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Petrographic imaging, in combination with qualitative and quantitative instrumental analyses of mineral
mass, allow us to obtain material signatures of silicified plant stems that are relatively common in sediments
of continental basins since the late Palaeozoic. These fossils can be found in their original strata but
commonly have been removed from their environmental and stratigraphic context, redeposited, and
scattered on the recent land surface after erosion of the parent rocks. Analytical data gathered from X-ray
diffraction analysis, hot cathodoluminescence (CL) imaging and spectroscopy, electron microprobe analysis,
Raman spectrometry, and polarised light microscopy serve to characterise material signatures of samples
from basins in Brazil, Germany, the Czech Republic, Sultanate of Oman, Mongolia, Antarctica, France, and the
USA. This collection includes silicified Pennsylvanian and Permian plant taxa (and a few from the Triassic)
found in fluvial environments and sites influenced by volcanism with the purpose to discern fundamental
material characteristics formed under particular environmental circumstances. Late Pennsylvanian and
Permian silicified stems in fluvial rocks include the presence of well-crystalline quartz (α-SiO2), sometimes
with a trace of kaolinite, showing weak CL (mostly blue or dark reddish), occasional mosaic or patchy
preservation of anatomical details, and other signs of pressure distortion of wet trunks in fluvial deposits and
subsequent diagenetic recrystallisation. The presumed silica source for the initial stage of silicification was
weathering of labile minerals, mostly feldspars in the alluvium. In wood from aeolian deposits, moganite in
combination with goethite was detected. Based on our results, we propose that the stems were silicified in
sandy or gravelly fluvial deposits, most frequently in arkoses and arkosic sands, indicators of relatively warm
climate with pronounced seasonal distribution of precipitation. Excluded from this interpretation are stems
silicified primarily by volcanic material; these are distinguished by a higher species diversity, silicification
close to the site of growth, miscellaneous mineralogy, usually with very colourful CL shades, and the
presence of metastable forms of SiO2, opal-CT or moganite. This volcanic influence on silicification mode is
less clearly controlled by seasonality of precipitation or palaeoclimate itself.
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1. Introduction

Considering the dynamics of both endogenic and exogenic processes
and the extent of geologic time, it seems astonishing that today we can
observe three-dimensionally preserved extinct plants that lived about
300 Ma. While petrified forests have attracted the attention of the
public, collectors, and scientists, their formation and relevance to
deciphering palaeoenvironmental conditions have not been satisfacto-
rily understood. Considerable progress is apparent in the last few
decades due to more intensive interdisciplinary research (e.g., Witke
et al., 2004; Parrish and Falcon-Lang, 2007). After carbonisation
(coalification), permineralisation (mainly silicification) is the most
common mode of Palaeozoic and Mesozoic plant fossilisation.
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Permineralisation of plant stems by carbonates (calcification), although
less common, is known from Mississippian–Pennsylvanian limestones
and fluvial deposits (e.g., Brown et al., 1994; Falcon-Lang and Scott,
2000), and from the well-known coal balls from the Pennsylvanian of
Euramerica (e.g., Snigirevskaya, 1972; DiMichele and Phillips, 1994).
Further examples of plant permineralisation, such as phosphatisation,
fluoritisation, pyritisation, goethitisation or preservation by Mn-rich
solutions, have also been mentioned (e.g., Buurman, 1972; Jefferson,
1987;Grimes et al., 2002;Nowaket al., 2005; Polgári et al., 2005; Chaney
et al., 2009). Nevertheless, silicified stems are the most resistant to
weathering and hence have the highest preservation potential. It has
already been proposed that silicified wood denotes a certain palaeocli-
matic meaning (e.g., Skoček, 1974; Lefranc, 1975; Beauchamp, 1981;
Fielding and Alexander, 2001;Wagner andMayoral, 2007; Colombi and
Parrish, 2008;Matysováet al., 2009;Mencl et al., 2009),whichshouldbe
further elaborated.

There are several environmental settings leading to silicification of
plant stems. Impregnation of wood in association with hot springs via
filling cell space by microspheres of opal-A has been performed
experimentally and is well documented (e.g., Akahane et al., 2004;
Channing and Edwards, 2004); opal-A is further converted to opal-CT
and finally to quartz (Stein, 1982; Rodgers et al., 2004). This process is
not very likely to produce basin-wide correlated fossiliferous strata such
as those, e.g., in the Czech Pennsylvanian basins (e.g., Skoček, 1970,
1974; Pešek et al., 2001; Matysová et al., 2008; Mencl et al., 2009). A
different situation in the fossil record was an almost complete burial of
plants in growth position (in situ) or at least in taphonomic proximity to
volcanic material (e.g., Sigleo, 1979; Noll and Wilde, 2002; Witke et al.,
2004; Rössler, 2006; Wagner and Mayoral, 2007), which, possibly with
associated co- and post-volcanic hydrothermal fluids, produced mainly
quartz, sometimes withmetastable silica polymorphs such asmoganite
(Witke et al., 2004), but also minerals such as CaF2 or phosphates of
uranium and rare earth elements (e.g., Götze and Rössler, 2000; Witke
et al., 2004; Matysová et al., 2009), which are not formed in fluvial
environments. The earliest stages of silicification were described in tree
trunks buried by lahars after the eruptions of Mt. Helens (Karowe and
Jefferson, 1987), indicating that complete silicification in a temperate
climate would happen very slowly after burial by fine sediments.
Additionally, silicified logs are occasionally found on the top of lignite
layers (Weibel, 1996; Fairon-Demaret et al., 2003) and rarely also in
marly marine sediments, e.g. in the Liassic of Europe (Philippe and
Thevenard, 1996).

Silicified stems are most common in permeable sandy or gravelly
fluvial strata which have no obvious association with volcanic
material but which contain indicators of periodically variable ground-
water levels (Parrish and Falcon-Lang, 2007). They are particularly
common in coarse-grained fluvial facies (e.g., Skoček, 1970, 1974; Del
Fueyo et al., 1995; Weibel, 1996; Fielding and Alexander, 2001; Pešek
et al., 2001; Diéguez and López-Gómez, 2005; Matysová et al., 2008;
Mencl et al., 2009), and in associated overbank fines (Rössler, 2006;
Artabe et al., 2007). The question is whether these permineralisations
provide information about the original palaeoclimatic conditions.

The aim of this work is to compare available geological, sedimen-
tological, mineralogical, and palaeobotanical data about silicified stems
fromseveral selected localities, in order to producea ‘test set’ to evaluate
further specimens from other localities or with uncertain original
provenance and geological settings. Opal and moganite phases have
been examined in silicified stems to test whether their presence is
related to the age of the specimens (e.g., Stein, 1982; Moxon, 2002;
Moxon and Ríos, 2004; Moxon and Reed, 2006) or to the mode of
silicification (e.g., Heaney, 1995). Cathodoluminescence (CL) imaging
wasutilised following initial investigations byGötze andRössler (2000),
Witke et al. (2004), Matysová et al. (2008), andMencl et al. (2009), and
spectral analyses of CL emissionswere added byMatysová et al. (2009).
We interpret these signatures in terms of palaeoenvironmental
reconstruction (Golonka and Ford, 2000), similar to the way that CL of
quartz is used as a tool for provenance analysis (e.g., Götze, 2000; Götze
and Zimmerle, 2000; Boggs et al., 2002; Boggs and Krinsley, 2006).

Skoček (1974) hypothesised that silicified stems, frequently found
in transitional formations from Pennsylvanian rocks of Central
Bohemian Basins, especially between grey and red units, are markers
of relatively fast aridisation. Mencl et al. (2009) found that silicified
stems, preserved in late Palaeozoic fluvial deposits of the Czech
basins, occurred in periods of (seasonally) dry climate that fit into the
environmental changes inferred by Opluštil and Cleal (2007). These
interpretations can only be valid if the silicification was not caused by
hot springs, burial by volcanic material, or any other phenomena not
implicitly related to the given palaeoenvironment. To unequivocally
discriminate silicification regimes, in this paper we detail the
mineralogy of a collection of stems silicified in alluvial sediments
and compare their material signatures to those fossilised in the
vicinity of volcanism. The results of this research suggest that stems
silicified in fluvial sediments represent environmentally sensitive
indicators which have previously been under-utilised in palaeocli-
matic and palaeoenvironmental reconstructions.

2. Materials and methods

Optical microscopes (an Olympus BX-51 and BX-60) were used for
microscopic observations of standard (polished) thin sections
(transverse, tangential and radial longitudinal cuts) in transmitted
(PPL) and polarised (XPL) light. An Olympus BX-51Mmicroscope was
used for observing polished sections in reflected light.

