Forest's palaeoenvironment,
demonstrating that a seasonal climate influenced palaeosol formation,
geochemical parameters and plant growth. Provided that an adequate
stratigraphic control exists (Roscher and Schneider, 2005; Schneider
and Romer, 2010; Schneider et al., 2014), reconstructions of
palaeoclimate and palaeogeography are of particular interest (Isbell
et al., 2012; Peyser and Poulsen, 2008; Roscher and Schneider, 2006;
Sahney et al., 2010; Schneider et al., 2006; Tabor, 2013). Several
approaches have been proven to be very useful for providing
palaeoclimatic data, such as palaeobotany, palaeopedology and
geochemistry (Bomfleur and Kerp, 2010; Cecil et al., 2014; DiMichele
et al., 2008, 2011; Rosenau et al., 2013; Schneider et al., 2006; Sheldon
and Tabor, 2009; Tabor and Poulsen, 2008; Wang et al., 2014). Recently
the type of organic matter obtained from humic coals and limnic
sediments of Pennsylvanian to Permian basins was determined using
organic petrology; Rock-Eval data and biomarker distribution support
muchhigher climatic variabilitywhen cycled through awet/dry tropical
state (Izart et al., 2012). However, irrespective of a few dispersed and
highly carbonised particles in petrifiedwood, organic matter is unfortu-
nately not preserved at the Chemnitz site (Wittke et al., 2004). Never-
theless, there are other promising circumstances featuring this fossil
Lagerstätte (Rößler et al., 2012b). The extensive fossil record of this T0

assemblage, which characterises the Chemnitz Fossil Forest as a unique
window into the northern Pangaean Cisuralian, and additional informa-
tion from the palaeosol sustaining this forested habitat underline a
certain phase of increased humidity. The dense, multi-aged hygrophi-
lous vegetation and its relations to a number of terrestrial animals
characterising this mineral soil lowland environment fits with the wet
phase D around 290 Ma of Roscher and Schneider (2006).



Fig. 12. Tissue density variations in a calamitalean (A. sterzelii, K3257) from the vicinity of the Hilbersdorf excavation. (A) Transverse section showing tissue density variations and uni-
formly well preserved wood (illustrated in negative black/white image, scale bar: 50mm). (B) Documentation of visible tissue density variations forming a regular pattern of mostly cir-
cumferential zones. a—pith cavity, b—distinct event zone; Dashed square—part of “(C)” (scale bar: 50mm). (C) Typical regular tissue density variations showing considerable ring width
(scale bar: 1 mm). (D) Detail of the lower tissue density variation in “(C)” characterised by a slight and gradational decrease of cell size and an increase of cell wall thickness (arrow, scale
bar: 0.5mm). (E) Event zonemarked in “(B)”: The zone is accompanied by colour variations (scale bar: 0.5mm). (F) Detail of “(E)” characterised by a decrease of tracheid size and increase
of cell wall thickness, followed by a zone of collapsed cells and an initial growth of thin-walled large-celled parenchyma from the rays (scale bar: 0.1 mm).
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Accompanying the general aridisation trend of equatorial Pangaea
(Chumakov and Zharkov, 2002; DiMichele et al., 2006; Tabor, 2013;
Tabor and Poulsen, 2008) and a substantial rise in atmospheric CO2

(Peyser and Poulsen, 2008), a repeated change of several dry and wet
phases is evidenced, based on sophisticatedmulti-method stratigraphic
evaluations, including well-founded correlations amongst several
European and North-American late Palaeozoic basins and to the
Southern hemisphere Karoo Basin (Schneider et al., 2006). The global
warming from the Carboniferous icehouse into the Mesozoic green-
house exhibits much variation at different temporal and spatial scales
(Looy et al., 2014; Montañez and Poulsen, 2013; Torsvik and Cocks,
2004). As depicted by DiMichele (2014), the distribution of equatorial
wet and seasonally dry biomes and their vegetation types oscillated
according to glacial–interglacial climatic cycles; as these responded to
environmental disturbances they may have recorded both trends and
controls within Pangaean tropics. One of the most striking
palaeoclimatic patterns is the appearance of seasonality caused by the
shift of the Intertropical Convergence Zone (ITCZ) over the equator
(Kutzbach and Ziegler, 1994; Roscher and Schneider, 2006). Evidence
of seasonality received recently special attention from different direc-
tions, e.g., the development and changes in fluvial architecture (Allen
et al., 2014), fossil plant anatomy (Neregato et al., 2015; Rößler et al.,
2014) and spatial–temporal biome dynamics (Looy et al., 2014).

