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Summary

We present the first study of cuticles and compressions of fossil
leaves by Focused Ion Beam Scanning Electron Microscopy
(FIB-SEM). Cavities preserved inside fossil leaf compressions
corresponding to substomatal chambers have been observed
for the first time and several new features were identified in the
cross-section cuts. These results open a new way in the investi-
gation of the three-dimensional structures of both micro- and
nanostructural features of fossil plants. Moreover, the applica-
tion of the FIB-SEM technique to both fossils and extant plant
remains represent a new source of taxonomical, palaeoenvi-
ronmental and palaeoclimatic information.

Introduction

FIB-SEM instruments were initially developed for the study
of in situ nanostructures in industrial materials (Orloff et al.,
2003). They eventually found applications in a great vari-
ety of research areas, such as lithography and nanodevice
developments (Fujii & Kaito, 2005; Moberly et al., 2007; Volk-
ert & Minor, 2007; Santschi et al., 2009; Javed et al, 2014),
petrology and mineralogy (Heaney et al., 2001; Lee et al.,
2003; Wirth, 2004; de Winter et al., 2009; Stokes & Hayles,
2009), biological materials (Drobne et al., 2005; Nalla et al.,
2005; Orso, 2005; Milani et al., 2007; Moberly et al., 2007;
de Winter et al., 2009; Marko, 2010; Grandfield & Engqvist,
2012; Rigort et al., 2012; Hoffmann et al., 2015; Wagenknecht
et al., 2015), extant pollen grains and plant tissues (House &
Balkwill, 2013; Bhawana et al., 2014), and the analysis of
forensic data (Milani et al., 2012).

This microscopy technique has a great potential in dif-
ferent fields of palaeontology, including taxonomic studies
and palaeoecological inferences (Schiffbauer & Xiao, 2011;
Cunningham et al., 2014). However, despite its extremely high
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spatial resolution it has received very little attention, and has
only been applied to acritarchs and other Precambrian micro-
fossils (Kempe et al., 2005; Schiffbauer & Xiao, 2009; Wacey
et al., 2012; Pang et al., 2013), bones of sauropod dinosaurs
(Dumont et al., 2011) and fossilised bird feathers (Vitek et al.,
2013). Its use in palaeobotanical studies is even more rare,
having been limited to imaging the internal layered disposition
of Triassic spores embedded in metamorphic rocks (Bernard
et al., 2007) or the organisation of Early Cretaceous spore
masses and structure of pollen grains (Villanueva-Amadoz
et al., 2012, 2014). In this sense, its application to fossil cuti-
cles and compressions could be particularly promising because
it allows the analysis of ultrastructural organisation of fossil
leaves and microstructures.

The cuticle in vegetal species (according to Kerp, 1990)
is a ‘thin extracellular layer that overlies the epidermis and
protects the plant against drought and moisture stress’. The
cuticle has a highly resistant chemical composition with re-
gard to degradation and is a perfect ‘copying machine’ of the
plant epidermis, thus it is of major importance in the study of
fossil plants, in particular leaves and fruits (Spicer & Thomas,
1986). Since the advent of the modern cuticular analysis on
fossils in the 1930s by Thomas Harris, microscopic techniques
applied to the study of the outermost plant layer have been con-
tinuously improved (Florin, 1933; Alvin, 1970; Archangel-
sky et al., 1986; Kerp, 1990; Guignard et al., 1998, 2004;
Krings, 2000; Zodrow et al., 2010). Particularly significant
are the improvements in light microscopy, due to the evo-
lution of light and scanning electron microscopy (SEM; e.g.
Alvin, 1970), fluorescence microscopy (e.g. Van Gijzel, 1977)
and Transmission Electron Microscopy (TEM; e.g. Archangel-
sky et al., 1986). More recently, synchrotron X-ray analysis
was included (e.g. Cunningham et al., 2014) to achieve a
more complete view of cuticular features. Each technique has
been able to add more information in terms of mega, micro
and ultrastructure of the fossil cuticles, and they have col-
lectively provided an improved understanding of features and
structures contained within this plant layer. The use of cuti-
cle information is relevant in the study of fossil plants from a
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taxonomic (Harris, 1979; Stockey, 1994; Taylor et al., 2009;
Sreelakshmi et al., 2014; Tosolini et al., 2015 and refer-
ences therein), palaeochemical (Mösle et al., 1998; Nguyen-
Tu et al., 1999; Zodrow et al., 2010 and references therein)
and palaeoenvironmental perspective (McElwain & Chaloner,
1996; Haworth et al., 2005; Haworth & McElwain, 2008
and references therein). The latter application has been
widely investigated as of recent, due to the possibility of
establishing past atmospheric composition and inferring
palaeotemperatures related to the proportions between differ-
ent gases (CO2 and O2) present in the palaeoatmospheres (e.g.
McElwain & Chaloner 1995; McElwain, 1998; Royer, 2001,
2008; Haworth et al., 2011; Steinthorsdottir et al., 2011;
Steinthorsdottir & Vajda, 2015).