Cathodoluminescence imaging was performed with a hot cathode
CL microscope Simon-Neuser HC2-LM (Faculty of Science, Masaryk
University, Brno, Czech Republic), allowing light microscopy and
cathodoluminescence imaging without sample readjustment. The
electron gun was operated at 14 kV with a current density 10–40 μA/
mm2 in vacuum (10−6 bars) and luminescence images taken by a
digital camera (Olympus C-5060). CL spectrawere acquiredwith a hot
cathode CL microscope HC1-LM (TU Bergakademie Freiberg,
Germany) connected to an Acton Research SP-2356 digital, triple-
grating spectrograph with a Princeton Spec-10 CCD detector (wave-
length calibration by a Hg-halogen lamp) by a silica fibre guide. Thin
sections were carbon coated to prevent build up of electrical charge.
Spectral analysis was performed after conversion to wave numbers by
deconvolution to Gaussian bands using the OriginPro 7.5 (OriginLab,
USA). The procedure served to separate spectral components; mean
luminescence maxima were recalculated to wavelengths and dis-
cussed (see also Müller et al., 2002, 2003).

X-ray powder diffraction was performed with a conventional
D5005 diffractometer (Bruker-AXS). Planar fragments obtained
during production of thin sections for microscopy and imaging were
analysed. The diffraction patterns were evaluated by X'Pert HighScore
(PANalytical) using the PDF-2 database and identification was
confirmed and complemented by quantitative analysis using Rietveld
code Topas (Bruker). The Rietveld code produces an estimate of mean
coherence length (MCL) of quartz, and size of quartz crystal domains
without crystallographic defects.

If necessary, mineral admixtures were identified by electron
microanalysis using conventional electron microscopes, i.e., a Cameca
SX 100with aWDS detector and a high resolution CL detector (Faculty
of Science, Masaryk University, Brno, Czech Republic) or a Cambridge
CamScan with an EDS detector and micro-analytical system LinkISIS
300 (Faculty of Science, Charles University, Prague, Czech Republic).
Raman spectrometry (Institute of Chemical Technology, Prague, Czech
Republic) was used particularly to detect the presence of moganite,
goethite, and organic matter. Jobin Yvon model Labram HR with a
confocal Olympus microscope worked with an excitation laser
(532 nm) with an input power of 50 mW. Spectra were measured
under power of 5 mW, with 30 s data acquisition and 30 spectra
accumulation.
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3. Environmental and geological settings of localities studied

Information on localities and geologic details of the studied
specimens are presented in Table 1, together with a map (Fig. 1).
3.1. Parnaíba Basin, Tocantins, Brazil

Samples marked by B# were provided by the Museum für
Naturkunde Chemnitz, Germany and were collected in the Permian
Pedra de Fogo and Motuca Formations. The set of localities
summarised as the Northern Tocantins Petrified Forest represents
the most luxuriant and important Permian tropical–subtropical
floristic record in Gondwana (Rössler and Noll, 2002; Dias-Brito et
al., 2007). The diverse arboreal vegetation grew in interchannel areas
of high-sinuosity sandy-bottom lowland rivers. Permineralised stems
are found either on recent erosional surfaces or in different Permian
alluvial sequences; these sequences are 10 m thick in total and
composed of lowermost major channel deposits of fine sand, central
silty floodplain deposits that are sometimes pedogenically altered,
and upper fossiliferous lacustrine and sheetflood deposits (Rössler,
Table 1
Localities of silicified stems. # is the number of specimens from each sample set.

Sample abbreviation # State, formation, locality, basins Setting

A1 to A6 6 Arizona (SW USA), Chinle Fm.,
Petrified Forest National Park

Burial
materi
scatter

B#
K 5254, K 4486, F 11936, F 11934,
K 4859, K 4866, K 4877, K 5405 b

8 Tocantins, Brazil, Pedra de Fogo/
Motuca Fm., Parnaíba Basin

Fluvial

C1 to C8
(K 5200, FN 1/06, DS 1/98, DS 3/98,
DS 4/98, DS 5/98, DS 6/98, DS 7/98),
CH1, CH2, K5508, CWe1, CWe2,
CNe1, CNe2, Ztuff1

16 Chemnitz, Germany, Leukersdorf
Fm., Erzgebirge Basin

Burial
specim
in tuff

T1 to T3
(PM 1902, PM 1903, PM 1904)

3 Antarctica, Buckley Fm. Fluvial
volcan

T5 to T9
(T 5852, T 5853, T 5854, T 5851,
11.471)

5 Antarctica, Fremouw Fm. Fluvial

M#, (M1,2,4,9,10,14,21), SW12/1996 8 Mongolia, Ulugej Chid, Alag UL,
“Winterlay”, sw. in coal bearing
beds, Upper Carboniferous–Permian,
RP No. 12/1116

Burial
materi
embed

DP1-6 (E6291, E6293, E6290, E6214,
E6295, E6296), P5097a, P5098a-b
P5104, P5109

11 Balka, Nová Paka, Krkonoše
Piedmont Basin, Czech Republic

Unkno
in rece
specim
Museu
the Mu
Nová P

DP7–10,12,14 (E6355, E6356, E6387,
E6358, E6360, E6362),
P1647, P1689, P3234,

9 Borovnice, Stará Paka, Les Lísek,
Krkonoše Piedmont Basin, Czech
Republic

Unkno
in rece
specim
Museu
the Mu
Nová P

DP7,11,14,16 (E6355,E6359,
E6362,E6364), VSP3, VSP4,
VSP6, VSP7, JH

7 Intrasudetic Basin, Czech Republic
Žaltman Arkoses Fm.
(Hawk Mts.)

Fluvial
still em

DP17(E6365),
Lid.1W,Lid.1A

3 KPB, Czech Republic, Štikov
Arkoses Fm.

Fluvial
still em

BLŠ1, BLŠ2, Kaz, K01, K02, L01, L02 7 West Bohemian Basins, Czech
Republic, close to Blšany, Kaznějov,
Kůští, Líně

Only fo
alluviu

F1, F2
(FN 2/06,
FN 3/06)

2 Autun Basin, France Museu
unkno

O3, O17-2,
O17-6

3 Oman, the locality near Saiwan
Upper Gharif Fm.

Only fo

O1, O2, O15, JB15, JB23, JB26,
O21-3

7 Oman, Upper Gharif Fm. Probab
some s
embed
2006). The Tocantins fossiliferous strata indicate substantial altera-
tions in hydrological regime, and silcrete crust and nodules are
sometimes present in the top of the cycles. Silicified stems,mostly tree
ferns and sphenophytes, are in some cases in subautochthonous
positions with no indication of long-distance transport. The anatomy
of the stems is mainly well preserved, although the original organic
matter is almost completely gone (Rössler, 2006).
3.2. Erzgebirge Basin, Chemnitz, Germany

Samples marked by C# were provided by the Museum für
Naturkunde Chemnitz, Germany. Petrified trunks from Chemnitz
have been well known since the early days of palaeobotany (Cotta,
1832) and originate from the Early Permian Leukersdorf Formation
(Erzgebirge Basin, Saxony, Germany). This fossil site was formed
during burial of a complete forest ecosystem by the airborne
Zeisigwald tuff, a stacked sequence of several air fall tuffs and
pyroclastic flows (Eulenberger et al., 1995; Witke et al., 2004; Rössler,
2006). A diverse assemblage of ferns, seed ferns, sphenophytes,
conifers, and cordaites is exceptionally preserved mainly in their
s Age Taxonomic assignment

in reworked volcanic
al, materials mostly
ed in recent alluvium

Late Triassic Woodworthia arizonica,
Schilderia adamanica, and
“Araucarioxylon arizonicum”

sediments Permian Various taxa

in volcanic material,
ens still embedded

Early Permian Various taxa

sediments including
iclastic material

Permian Vertebraria sp. roots
(glossopterids)

sediments Triassic ?, Jeffersonioxylon gordonense
(corystosperm seed ferns)

of plants in volcanic
al, specimens still
ded in tuff calcified

? Jurassic Gymnosperms

wn, specimens found
nt alluvium,
ens from National
m in Prague (E#) and
nicipal Museum
aka (P#)

Stephanian C (around
the Pennsylvanian–
Permian boundary)

Various taxa

wn, specimens found
nt alluvium,
ens from National
m in Prague (E#) and
nicipal Museum
aka (P#)

Stephanian C, Ploužnice
Horizon (around the
Pennsylvanian–Permian
boundary)

Dadoxylon sp. (gymnosperms)
Psaronius sp. (tree ferns)

arkoses, specimens
bedded in tuff

Westphalian
D–Cantabrian, Late
Pennsylvanian

Dadoxylon sp., probably
cordaitaleans

arkoses, specimens
bedded in sediments

Westphalian
D–Cantabrian, Late
Pennsylvanian

Dadoxylon sp. (gymnosperms)

und in recent
m

Stephanian A and C Dadoxylon sp. wood
Late Pennsylvanian

m specimens with
wn geological settings

Early Permian Psaronius sp., Dadoxylon sp.

und in recent alluvium Middle Permian probably Dadoxylon sp.

ly from fluvial sediments,
pecimens are still
ded in fluvial sandstones

Dadoxylon sp. or
Prototaxoxylon sp. wood



Fig. 1.Map of Pangaea in the Permian with positions of the studied localities: 1— Parnaíba Basin, Tocantins, Brazil; 2— Erzgebirge Basin, Chemnitz, Germany; 3— Intrasudetic Basin
(ISB), Krkonoše Piedmont Basin (KPB) including Balka locality and West Bohemian Basin (WBB), Czech Republic; 4 — Huqf Area, Sultanate of Oman, including Saiwan locality; 5 —

Mongolia; 6 — Petrified Forest National Park, Arizona, USA; 7 — Autun Basin, France; 8 — Central Transantarctic Mountains, Antarctica. Based on Golonka and Ford (2000)
reconstruction at time slice ∼293–256 Ma.
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original growth positions (Rössler, 2006). Mineral phases in the plant
tissues are mostly quartz of several generations (Götze and Rössler,
2000), minor fluorite, and traces of moganite, Fe oxides, barite, and
calcite (Witke et al., 2004; Rössler, 2006; Matysová et al., 2009).
Organic matter of original plant tissues is rare, largely preserved as
dispersed anthracite (Nestler et al., 2003; Witke et al., 2004).