The overall climatic fluctuation of wet and dry phases was not only
determined by global-scale influences, such as orbital and consequently
glacio-eustatic cycles according to the waxing and waning of the
Gondwanan icecap, plate tectonics, palaeogeography, and oceanic cur-
rents, but these effects were additionally modified by regional-scale
influences, like volcanotectonic activity and sediment delivery
dependent on the geomorphic situation and drainage patterns. Accord-
ing to its isotopic age (see above) and biostratigraphic indications
(Schneider and Werneburg, 2012) the Leukersdorf Formation belongs
to the wet phase D of Roscher and Schneider (2006), roughly between
292 and 289 Ma. Each of these wet phases recognised since the late
Westphalian (Moscovian) is drier than the previous one. The floral
associations accompanying the Permian wet and dry phases in Central
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Europe are characterised by Barthel and Rößler (2012). Late Pennsylva-
nian/early Permian (Gzhelian/Asselian) wet phase C is represented in
most, if not all, Central European basins by basin-wide distributed
grey facies and common coal seams, e.g., the famous Manebach Forma-
tion in the Thuringian Forest Basin (Barthel and Rößler, 1997). This flora
is generally dominated by peat-forming hygrophilous elements and
species-rich hygrophilous to mesophilous fern and pteridosperm asso-
ciations on peat or mineral substrates. In the dry phase between wet
phases C and D, wet red beds interchange with the grey facies of the
lake levels and coals are lacking. The flora of the lake levels is
characterised by mesophilous to xerophilous associations with rare
occurrences of hygrophilous elements from the near-lake surroundings.
In the wet phase D the last perennial lakes occur in all European basins.
Only in single basins peat-forming facies re-occurred, as indicated in the
Buxières Formation of the Bourbon l'Archambault Basin of the French
Massif Central (Roscher and Schneider, 2006).

In the early wet phase D lake sediments are still dominated by
clastics, later and depending on basin configuration and lake size,
these lake sediments show increasingly carbonates. The latter is exem-
plified by microbial-mat-dominated lake and pond carbonates of the
Niederhäslich Limestone Horizon of the Döhlen Graben, about 50 km
east of the Chemnitz Basin (Schneider, 1994), and likewise by lacustrine
carbonate laminites found in the upper Oberhof Formation in both grey
and red facies (Lützner et al., 2012; Schneider and Gebhardt, 1993).
Generally, a dual lamination is well developed in pelagic lake sediments
of this time interval. Ideally, the varve-like clastic couplets consist of a
basal silt lamina followed by a darker, Corg enriched clayish lamina;
carbonate couplets consist of a darker lamina enriched in clastic compo-
nents and Corg and a bright, nearly pure carbonate lamina. Transi-
tions between the couplets are gradually, irregularities can be
common. The Reinsdorf Carbonate Horizon of the Leukersdorf For-
mation, about 30 m below the Zeisigwald Tuff, consists of one to
five limestone beds, which document the facies and distribution of
the lake and pond environment (Schneider et al., 2012). The
common facies type is a monotonous grey micritic gastropod-
ostracod limestone; towards the basin centre carbonate laminites
with marl-limestone couplets are developed. Moreover, evaporites
as pure dolosparites and gypsum are additionally reported from the
Reinsdorf Carbonate Horizon (Schneider et al., 2012). Altogether this
points to alternating wet and dry seasons and an increasing aridity
during the wet phase D.

At the time of growth and burial of the Chemnitz Petrified Forest, the
sediments of the Leukersdorf Formation representing the surrounding
forested area, and those below and above this level, are wet red beds.
The depositional environment is reconstructed as an alluvial fan and
braidplain system (Schneider et al., 2012). Red siltstones and silty
sandstones as overbank deposits of intermittent fluvial discharge and
stacked and amalgamated distal sheet-flood deposits predominate in
the basin centre. Typical are metre-thick vertisols and decimetre- to
metre-thick calcisols of different maturity up to mature calcretes and
dolocretes. The formation of the latter calls for precipitation rates not ex-
ceeding about 600mm/a and extended dry seasons (Jäger, 1939;Wright,
1987, 1992). Scoyenia- and Planolites montanus-type bioturbation are
common. The frequent occurrence of Scoyenia indicates fluctuating
groundwater levels; whitish-greenish leached coarser channel clastics
intercalated with red siltstones indicate a certain amount of groundwa-
ter flow. However, remains of vegetation apart from milimetre-sized
fine horizontal roots, centimetre-thick rhizoconcretions and rare
walchian twigs are missing in the wet red beds. Regarding its
palaeolatitudinal position of about 15°N and its climate sensitive litho-
and biofacies this environment could be interpreted as a nearly
unvegetated tropical, semi-arid biome with evaporation exceeding
precipitation.