3.3. Intra Sudetic Basin (ISB), Czech Republic

Samples marked by DP# were provided by the National Museum
in Prague, Czech Republic; VS# samples come from private collec-
tions. In the ISB (NE Bohemia)most silicified stems are found in rather
porous sediments, fluvial arkoses to arkosic sands or conglomerates
deposited by meandering or braided rivers. Žaltman Arkoses (early
Stephanian), part of the Odolov Formation, are the richest fossiliferous
strata in the basin (Pešek et al., 2001). This time period was
characterised by a relatively low volcanic activity (Ulrych et al.,
2006) and has been assigned to the early Stephanian dry interval
(Opluštil and Cleal, 2007). The only silicified wood documented and
revised by Mencl et al. (2009) in this formation consisted of cordaites
and conifers and belonged to the morphotaxon Dadoxylon. All stems
were found embedded in fluvial strata and bear traces of fluvial
transport (Pešek et al., 2001;Matysová et al., 2008;Mencl et al., 2009).
Subsidence in this basin slowed in the Permian and Triassic
continental deposits are very rare (Pešek et al., 2001).

3.4. Krkonoše Piedmont Basin (KPB), Czech Republic, including Balka
locality

Samples marked DP# were provided by the National Museum in
Prague, while those marked Lid# or P# were provided by the
Municipal Museum Nová Paka, Czech Republic. There are two types
of settings that produced silicified stems. Silicified Dadoxylon-type
wood occurs in different horizons of sandy/arkosic fluvial facies and is
more common; one of the best known is the Štikov Arkoses of the
Kumburk Formation, which is stratigraphically correlated with the
Žaltman Arkoses in the ISB due to the occurrence of those fossils
(Pešek et al., 2001). Fossiliferous Stará Paka Sandstones are slightly
younger.
A unique site in the entire Bohemian Massif is the Balka locality
(near Nová Paka, NE Bohemia), which has provided diverse anat-
omically preserved late Palaeozoic stems. The flora includes mostly
hygrophilous plants, tree ferns (Psaronius), calamitaleans (Arthrop-
itys), lycopsids, occasional Dadoxylon-type wood, and medullosan
seed ferns (Pešek et al., 2001; Matysová et al., 2008). The fossils are
assigned to the upper part of the Semily Formation (Stephanian C),
which consists of aleuropelite–sandstone cycles with lacustrine facies,
layers of silicates, and intercalated acidic pyroclastic material (Pešek
et al., 2001), pointing to the possible influence of volcanic material in
silicification. The Ploužnice Horizon is believed to contain volcanic
sediments. Excellently preserved pieces of Psaronius stems from this
horizon (e.g., Les Lísek, Stará Paka) are similar to those from Balka.
Volcanic activity increased substantially in the Bohemian Massif
between the Stephanian B and C (Ulrych et al., 2006). The climate of
that period was suggested to be arid (Roscher and Schneider, 2006)
and dry (Opluštil and Cleal, 2007). Unfortunately, fossil stems at Balka
have not been unequivocally associated with the parent facies and are
only found in recent alluvia.

3.5. West Bohemian Basins (WBB), Czech Republic

Samples marked by BLŠ#, KAZ#, L#, and K# come from private
collectors. There are two levels of fossil wood-bearing strata in WBB.
Well-known localities are around Pilsen (e.g., Blšany, Kaznějov, Líně,
Kůští), in close vicinity to outcrops of the Týnec (Barruelian,
Stephanian A) and Líně (Stephanian C) Formations (Pešek et al.,
2001; Mencl et al., 2009). The Líně Formation consists of consolidated
coarse-grained clastic material, reddish-brown mudstones, and silty
sandstones. Specimens were collected from recent surfaces and hence
their stratigraphic level remains to be established.

3.6. Huqf Area, Sultanate of Oman, including Saiwan locality

Samples #JB15 and #JB23 (Dadoxylon callixyloides) and #JB26
(Prototaxoxylon gharifense) have been provided from the Palaeobota-
nical Collection, Université Pierre et Marie Curie, Paris VI (Berthelin
et al., 2004). Samples marked by O# come from the collections of P.M.
All samples were obtained in the Huqf Area (eastern part of Oman),
either from a desert surface or from outcrops of the Upper Gharif
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Formation, Middle Permian (e.g., Berthelin et al., 2004; Heward, 2005;
Heward and Al Ja'aidi, 2005). The Gharif Formation, 200–350 m thick,
consists of fluvial, and coastal-to-marginal marine deposits. Sand-
stones retrieved from deeper cores contain 2–49% feldspars (Hartman
et al., 2000), both plagioclase and K-feldspar. The Middle and Upper
Gharif were deposited in a more arid climate than the Lower Gharif
(Hartman et al., 2000). Two different types of permineralised stems
were studied: variegated wood in yellow, red, and white, which was
scattered over the desert surface at a single locality near Saiwan, and
greyish specimens from all other sites in the Huqf Area; some of the
latter were in fluvial sediments and the remainder hadweathered out.
3.7. SW and SE Mongolia rift zone

Samples marked by M# come from private collections. Sample
#SW12/1996 was provided by the Czech Geological Survey, Brno.
Based on the geological settings around the Khurts uul locality (SW
Mongolia; see Černý et al., 2003; Hanžl and Krejčí, 2008), particularly
at the site RP No. 12/1116 where the sample #SW12/1996 was
collected, this sample was assigned to a Pennsylvanian–Permian age.

Several other specimens of silicified trunks (M#) were collected in
SE Mongolia, approximately 500 km south of Ulanbatar in outcrops
showing tuffs (localities Ulugej Chid, Alag Ul, and Winterlay; Plešák,
2006). Alag Ul is situated on the northwest slope of the Argalintuin
Ula structure. In all localities, woods were found in tuff or tuffaceous
sandy rocks and most seemed to be transported. By comparison with
the report of Keller and Hendrix (1997) these rocksmost likely belong
to a Jurassic fill of an extensive Mesozoic–Cenozoic rift system (Černý
et al., 2003). The Central Asian climate of that period was affected by
an extensive Pangeanmonsoonal systemwith seasonally very uneven
humidity as shown in the tree-ring structure (Keller and Hendrix,
1997).
3.8. Petrified Forest National Park, Arizona, USA

Samples marked by A# were kindly provided by Sidney R. Ash and
Geoffrey T. Creber. The fossils belong to the Upper Triassic Chinle
Formation, a widely distributed terrestrial series in the southwest
USA. They are usually exposed on the desert surface, weathered out
from their parent rock. Chinle Formation rocks have a varied and
colourful appearance, and lithology ranges from lacustrine to fluvial,
intercalated with deeply argillised rhyolitic ash (Sigleo, 1978, 1979;
Wright, 2002; Creber and Ash, 2004). The climate under which
silicification occurred has been compared with tropical rainforests
along the present-day Congo River by Wright (2002), while Demko
et al. (1998) pointed out highly seasonal precipitation and ground–
water conditions emerging from the rocks deposition.
Fig. 2. Diffractogram (A) and Raman spectra (B) of moganite, goethite and quartz (#O3,
Saiwan locality, Oman).
3.9. Autun Basin, Massif Central, France

Samples marked by F# come from the Museum für Naturkunde
Chemnitz; two samples were analysed. The basin has been known as
an important locality of both Mississippian and Permian perminer-
alisations since the 19th century (e.g., Renault, 1893–1896). The early
Permian succession comprises a set of lacustrine bituminous shales,
coals, dolomitic mudstones, and fluvial horizons intercalated by
volcanic layers (Roscher and Schneider, 2006). The well-preserved
permineralisations originate from different stratigraphic levels in the
succession. A diverse hygrophilic swamp vegetation is dominated by
ferns and sphenopsids, followed by pteridosperms, sigillarian lyco-
phytes, cordaitaleans, and conifers (Marguerier and Pacaud, 1980;
Galtier and Phillips, 1985). Our samples were collected on the surface
and so the exact geological background remains unknown but it is
believed to have been fluvial deposits.
3.10. Central Transantarctic Mountains, Antarctica

Samples marked by T# were provided by the Paleobotanical
Collections, University of Kansas (Lawrence, USA). They were
collected from several sites along the western margin of East
Antarctica (e.g., Taylor et al., 1989, 1992; Del Fueyo et al., 1995;
Cúneo et al., 2003). The specimens originated from strata assigned to
the Buckley (late Permian) and Fremouw (Middle Triassic) Forma-
tions, which include sandstones and mudstones deposited by braided
streams. Silicified plants and peat (Taylor et al., 1989, 2009) in these
formations are preserved in volcaniclastic sandstones. The Permian
specimens are assigned to Vertebraria, aerenchymatous roots of the
glossopterid pteridosperms. The Triassic Fremouw silicified forest is
preserved in a series of superimposed fluvial channels deposited by
low-sinuosity braided streams and includes in situ stumps buried by
several small-scale depositional events on the fluvial channel levee
(Cúneo et al., 2003). The channel system was likely stabilised by
vegetation. The wood, Jeffersonioxylon (#T9=11,471; Del Fueyo et al.,
1995), has similarities to podocarpaceous conifers, but was assigned
to the corystospermalean seed ferns based on the dominance of
Dicroidium foliage at the base of stumps (Cúneo et al., 2003). Erosion
of the volcanic arc located on the western margin of the Antarctic
craton was thought to provide the silica-saturated basinal water that
was the source for permineralisation (Cúneo et al., 2003). Irrespective
of the very high latitude of the region in the latest Palaeozoic–early
Mesozoic, the plant fossils, including species diversity (Triassic) and
coal formation (Permian), suggest a mild climate with seasonality



Fig. 3. Back scatter imaging (SEM/BSE) of other mineral phases accompanying main permineralising agent. A. Silicified wood (grey) surrounded by fluorite — white (#CNe-1),
Chemnitz; B. Silicified wood (grey) attacked by secondary fluorite — white (#CNe-1), Chemnitz; C. Silicified tissue of Psaronius sp. with idiomorphic fluorite crystal — white square
(C4; #DS 3/98), Chemnitz; D. Goethitised wood (#O3.C), Saiwan locality, Oman; E. Secondary gypsum, apatites, etc., in otherwise silicified Vertebraria roots (T2.T; #PM 1903),
Antarctica; F. FeOx (white) preserving tracheid cell walls in silicified Psaronius sp. (DP4; #E6214), Nová Paka, KPB, CR.
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mostly dependent on sunlight availability rather than temperature
and humidity extremes (Taylor and Ryberg, 2007).
4. Results

4.1. Mineral composition of silicified stems

The most common mineral component of practically all the
permineralised stems studied is quartz. Other mineral admixtures
are sometimes present and these phases reveal further details of the
silicification process. Mineral composition was evaluated by XRD
(Fig. 2), SEM/EDX or WDX (Fig. 3), and CL microscopy and
spectroscopy (Figs. 4–5). The results of XRD qualitative and
quantitative analyses are listed in Table 2. Opal-CT was found only
in silicified wood from Mongolia, although cristobalite and tridymite
were reported in many previous papers as common polymorphs in
silicified wood (e.g. Mitchell and Tufts, 1973; Scurfield and Segnit,
1984; Hatipoğlu and Türk, 2009). Spherulitic fibrous morphology of
quartz (chalcedony) was found only in some specimens from KPB,
Czech Republic (also reported byMatysová et al., 2008), Chemnitz and
Tocantins, particularly in former parenchyma cells of Arthropitys and
Dadoxylon, and very often in the adventitious aerial roots of Psaronius
(Fig. 6F). Length-fast chalcedony (zebroic type) is abundant in
Vertebraria roots from Antarctica, notably in the hollow areas
separating the radiating arms of pycnoxylic wood (Fig. 5H). It is
most likely connected with the peculiar anatomy of these roots (see
Decombeix et al., 2009; Taylor et al., 2009). Fibrous quartz is also
common in cavities, perhaps in borings in pycnoxylic wood (Fig. 6G).
Fig. 4. Overview of microscopic images (PPL-first column, XPL-second column), CL images (t
stems with yellow, orange, and green CL shades. PPL — plain light microscopy, XPL— polaris
spectral components are indicated: B— indigo blue, Y— yellow, and R— red. Arrows indicate
Basin, CR, Dadoxylon-type wood with large crack (#VS6.B), hydrothermal quartz (yellow)
secondary overprint (short-lived blue CL); C. Stará Paka, les Lísek, KPB, Dadoxylon-type woo
E. Mongolia, dolomitised Permian wood (#SW12-1996B); F. Petrified Forest, Arizona, Wood
locality, Oman, goethitised wood (#O3.C).
A very characteristic metastable silica polymorph in some silicified
stems is moganite. It was identified by XRD but this technique
possibly underestimates its actual quantity because of its very poor
crystal order (Götze et al., 1998). According to the Rietveld refinement
of the XRD patterns, the moganite content in specimens from Autun
(F#), Arizona (A#), and Chemnitz (C#) is up to 5%, but as much as 5–
20%was found in a specimen (#O3) from the Saiwan locality in Oman,
and in some specimens (M#) from Mongolia (Table 2). Quartz and
moganite diffraction patterns differ most markedly in the region of
the (100) line of quartz and (011) and (200) lines of moganite (PDF
card 01-079-2403) (Fig. 2A). The same region in the XRD pattern was
used to identify moganite in agates (Moxon and Ríos, 2004). In the
Saiwan specimen (#O3), goethite was observed as the primary
mineral that preserves parts of the original plant structure (visible in
reflected light and BSE; Fig. 3D), while silica (moganite and quartz) is
the filling agent present around, in cracks and lacks any plant
anatomic features (Fig. 4H). These mineral phases were also proven
by Raman analysis (Fig. 2B). Strictly speaking, the Saiwan specimens
should not be called silicified but rather goethitised as the silica mass
is likely a secondary phase. They are included as an example of how
important it is to distinguish the primary mineral agent for a final
interpretation. Specimens from other Oman localities, however, are
silicified; they are usually composed of pure quartz which preserves
the plant anatomy, with phase admixtures below XRD detection limit
(b1%) (Figs. 5G and 6C).

Mean coherence length (MCL) of quartz obtained by Rietveld
refinement ranges from tens to several hundreds of nanometres. MCL
is hence much smaller than the apparent external size of quartz
crystals observed in the optical microscope (10 s–100 s μm) which
hird column), and CL spectra (right) of silica mass and carbonate admixtures in silicified
ed light microscopy (crossed nicols). Scale bars: 500 μm. In CL spectra the most relevant
a change in intensity on prolonged electron beam excitations. Sources: A. Intra Sudetic
bordered by kaolinite (blue); B. Chemnitz, crack in Dadoxylon-type wood (#CWe-2),
d (DP7; #E6355), CR; D. Petrified Forest, Arizona, “Araucarioxylon arizonicum” (#A6.T);
worthia arizonica (#A2.R); G. Antarctica, Vertebraria root (T2.T; #PM 1903); H. Saiwan
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indicates substantial concentration of crystal defects in individual
quartz grains. Metastable phases, opal-CT or moganite, were observed
only in specimens where quartz MCL was b120 nm, but in some
specimens with such small MCL values only quartz was found. Both
metastable silica phases and low MCL show how slow the Oswald
aging of primary silica mass has been, irrespective of the actual
geologic timescale. It is probable that in the samples with moganite
residues, the original content of metastable silica polymorphs was
much larger. Generally, the small MCL of quartz and the presence of
metastable phases are characteristic of specimens with better
preserved plant anatomic features. Stems silicified in arkosic
sandstones of the Czech Carboniferous–Permian basins (ISB, KPB,
and WBB) have MCL values of about 200 nm and contain no
metastable SiO2 phases, probably because coarse-grained, porous
fossiliferous strata have enhanced the silica recrystallisation; the
original plant structure is also poorly preserved.

Clayminerals, especially kaolinite, were found as relatively frequent
trace admixtures. Usually only basal diffractions at d∼1.0 nm (micas)
and d∼0.71 nm (kaolinite) were identified. Rietveld refinements with
preferredorientation (March–Dollase factoro∼0.7)produced estimates
of 0.5–3% of these admixtures, if they were present.

Fluorite was found only in silicified stems (C#) from Chemnitz.
Fluorite sometimes acted as the primary permineralising agent
(Fig. 7A) but silicification was more common (Figs. 5C and 6F),
often accompanied by abundant amounts of secondary fluorite
(Fig. 3A–C). Occurrence of a fluorite phase can be considered as a
very specific feature of the Chemnitz locality.

Calcite was occasionally present in samples from Tocantins (B#),
Autun (F#), Antarctica (the Fremouw Formation, #T5-T9), and
frequently in samples fromArizona (Fig. 4D, A#). Sometimes dolomite
was recognised as the primary permineralising agent (Fig. 4E, #SW12/
1996). Calcified remnants of plant tissues were preserved in
otherwise highly recrystallised silicified stems (Fig. 4C, DP#), as
already reported by Matysová et al. (2008).

4.2. CL spectral components and their assignment

CL emissions of the permineralisations studied usually show
moderate to weak visible spectral intensities, but in specimens from
several localities surprisingly colourful CL patterns were observed and
CL nearly fingerprinted the individual localities (Tables 3 and 4). CL
shades were evaluated qualitatively from CL images. The most
relevant CL shades were studied more in detail by CL spectroscopy
with a subsequent deconvolution of the emission spectra to the
Gaussian components (see 2.0). Results of spectral analysis are in
Table 3. Presentation of CL spectra of typical primary silica masses, i.e.,
SiO2 preserving the original plant anatomy, diagenetic silica masses,
and mineral admixtures, are shown in Figs. 4–5.