The Chemnitz Fossil Forest appears to contradict this interpretation.
The geology of the Chemnitz Basin in general and the Leukersdorf
Formation in are very well established by detailed geological mapping
since the mid-19th century and detailed investigations of several
thousand metres of drilling cores (Schneider et al., 2012). Traces of a
vegetated area comparable to this spatially restricted but diverse forest
ecosystem have not been found in this formation. Likewise, such a com-
plex palaeosol horizon, on which the forest developed, was not
recognised anywhere throughout the Leukersdorf Formation. Therefore,
the key to resolving this contradiction probably lies in the palaeosol.

5.2. Palaeoclimatic and environmental significance

Palaeosols have proven remarkably useful for examining a set of
geological questions concerning palaeoclimatic studies, such as the
estimation of palaeoprecipitation rates (Caudill et al., 1996; Retallack,
1994, 2005), palaeotemperatures (Tabor andMontañez, 2005), changes
in atmospheric composition (Tabor and Poulsen, 2008), calculation of
aggradational and subsidence rates (Sheldon and Retallack, 2001), re-
constructions of ancient landscapes and basin development histories,
and stratigraphic applications at different spatial scales (e.g., Kraus,
1999; Lu et al., 2015; Mack et al., 2010).

The relationship between the depth to a specific nodular soil horizon
and the annual precipitation was first expressed by Jenny (1941) and
offers a useful pedogenic indicator for interpreting aridland soils.
Based on carbonate horizons (Nordt et al., 2006; Retallack, 1994, 2000,
2005) and gypsic horizons (Retallack and Huang, 2010) it was proven
to be appropriate to estimate palaeoprecipitation also from palaeosols,
once the depth to the nodular horizon is corrected for compaction.
Although challenged by Royer (1999) this relationship seems to be
largely feasible as a quantifying climofunction and yields, applied to
the calcrete at the Hilbersdorf excavation, a realistic value of 812 ±
147 mm/a, which is in agreement with the range of 800–1100 mm/a
that is confirmed by molecular weathering indices.

The Variscan Orogen did not result in an orographic east–west barri-
er, and accordingly the Inter-Tropical Convergence Zone was widely
displaced, causing four seasons (dry summer/winter, wet spring/au-
tumn) at around 300 Ma in the palaeoequatorial belt (Roscher and
Schneider, 2006), implicating a monsoonal circulation pattern
(Roscher et al., 2008, 2011). Considering the aforementioned palaeosol
characteristics, with mixed carbonate/ferric glaebules, comparisons to
regions now having a monsoonal climate (Courty and Fédoroff, 1985;
Sehgal and Stoops, 1972) seems justified. However, the growth ring-
like record, especially that found in woody calamitaleans does not
allow further refinement of the climatic evidence, in particular for
determining the number of seasons. Nevertheless, the kind of habitat
cyclicity documented in more or less clear tissue density variations in
all of the arboreal woody plants, for the first time provides the opportu-
nity to implement the fourth dimension within this in-situ ecosystem.
Future investigations are necessary to evaluate the potential of wood
in general and of different woody organs in particular as archives of
Permian climate. Groundwater resources, albeit fluctuating, had obvi-
ously a major influence at our site in maintaining a dense wet forest
that surely buffered moisture availability during seasons. The obvious
contradiction of much precipitation on the one hand, and on the other
the indication for low chemical weathering, seem to require a strong
seasonal regime as proposed by this study. Although the Chemnitz site
flora encompasses a considerable portion of stream-side elements
sensu DiMichele et al. (2006), such as calamitaleans and tree ferns, it
shows surprising much conformity with the conservative wetland
biome of basinal lowlands characterised by DiMichele et al. (2009) as
“Wetland vegetation dominates, with occasional preservation of alloch-
thonous plant remains from the nearest extrabasinal areas.” However,
initially expected indications of waterlogging, peat formation and
short-term preservation are lacking completely. Althoughwoody plants
recorded climate sensitive oscillations, we cannot call this localised
high-moisture habitat of calamitaleans, tree ferns, medullosan seed
ferns and cordaitaleans a seasonally dry assemblage. Typical elements
of a seasonally dry biome, e.g., the putative cycadaleans “Pterophyllum”
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and Plagiozamites, occurredmuch earlier in the Chemnitz Basin (Sterzel,
1918) and are documented from theunderlying Planitz Formation.Does
the remarkable character of the vegetation community at the
Hilbersdorf locality under the reconstructed palaeoclimatic conditions
remain controversial? Although, as shown, different plants developed
adaptational strategies to survive moisture stress, additional environ-
mental factors may have contributed to the stability of the ecosystem,
e.g., a local minor seasonal fluctuation of the groundwater table. This
assumption is supported by the occurrence of shallow and mainly
horizontally oriented root systems of in-situ trees that may have
adapted to a high groundwater table (Falcon-Lang et al., 2011; Jenik,
1978; Pfefferkorn and Fuchs, 1991). The presence of tap-root systems
as recognised for cordaitaleans and medullosan seed ferns could
represent an adaption to a deeper groundwater table during drier
seasons. Favoured by site-specific groundwater conditions, the local
climatic self-organisation of a hygrophilous forest vegetation communi-
ty could have buffered its own stability, even within drier surroundings
(Schneider et al., 1984). By reflecting local humidmicro-environmental
conditions, the forest ecosystem could be compared to a “wet spot”
sensu DiMichele et al. (2006). This is supported by the upper palaeosol
section, which shows several similar features as described for the
pedotype of the “wet spots” (DiMichele et al., 2006). Summarising the
floral composition, environmental and pedological features we see
much similarities of the spatially restricted Chemnitz site to the early
Permian Sobernheim fossil assemblage in western Germany (Kerp,
1996, 2000; Kerp and Fichter, 1985; Krings and Kerp, 2000) and even
to the palaeofloras of low-latitude equatorial Gondwana (Dias-Brito
et al., 2007; Rößler, 2006), underlining the sporadical re-appearance
of wet biota in the early Permian that is characterised by a general
aridification. Floral assemblages from the Permian of northeast Brazil
are dominated by stream-side elements of considerable diversity, such
different evolutionary lineages of tree ferns, calamitaleans and gymno-
sperms (Capretz and Rohn, 2013; Kurzawe et al., 2013a,b; Neregato
et al., 2015; Rößler and Galtier, 2002a,b, 2003). Although hygrophilous
elements are largely prevailing, strong seasonality is evident from
specialised drought adaptations of plants (Tavares et al., 2014), frequent
growth interruptions in long-living woody plants (Rößler et al., 2014),
silcrete palaeosols and gypsite accumulations (Dias-Brito et al., 2007).