A red shade of CL is most typical of specimens from the Balka
locality (Fig. 5A), but this CL band centred at ∼643 nm (band R in
Figs. 4–5) was found in practically all spectra, whether it was themain
or a minor component. Red CL in quartz is time stable (persistent), or
its intensity may even increase with time of the electron beam
excitation (the evolution of time-dependent spectra is shown by
arrows in Figs. 4–5). The red band in CL spectra is a major feature in
several specimens with either weak CL or those in which the CL
shades are perceived by the naked eye as dark violet or bluish. This
fact points to the importance of more objective evaluation of CL
patterns in weakly luminescent specimens by CL spectroscopy as the
human visual sense is limited and may be subjective.
Fig. 5.Overview of microscopic images (PPL-first column, XPL-second column), CL images (th
violet CL shades. PPL — plain light microscopy, XPL — polarised light microscopy (crossed
indicated: B — indigo blue, Y — yellow, and R — red. The arrows indicated a change in in
Arthropitys sp. (DP6.B; #E6296); B. Štikov Arkoses, KPB, Dadoxylon-type wood (#Lid.1); C. C
brasiliensis (B6; #K4866); E. Petrified Forest, Arizona, “Araucarioxylon arizonicum” (#A6.T); F
Vertebraria root (T3.T; #PM 1904).
Yellow CL of quartz (CL emission band centred at 578 nm, Table 3,
Figs. 4A–B, F and 5C) is not so common in sedimentary quartz and
silicified wood. Nevertheless it was identified in several samples, in
which quartz replicated the original plant anatomy, like the cell walls
and lumina in specimens from Chemnitz (Fig. 5C) and Arizona (Fig. 4F),
or where it represents a secondary silica mass that infilled cracks in the
original silicified matrix (Fig. 4B, F), as was observed in several
specimens from ISB (Fig. 4A; see also Mencl et al., 2009). Evaluation of
yellowish CL hues in silicified stems must be supported by a phase or
element analysis, because it could bemistaken for carbonates (calcite or
dolomite), or apatite (Fig. 4G), which have yellow or orange CL shades
with an intensity several orders of magnitude greater (Fig. 4D–E). Even
if carbonates are present in trace amounts (below the XRD detection
limit of ∼1%), they can significantly affect CL images (Fig. 4C, G). Typical
features of carbonates are a very common distinct CL zonation of their
crystals in CL images and the shape of their emission band in CL spectra.
Half widths of CL bands of carbonates and quartz can also be used to
discriminate from each other: FWHM (full width at half maximum) of
the carbonate band is 2000–3000 cm−1 while the quartz band is much
broader, with FWHM 4000–5000 cm−1. Contrary to the persistent
yellowishorangeCLof carbonates, the yellowCLof hydrothermal quartz
is transient (Figs. 4A–B, F and 5C), as has been mentioned previously
(Götze, 2000; Götze and Rössler, 2000; Witke et al., 2004). In many
specimens with prevailing yellow or orange CL, the calcite or dolomite
presencewas confirmedbyX-raydiffraction and/or increasedcontent of
Ca by electron microanalysis in SEM/WDS.

A green luminescence band (CL emission band centred at 532 nm,
Table 3) seems very atypical for quartz in rocks. Some quartz grains
from igneous rocks with dominant green emission at 502±2 nm
were reported by Müller et al. (2003). In about half of the spectra of
silicified woods, the corresponding band contributes N20% to the total
Vis emission. A well-defined green CL band was found in some
samples from Antarctica (Fig. 4G) and sample #O3 from Saiwan,
Oman (Fig. 4H). The green band is broader than the much more
common blue or red emission CL bands and seems to be a part of a
poorly defined spectral signal found in weakly luminescent samples
with poorly resolved CL images. The green CL is rare in silicified stems,
although in some cases it could also have been affected by artefacts of
sample preparation (e.g., luminescence of resin or glass from thin
sectioning) or spectra processing; alternatively it could arise from
other non-silica admixtures (Figs. 3E and 4G).

Blue CL is very common in both silicified stems and quartz in rocks.
Two bluish CL shades must be distinguished in silicified stems,
corresponding to two distinct, although partly overlapping CL spectral
bands. The indigo blue band centred at a longer wavelength (∼449 nm)
is very common, while the blue-violet band at a shorter wavelength
(centred at ∼406 nm) is rare. The latter band is dominant in Chemnitz
specimen #C4 andwas aminor component alongwith themajor indigo
blue band in several other specimens. The band was attributed to
hydrothermal quartz in a silicified stem of the seed fernMedullosa from
Chemnitz (Götze and Rössler, 2000;Witke et al., 2004). Very frequently
SiO2 with both of these blue CL shades was found in fractures and
secondary mass in areas with destroyed plant tissues (see bright bluish
CL in Figs. 4B and 5C, E–F). The perfect reproduction of the blue-violet
band in the experimental settingused in thisworkmight behindered by
the usage of glass fibre optics in the CL spectrometer, which restricted
theemission tob400 nmand then cut off theUVemission atb380 nm. It
can skew the corresponding Gaussian component but the emission
maximumof the blue-violet CL emission is still perfectly recognisable in
corresponding specimens (the maximum was detected by UV-sensible
ird column), and CL spectra (right) of the silica mass in silicified stems with red, blue, or
nicols). Scale bars: 500 μm. In CL spectra the most relevant spectral components are

tensity on prolonged electron beam excitations. Localities: A. Balka, KPB, CR, wood of
hemnitz, Germany, Dadoxylon sp. (C3; #DS 1/98), CR; D. Tocantins, Brazil, Dernbachia
. Mongolia, Upper Jurassic (#M2); G. Gharif Formation, Oman (#O21.3a); H. Antarctica,
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Table 2
Summary of minor mineral admixtures beside quartz in silicified stems (XRD).

Locality XRD results CL shades of primary silica mass

Quartz MCL
(nm)

Admixtures beside major quartz

Chemnitz
(Germany)

80–200 Kaolinite (4 of 12), fluorite (4 of 12), mica (4 of 12),
moganite (1 of 12)

Intensive, mostly yellow/brownish

ISB, KPB
(Czech Republic)

230–270 Kaolinite (1 of 3) Very weak, dark reddish/violet

Balka
(Czech Republic)

85–140 Kaolinite (1 of 8) Moderate intensity, dark reddish or dark violet

Mongolia 80–110 Moganite (2 of 5), opal-CT (2 of 5)
Carbonates in SW12/1996

Moderate to strong intensity, reddish or bluish orange

Tocantins
(Brazil)

100–140 Calcite (1 of 4), kaolinite (1 of 4),
Mica (1 of 4)

Very weak, dark violet or bluish

WBB
(Czech Republic)

200–320 Kaolinite (1 of 5) Hardly discernible

Oman, near Saiwan 50–75 Moganite (3 of 3), goethite (2 of 3), hematite (1 of 3) Hardly discernible
Oman, except for Saiwan 160–240 Kaolinite (1 of 6) Very weak, dark violet or bluish
Arizona
(United States)

70–250 (median 120) Moganite (3 of 5), kaolinite (2 of 5) Variegated

Autun Basin
(France)

100 Moganite (2 of 2), calcite (1 of 2) Very weak dark violet or bluish

Antarctica,
Buckley Fm.

90–120 Gypsum (2 of 4), calcite (1 of 4) Reddish

Antarctica,
Fremouw Fm.

70–100 Kaolinite (3 of 4), moganite (1 of 4) Hardly discernible or reddish
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mirror optics in the SEMwith∼390 nm). Blue CL emissions canbeeither
persistent or short lived (transient) (see the noticeable decrease of the
blue emission in some spectra in Fig. 5A, E). The transient nature ofmost
blue emission signals causes reddening of the images with increased
time of electron beam excitation (Fig. 5A). Blue CL of various shades is
also produced by feldspars, kaolinite (Fig. 4A), and fluorite (Fig. 7A). If
needed, these phase admixtures were identified by XRD, CL spectral
analysis, and/or elementalmicroanalysis (Fig. 3) toavoid confusionwith
the silica mass and its blue CL shades.

The previous paragraphs show that CL images, if they are processed
with care, allow detailed evaluation of the primary permineralising
agent of plant tissues. Traces of minerals with very intense CL can be
excluded, and later diageneticmineralmass canbe identifiedby studyof
the CL time dependence, CL spectroscopy, and/or further analytical
techniques. CL microscopy also allows comparison of the level of
preservation of the original plant anatomical structures with the nature
of the corresponding mineral mass. Observations on the specimens
reportedhere are summarised in Table 4. TheCL colour schemesof these
silicified stems (Table 4) are very important features as they can reflect
the provenance and burial conditions of the fossils.