In addition to the influence of environmental conditions on the flora,
some faunal characteristics of the Chemnitz Fossil Forest ecosystem
should be mentioned in this context. Good drainage and a high Eh
value in the upper palaeosol were ideal for faunal colonisation. The
frequency of terrestrial gastropods down to a maximum depth of
0.40 m, as well as the occurrence of scorpions preserved within their
original burrows, a few centimetres below the palaeosol surface
indicate adequate living conditions encompassing soil moisture, aera-
tion and nutrient supply in a loose mineral substrate. However, the
burrowing behaviour of terrestrial gastropods has never been docu-
mented in the Palaeozoic fossil record. Given the seasonally driven
moisture stress, burrowing could be interpreted as a survival strategy
to prevent from desiccation during periods of drought. Further studies
will go more into detail regarding palaeoecological interactions of the
substrate, plants and animals.

6. Conclusions

1) The early Permian fossil forest of Chemnitz appears as a spatially
restricted and taphonomically favoured “wet spot”, surrounded by
an obviously almost unvegetated dry environment, characterised
by a well-drained alluvial fan/braidplain depositional system
proximal to a volcanic vent.

2) The forest ecosystem developed in a low latitude seasonal tropical,
semi-humid local to semi-arid regional climate with an estimated
annual precipitation in a range of 800–1100 mm.

3) A diverse community of arboreal plants grew on amineral substrate
represented by an immature, entisol-like palaeosol, lacking features
of intense chemical alteration, probably due to a relatively short for-
mation time.

4) A long-term stable, but seasonally fluctuating groundwater table in
combination with phases of high evapotranspiration led to the for-
mation of a groundwater calcrete, succeeding and overprinting an
initial pedogenic calcrete, which formed before the forest ecosystem
developed.

5) Seasonality is not only recorded by the co-occurrence and inter-
growth of carbonate and hematite glaebules in the palaeosol, but
also in long-lived woody plants by forming tissue density variations,
which are predominantly similar to modern “false rings”. Particular
event zones indicate temporary phases of severe environmental
stress, probably induced by droughts.

6) Plants adapted to seasonally variablewater availability by the forma-
tion of shallow voluminous root systems (psaroniaceous tree ferns,
calamitaleans) densely penetrating the upper soil horizons. Gymno-
sperms (cordaitaleans and medullosan seed ferns) show additional
formation of low to medium depth tap roots.

7) Besides a diverse plant community, the palaeosol was colonised by
several faunal elements such as terrestrial gastropods and arachnids.
The entity of organisms preserved at Chemnitz Fossil Lagerstätte in-
cludes different vertebrates and arthropods and ultimately reflects a
relatively young, but already well-established ecosystem with a re-
markably developed trophic pyramid.
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