4.3. Preservation of plant anatomy

Transverse, tangential, and radial cuts were observed in detail. Our
results show strong links between stem anatomy and the arrange-
ment of SiO2 units (primary ones), predisposition to disintegration
(ruptures) or mechanical dislocation (undulated wood), occurrence
and input of allochthonous sedimentary grains, etc. (e.g., Figs. 4–6).
Terminology used is given in Matysová et al. (2008) and references
therein. The majority of tracheid cell walls are partially replaced by a
different mineral mass than the cell lumens, and sometimes only
specific (fibrous) quartz textures outline the former cell walls
(Fig. 5A). Moreover it should be noted that all such permineralised
structures do not necessarily mirror the original thicknesses of plant
structures (Scott and Collinson, 2003). In specimens from Balka
(Fig. 5A) CL highlighted even the stratified anatomy of tracheid cell
walls. In other cases former cell walls are only poorly discernible in CL
images, usually as areas with different CL intensity but the same shade
as the bulk (cell lumina). This pattern is quite visible in samples from
Oman (Fig. 5G; except for the Saiwan specimens, such as Fig. 4H),
Tocantins (Fig. 5D), and the majority of the samples from fluvial
sediments in ISB and KPB (Fig. 5B). In PPL images, cell walls can be
lighter than the lumens (Fig. 6A) or scarcely visible (Fig. 6B–C). Ferric
oxides sometimes preserve cell walls and although they resemble
organic matter by their colour in PPL, in SEM/BSE they can be
distinguished quite easily (Fig. 3F). This is probably a good example of
a situation in which the organic matter was decaying faster than the
permineralisation of the lumina. The only possible pathway enabling
such a balance is the repetition of wet–dry cycles, with wetting (and
oxidation) enabling the decay of organic material and providing
mineral solutions, and drying enabling templated crystallisation of
minerals in the residual plant tissues. Beauchamp (1981) proposed
that ferric oxides impregnated cell walls and preserved their
structures even though almost all the organic matter was degraded.

In several localities, former cell walls were almost completely
converted to a mineral mass with a strikingly different CL than the
lumina, e.g., yellow and brownish (Chemnitz) colours that allow
visualisation of the original plant anatomy (Figs. 5C and 7B) in spite of
the absence of organic constituents of the former cell walls or their
considerable thermal alteration (Witke et al., 2004). In the Chemnitz
specimens the plant anatomy is always reflected in yellow and
brownish CL contrasts between cell walls and lumina, but often such
plant tissues are disrupted and in part exhibit a short-lived bluish CL
signal caused by an input of fluorite or hydrothermal quartz with
bluish or yellowish CL (Fig. 5C).

In many of the Mesozoic specimens from Antarctica and Mongolia
the organic material of the former cell walls is very visible as dark
pigment in PPL (Figs. 4E, G, 5F, H, and 6G–H). In CL images the former
cell walls seem black and almost the entire bulk (former cell lumina)
has bright magenta, violet–blue, or red CL shades. Cell walls were
probably not replaced by inorganic phases, perhaps due to a fast
mineralisation preventing the complete decay of the former organic
matter. CL also confirmed the presence of volcanism and hydrother-
mal input of distinct SiO2 phases in the Arizona samples (Fig. 4F), but
preservation of plant anatomy remained poor or patchy (Figs. 5E
and 6B). No cell wall remnants were observed in stems silicified in
fluvial deposits without volcaniclastic input (Fig. 6A, C). There is high
preservation variability, sometimes within samples from a single site,
as in samples from Arizona (#A) or Tocantins (#B). On the other hand,
we considered Tocantins as a fluvial depositional system, but many
samples were found almost in situ and quite well preserved (Fig. 6D),
regardless of the fact that the CL was very weak and hardly detectable



Fig. 6. Different tissue under normal light (PPL; left column of each part) and polarised light (XPL; right column of each part) microscopy. A–D=fluvial settings; E–H=volcanic settings, x.s. A. Dadoxylon sp. (#VS35), Žaltman Arkoses, ISB, CZ,
x.s.; B. “Araucarioxylon arizonicum” (#A4), Petrified Forest, Arizona, x.s.; C. Gymnospermous pycnoxylic wood (#O2.C), Gharif Fm., Oman, l.s.; D. Carinal canals of Arthropitys sp. (B2; #K 4486), Tocantins, Brazil, x.s. E. Adventitious root of
Psaronius sp. with agate-like structure, palisade SiO2 (#P5097a.A), Balka, KPB, CR; F. Adventitious root of Psaronius sp. with agate-like structure, zebroic chalcedony (C7; #DS 6/98), Chemnitz; G. Pycnoxylic woodwith cavity filled by spherulitic
chalcedony (T7.A; #T 5854), Antarctica; H. Pycnoxylic wood, Upper Jurassic (#M12.T), Mongolia.
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Fig. 7. PPL, XPL, and CL. A. Fluoritised tissue in Psaronius sp. from Chemnitz (C4; #DS 3/98). B. CL as an excellent imaging tool, Psaronius sp. from Chemnitz (C7; #DS 6/98).
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(Figs. 5D and 8, 3P), with SiO2 showing typical low-temperature
authigenic characteristics.
5. Discussion

5.1. Material features of silica mass

This research used an independent tool to evaluatemineral masses
and their genesis in fossils, closely tied to the anatomy of specific taxa.
Our results demonstrate a large number of features about the samples,
such as primary and secondary silica phases present, round and well-
sorted autochthonous or allochthonous sedimentary grains versus
angular ones, and their composition, etc. (Fig. 8). This approach can
reveal signs of reworked (transported and redeposited) fossil material
and estimate a probable pathway of permineralisation.

It is important to distinguish the primary permineralising agent
and the secondary one, i.e., the later diagenetic silica (mineral) mass,
which may have different relevance for final palaeoenvironmental
interpretations. Sometimes even in fossils that are mostly silica, the
silica is not a primary mineral. Residues of carbonised tissues, later
replaced by silica, were found in KPB samples (Fig. 4C). In some
Chemnitz specimens, fluorite made up the primary mass while silica
invaded later; thus silicified parts do not show preserved anatomy
(Fig. 7A). An opposite situation is shown in Figs. 3A–C and 7B. A
similar ambiguity concerns SiO2 and Fe oxides. In the Omani specimens
Table 3
Luminescence bands found by Gaussian deconvolution of CL spectra of selected
specimens.

CL shade λ (s.d.)
(nm)

No. of spectra processed

Red 643 (16) 32 (almost all specimens, not those with
yellow CL)

Yellow 578 (10) 5 specimens with prevailing yellow CL
(VSP6, A2, F1, C7, C3)

Green (yellow-green) 532 (14) 4 spectra with area of green band N50%
(5, B5, F1, M2)

Blue (indigo) 449 (8) 29 (almost all specimens except for those
with yellow CL)

Blue-violet 406 (5) 20 (almost all specimens)
from Saiwan (#O3), goethite preserved the plant tissue (Fig. 3D), but
much more frequently iron pigments are secondary overprints, e.g.,
filling of microcracks in well-silicified tissue (Fig. 3F).

A secondary silica phase is easily revealed by a clearly foreign CL
shade, mostly a bright blue (transient blue and blue-violet; Table 3)
and by its presence in places where the original plant anatomy was
destroyed (Table 4; Fig. 5C). This phenomenon was already reported
several times as bright indigo blue CL (Götze and Rössler, 2000;
Matysová et al., 2008), or bright yellow CL (Fig. 3A–B, F; see alsoMencl
et al., 2009), and was assigned to hydrothermal SiO2 phase. Generally,
CL shades are related to specific crystal defects, such as trace
elemental substitutions dependent on a temperature of crystallisation
and other conditions described in detail in Götze (2000), Götze et al.
(1999), Boggs and Krinsley (2006), or Möckel et al. (2009). However,
current knowledge of the interpretation of CL shades of quartz from
various rocks is not applicable to silicified stems as they are
anatomically-specific and were formed at much lower temperatures,
with different kinetics and thermodynamics of substitutions and
defect formation. The complex arrangement of plant tissues no doubt
highly affects the origin of inner defects in SiO2. Otherwise, how could
CL reflect tiny plant anatomical features not visible by light micro-
scopy or other methods (compare PPL, XPL, and CL in Fig. 7B)?
Interpretations of CL patterns obtained from silicified woodmust thus
be based on experimental results and observations (Götze and
Rössler, 2000; Witke et al., 2004; Matysová et al., 2008, 2009; Mencl
et al., 2009).

Inmanyspecimens fromKPB, Chemnitz, andAntarctica (Figs. 5Hand
6E–G), idiomorphic quartz crystals or large spherulites of chalcedony
with zonation or agate-like features are present, especially in less-
resistant plant tissues (aerenchyma and parenchyma) and large cracks
and cavities. The formation of such spherulites might have been caused
by several pathways (Heaney, 1993; Walger et al., 2009), but we can
always hypothesise higher contents of trace elements in the SiO2 fluid
(Möckel et al., 2009) or a non-crystalline SiO2 precursor. One possible
silica source (especially in the volcanic environment) may be
monomeric/polymeric silicic acid from the alteration of the volcanics
percolating through the enclosing rock following the scheme: dissolved
silicic acid→gel→silica phases, aging/crystallisation. Specimens from
coarse-grainedarkosic sandstoneswithpoorlypreservedplantanatomy
(KPB and ISB) have largerMCLs of quartz and increased volumefilled by
secondary silica masses with more intense yellow or blue CL shades.



Table 4
CL colour schemes, features observed by optical microscopy (OM), and their interpretation. Interpretations of Chemnitz specimens and Balka specimens are partly based on previous
reports (Götze and Rössler, 2000; Witke et al., 2004; Matysová et al., 2008).

CL colour patterns and OM observations Specimens, localities Interpretation

Very sharp CL shade contrasts between cell walls
and intracellular space, namely alternating yellow,
bright blue or indigo blue, and bright pink,
frequently yellow CL of cell walls

C1, C2, C6, C7, C8, CH1, K5508 Polymineral and polyphase permineralisation
(quartz of several generation, fluorite, feldspars).
Specific pattern of Chemnitz

Yellow CL of former cell walls, organic matter in cell
walls missing, surrounding mass has well-preserved
anatomy with CL shade different than yellow
(red, brown, purple…)

F2, M1, O4, P092 Gy, K5321, K01, K4167 Primary impregnation of cell walls by mineral solutions
of different composition than in the later process,
probable influence of mineral thermal solutions.
Similar to Chemnitz

Bright red CL of the bulk of plant material including former
softer parts with less mechanically resistant tissues

DP2, DP3, DP5, DP6, A6 Single-step silicification, probably relatively fast deposition
of silica
Specific pattern of Balka, KPB

Uniform weak brownish red CL shade of the bulk, former cell
walls hardly discernible in CL, in OM former cell walls with
black or dark brown residual matter

DP11, DP16-Žaltman, VSP3, VSP4, VSP6,
VSP7,

Single-step silicification, numerous cycles of organic matter
decay and silicification, no later post-burial overprints
Pattern specific to silicification in fluvial sediments without
volcaniclastic material

Uniform very weak purplish or bluish CL, former cell walls
not discernible in CL, in OM former cell walls with very
little black or dark brown residual matter

B2, B3, B5, B6, B7, B8, JB15, JB23, JB26, O1,
O2

Bright uniform CL of the intracellular spaces, dark cell walls
due to massive remnants of organic matter, well-preserved
anatomic structure

T1, T2, T4, T7, M2, Rus1 Single-step and fast silicification, probably by fast deposition
of silica
Silicification by volcaniclastic material

Bright indigo blue or yellow CL of idiomorphic quartz crystals
in cracks (about hundreds of µm thick)

ISB ? Secondary (post-depositional) silica mass.
Burial diagenetic feature

Bright indigo blue filing of cracks (tens of µm thick) and
neighbouring intercellular spaces; surrounding mass with
well-preserved anatomy with different CL shade
(red, brown, purple…)

DP11, DP16-Žaltman, VSP3, VSP4, VSP6,
VSP7

Erratic mosaic of CL shades, plant anatomy indiscernible or
press-distorted, highly fragmented

A2, Blš1, Blš2, F1 Diagenetic overprint too strong to read the former material's
features
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Both of these signs point to later diagenetic overprints, probably due to
the permeability of the sediments or the depth of burial, which
facilitated their later diagenesis.
Fig. 8. CL of stem tissues and surrounding sediments (see also Matysová et al., 2008; fig. 5,
(#P5097a.A), Balka, KPB, CR. 2W. Dadoxylon sp. (#Lid.W); 2S. Štikov Arkoses, angular grain
(#K4859=B5.1); 3S. Well-sorted sandstone, rounded quartz grains, some of them of volca
Two metastable SiO2 forms were found in studied silicified stems:
moganite and opal-CT. They are present in trunks from sites with
volcanic material (Mongolia and Arizona). One specimen from
p. 226). 1P. Psaronius sp. (#P5097a.A); 1S. Moderately sorted arkosis, K-fld — bluish CL
s — short transport, carbonitised matrix (#Lid.A), Nová Paka, KPB, CR. 3P. Psaronius sp.
nic origin — reddish CL (B5.1; #K4859), Pedra de Fogo Fm., Tocantins, Brazil.
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Chemnitz also contained a moganite admixture (Table 2) and Witke et
al. (2004) reported moganite in other Chemnitz specimens. Slightly
older specimens from the Autun Basin contained a few percent of
moganite (Table 2). Hatipoğlu and Türk (2009) foundmoganite inwood
silicified by burial in volcanics. Omani sample #O3 contained a very
significant amount of moganite (Fig. 2, Table 2) in association with
goethite (Figs. 3D and 4H). This Permian specimen comes from the
Saiwan locality and substantially differs in chemistry and petrography
fromother Omani stems (Figs. 5G and 6C). Unfortunately, Saiwan stems
are only found on a desert landscape and hence the original fossiliferous
strata are not known. The presence of moganite is difficult to explain in
an area with no signs of volcanism. Heaney (1995) discussed lutecite
(=moganite) as an indicator for vanished evaporates, mainly in
younger specimens (Magadi-type and evaporitic cherts, silicic nodules,
corals, and seam-filling silica), but his hypothesis has not been proven.
Currently neither the formation nor stability of moganite is well
understood. Moganite in Permian agates was reported by Moxon and
Ríos (2004). This finding, as well as the presence of moganite in these
Carboniferous–Permian fossils, proves that it can be preserved even in
samples of considerable age, and associated with the original primary
silicification process. Pure quartz without metastable SiO2 in many
silicified stems may thus indicate that metastable silica phases were
absent in the first stages of fossilisation.

The presence of opal-CT, moganite, and quartz including chalce-
dony in silicified stems has already been reported by a number of
researchers (e.g., Buurman, 1972; Beauchamp, 1981; Stein, 1982;
Scurfield and Segnit, 1984; Březinová and Süss, 1987; Březinová et al.,
1994; Witke et al., 2004). Stein (1982) assumed a stepwise crystal-
lisation of opal-A via opal-CT toα-quartz by aging of the original silica
mass similar to the process in marine sediments, but it remains
unclear whether this pathway is kinetically feasible under the
conditions to which the silicified stems are subjected during burial
in continental settings (the same process of transformation of silica is
assumed for agates). Beauchamp (1981) observed that direct
‘quartzification’ of trunks (Permian–Miocene of several north African
basins) was more common than impregnation by opal. He described
the environment producing quartz in wood (and not opal as
intermediate) as continental with tropical climate, in permeable
volcano-detritic sediments under oxidising conditions. Weibel (1996)
assumed silicification by groundwater in equilibrium with minerals
common in sediments, i.e., undersaturated with respect to metastable
phases; from such a solution quartz could be directly precipitated in
plant tissues without metastable silica intermediates. This pathway
was also assumed by Matysová et al. (2008) and Mencl et al. (2009)
because in some cases quartz can replicate the original plant anatomy
very well.

5.2. Diagnostic signs of silicification in fluvial sediments

In specimens that were undoubtedly silicified in fluvial settings
(sandy sediments in WBB, KPB, ISB, Oman except for Saiwan, and
Tocantins) with no apparent volcanic influence, there were no signs of
metastable silica phases. Quartz was the major and in many cases the
only mineral constituent, sometimes in association with spherulitic
chalcedony. The vast majority of these specimens have rather weak CL
(Tocantins, Oman, majority of WBB and KPB), usually with prevailing
blue, blue-violet, or reddish shades. Fig. 8 shows a comparison of CL of
a fossil plant stem and the surrounding fluvial rocks. According to CL
spectral analysis the red emission band is a dominant part of spectra
from silicification. A primary silica mass with bright blue or yellow CL
is missing in these samples, or such a mass is possibly present as
minor, secondary, later diagenetic quartz in cracks (e.g., in some
samples from ISB), but never in regions with well-preserved plant
anatomy. The reproduction of the plant anatomy is usually good to
moderate (Tocantins and Oman) or poor (Czech basins) if compared
to the specimens permineralised after burial in volcanic material.
Former cell walls usually have weak CL. Sometimes the anatomy is
hardly discernible in CL images because the former cell walls have CL
shades similar to the former cell lumina.

Based on observations inmodern Australia, Fielding and Alexander
(2001) showed that trees from the riparian vegetation are prone to
survive in semiarid environments and that they are also predisposed
to be buried after seasonally extreme river discharges and later
silicified. A similar conclusion has been published by Colombi and
Parrish (2008). One could expect, therefore, that mostly riparian trees
were silicified in the geological past. Many silicified stems from the
Permian of Tocantins belong to marattialean ferns (Figs. 5D and 8, 3P)
and are considered hygrophilous. Some of the trunks at these
localities are found not far from their sites of growth and so must
have also belonged to the original riparian vegetation.

The majority of silicified stems from fluvial rocks from the Late
Pennsylvanian–Triassic reported here have been assigned to the
morphogenus Dadoxylon (Figs. 5B, G and 8, 2W), a mechanically
resistant pycnoxylic wood type (problems of terminology see in
Bamford and Philippe, 2001). Permian silicified wood from the Upper
Gharif Formation in Oman was identified as conifers and ginkgo-
phytes (Berthelin et al., 2004). As these fossils do not bear signs of
prolonged fluvial transport, the plants probably grew not far from the
places where they were buried and silicified. Cordaitaleans were
identified in fluvial rocks in the Late Pennsylvanian of the Bohemian
basins up to the Stephanian B (Skoček, 1970; Mencl et al., 2009 and
references therein). Fossil conifer wood has been reported in fluvial
rocks of several European sedimentary basins filled during the late
Stephanian (e.g., Kyffhäuser Massif, Germany; Rössler, 2002) and the
Permian (e.g., Doubinger andMarguerier, 1975; Noll andWilde, 2002;
Diéguez and López-Gómez, 2005). Conifers have traditionally been
considered more upland trees in the Late Pennsylvanian. A recent
evaluation of riparian vegetation (Falcon-Lang et al., 2009) revealed
that cordaitaleans together with conifers were already abundant in
tropical lowlands of the Middle Pennsylvanian. Most likely, trees that
were silicified by the alluvial pathway grew near rivers. A source of
silica should be identified if silicification of plant stems is discussed.

In Czech basins, fluvial arkoses and arkosic sands (locally
conglomerates) are richest in silicified stems (Pešek et al., 2001).
Omani silicified wood is also present in more or less arkosic
sediments. Feldspars in arkoses (bright blue angular grains in Fig. 8,
2S) are the most likely silica source for permineralisation, as was
already suggested in 1927 by Purkyně (according to Skoček, 1970 and
others) and assumed bymany subsequent authors (e.g., Weibel, 1996;
Nowak et al., 2005). In West Bohemian basins, silicified Dadoxylon
wood is common in kaolin pits; kaolinite was formed by post-
depositional weathering of the arkosic fluvial sediments, sometimes
with buried tree trunks. In this case, rapid palaeogeographic changes
may have influenced the non-volcanic silicification mode in fluvial
clastic material. In old landscapes with low altitudinal gradients,
feldspars may have been already chemically weathered more quickly
in the watershed.

5.3. Silicification under influence of volcanics

5.3.1. Direct influence of volcanism
Plants preserved under the direct influence of volcanism are

usually preserved in situ, often in growth position, andwith a diversity
of plants that grew nearby. The silica phase shows features and CL
characteristics of a hydrothermal origin (Tables 2 and 4). Samples are
rich in different, ‘exotic,’ and metastable mineral phases, have well-
preserved anatomy with a great geochemical contrast in tissues or
badly preserved parts attacked by further steps of silicification that
destroyed the initial phase. An excellent example is the Chemnitz site
(Figs. 5C, 6F and 7). Recent investigations at a new fossil excavation in
Chemnitz–Hilbersdorf provided indications that fluorite distribution
seems to be regionally restricted to the areas adjacent to the former



141P. Matysová et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 292 (2010) 127–143
volcano. This may correlate with the spatial extension of a specific
pyroclastic horizon in the lower part of the Zeisigwald tuff column.
This coarse-grained tuff is highly enriched in pumice lapilli and
frequently contains both fluoritised plant axes and fluorite nodules in
the ground mass (Rössler et al., 2008).

5.3.2. Fluvial facies associated with volcanic activity
In this case, the SiO2 source for silicification can be volcanic

material transported by rivers. That was probably the case for the
specimens from Arizona, Mongolia, and Antarctica studied here and
Jurassic silicified wood from the Ischigualasto Formation in Argentina
(Colombi and Parrish, 2008). It is possible that pronounced season-
ality is also a prerequisite of this silicification pathway. The CL pattern
is closer to the volcanic one, but wood anatomy (organic matter in the
cell walls) is better preserved in comparison to samples from alluvial
environments.

5.3.3. Lacustrine facies associated with volcanic activity
A specific pathway of silicification probably results from the

combination of a lacustrine environment with volcanic activity in the
watershed. For instance, the Balka locality (KPB; Pešek et al., 2001)
has yielded a diverse set of well-preserved fossil plant stems
(Psaronius, Arthropitys, Medullosa, Myeloxylon, etc.). All specimens
are found in recent sediments, where they were probably deposited
after complete weathering of the parent rocks. Fragments of cherts,
silicified peat, and lacustrine fine cherts occur very close to the sites of
silicified stems. According to the peculiar CL signatures of Balka
samples (Fig. 5A), it is obvious that silicification must have been
associated with the Ploužnice Horizon (Pešek et al., 2001; Martínek
et al., 2006) which is connected with volcanism. Balka specimens
typically show prevailing bright red CL shades, and relatively well-
preserved plant anatomy including individual layers of tracheid cell
walls and other less-resistant tissues. Sometimes the secondary phase
of SiO2 (short-lived blue CL) is present in cracks and ruptures
(Matysová et al., 2008). Plants were likely deposited in a lake that was
at least several hundred square kilometres, representing one third of
the ∼300 m thick sediments of the Semily Formation. Taxa identified
here are assigned to a hygrophilous plant community.

Wagner and Mayoral (2007) described a fluviolacustrine environ-
ment affected by volcanic activity from the Valdeviar Basin, SW Spain
that formed during the early Permian, an early part of basin fill that
also contained silicified stems of hygrophilous floral elements. The
authors assumed the source of silica was ash falling into standing
water and also reported leaf impressions and occasional formation of
cherts in that environment.

5.4. Silicified plant stems as palaeoenvironmental indicators

Previously, fossil stems were used in palaeoenvironmental
reconstructions mostly on the basis of distribution and taxonomy
(e.g., Philippe and Thevenard, 1996), analysis of wood anatomy,
particularly the interpretation of growth rings (e.g., Keller and
Hendrix, 1997; Falcon-Lang, 2000; Falcon-Lang and Scott, 2000;
Berthelin et al., 2004; Taylor and Ryberg, 2007), spatial relations and
diameters of in situ tree trunks in fossil forests, or a combination of
these phenomena (e.g., Cúneo et al., 2003; Artabe et al., 2007). A fossil
wood story can often be confused by finding old samples in much
younger sediments (e.g., Philippe et al., 2000). Growth rings are used
to evaluate seasonality; however, these phenomena are complicated
by the interrelation of tree rings and leaf longevity (Falcon-Lang,
2000) and the variable (genetic) response of individual wood taxa in
the same climatic conditions (Brison et al., 2001). Based on absent or
only weakly marked growth rings in gymnosperm trunks, Berthelin et
al. (2004) suggested that the Omani palaeoclimate during the
deposition of the Upper Gharif Formation was humid, while the
occurrence of fluvial sediments with silicified wood and weakly
chemically weathered mineral assemblages (Hartman et al., 2000),
along with vertisols with slickensides about 1 m thick (Heward, 2005;
Heward and Al Ja'aidi, 2005) indicate periods of relative dryness as
part of a seasonal wet/dry cycle. Similar conflict between interpreta-
tions from plants and rocks was revealed by Demko et al. (1998).

The hypothesis that the silicification of tree trunks in Czech basins
proceeded in a seasonally arid climate at the end of more humid
periods was first proposed by Skoček (1970). This hypothesis seems
very sound in light of the palaeoclimatic reconstructions for these
basins (Opluštil and Cleal, 2007; Lojka et al., 2009; Mencl et al., 2009).
Seasonally uneven distribution of rainfall was also assumed to cause
trunk silicification in mass flows in the Permian Valdeviar Basin by
Wagner and Mayoral (2007). Several case studies with tree trunks
silicified under seasonally aridMesozoic environments have also been
published (e.g., Francis, 1984; Lefranc and Guiraud, 1990; Keller and
Hendrix, 1997; Parrish and Falcon-Lang, 2007; Colombi and Parrish,
2008). Seasonal aridity as one of the likely prerequisites for wood
silicification is not accepted by all researchers and hence requires
further studies. Interdisciplinary research, specifically the sedimen-
tological and mineralogical characterisation of both the identified
permineralised stems and the fossiliferous strata are essential for
further progress in this formerly mostly palaeobotanical research
area.

6. Conclusions

Mineral analysis by X-ray powder diffraction and detailed
examination by SEM/EDS or WDS analysis, along with an ordinary
microscopy, provide an estimate of the mode of silicification of plant
stems occurring in various depositional environments. Silicified stems
can be further classified using CL imaging, which is more powerful if
also supplemented by CL spectroscopy to avoid possible uncertainties
in the assignment of yellow, orange-reddish, and bluish luminescence
shades to hydrothermal quartz with yellow or bright blue CL shades.
Special attention must be paid to the specimens permineralised with
even a minor contribution of carbonates or fluorite and possible other
phases with very strong CL. Metastable phases, such as moganite, can
be found by XRD or Raman spectroscopy, and seem indicative of an
influence of volcaniclastic material during silicification. Silicified
stems should be identified taxonomically to estimate whether the
original plants might either be silicified in situ, near to their place of
growth place, or transported by streams. Silicification of riparian
plants in fluvial sediments of basin fills, especially in arkoses and
arkosic sands, indicates a seasonally dry, warm climate, perhaps under
a relatively fast tectonic basinal development. Silicified stems should
be understood as specific palaeoenvironmental indicators, consider-
ing both their taxonomic and mineralogic value. This idea should be
further tested and followed by similar studies on silicified wood
samples from additional localities of different ages, particularly as
there are numerous projects recently that have examined perminer-
alised plant stems in order to reveal their palaeoclimatic meaning.
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