Despite the improvements mentioned above, observing the
ultrastructure of fossil cuticles, especially when manual prepa-
ration is required, can be tedious and time consuming. In this
contribution we use a powerful new ultrastructural observa-
tion technique, FIB-SEM, to characterise the inner structure
of cuticles and carbonaceous compressions using Early Juras-
sic fossil plant remains from Argentinian Patagonia, as an
example of application to plant macrofossils.

Material and methods

Provenance and characteristics of the studied materials

The studied material consists of two fragments of conifer leafy
twigs preserved as cutinised compressions from Early-Middle
Jurassic lacustrine deposits of the Cañadón Asfalto Formation
in central Patagonia, Argentina (Cúneo et al., 2013; Figari
et al., 2015). These leafy twigs have rhomboidal scale-like
leaves, very tightly disposed on the axis, with papillate scari-
ous margins, and very abundant epidermic papillae concen-
trated on the leaf base and margins (Fig. 1). The leaves are
amphystomatic with monocyclic stomatal apparatuses ran-
domly oriented, with 5–6 subsidiary cells per stomata, all of
them presenting a single papilla oriented towards the sunken
stomatal aperture.

Sample preparation, work methodology and FIB-SEM
experimental parameters

We performed the analysis at the Electron Microscopy Service
(CACTI) (http://cactiweb.webs.uvigo.es/Joomla/index.php)
of the University of Vigo (Pontevedra, Spain). Observations
were performed using an FEI Helios G1 600 (Oregon, USA)
Nanolab equipped with a field emission gun (FEG) and multiple
electron detectors for image acquisition, including a through-
lens detector (TLD), an Everhart–Thornley detector (ETD) and
a back scattered electron detector (BSED) for compositional
information.

FIB-SEM is an analytical technique based on the unique
combination of an ion gun and an electron gun, which permits

Fig. 1. Schematic diagram of the FIB-SEM device and its operating mode.
Everhart–Thornley detector; PtIN, platinum injection needle; SS, sam-
ple stage; CDM, continuous dynode electron multiplier detector; ETD,
Everhart-Thornley detector; TLD, through-lens detector. (Modified from
Villanueva-Amadoz et al., 2012.).

simultaneous sectioning and electron imaging of the region of
interest with a spatial resolution within the 10 nm range.

For a more detailed description on the fundamentals of this
technique see Orloff et al. (2003), Giannuzzi & Stevie (2005)
and Volkert & Minor (2007).

Even though no previous chemical treatment is required,
we suggest a basic cleaning of the cuticle with HF or/and HCL.
This will decrease milling time by eliminating the rock matrix
and excess surface debris (Figs. 2B–D).

The fossil samples were mounted on a SEM stub and then
coated with a thin (�20 nm) gold layer to make them conduc-
tive. The sample stage was tilted at 52° from the horizontal
position (Fig. 1), to ensure the sample surface is perpendicular
to the gallium ion beam

We employed an ion current of 9.3 nA at 30 kV acceleration
voltage to mill a trench of 100 µm in length, 30 µm in width
and 50 µm in depth. Despite using the second highest beam
current available, this first rough cut required a few hours.
The vertical surface of the trench was then polished using
the ‘cleaning cross-section option’, in which the ion beam is
rastered in slices parallel to the surface of the cut (i.e. perpen-
dicular to the sample surface). An initial current of 2.8 nA was
used, followed by an intermediate current of 0.42 nA. Finally,
the use of a low (93 pA) current allowed a fine polishing of a
selected portion of the sectioned region. The total process took
approximately 8–10 h.

C© 2017 The Authors
Journal of Microscopy C© 2017 Royal Microscopical Society, 00, 1–11



I N T E R I O R O F C U T I C L E S A N D C O M P R E S S I O N S O F F O S S I L P L A N T S 3

Fig. 2. Images showing the process of cutting and milling of a leaf compression corresponding to a fossil conifer showing their internal structures. (A)
View of several scale-like shaped leaves corresponding to the leafy branch of conifer of the Early Middle Jurassic from Argentinian Patagonia that was
disposed in the stub in Figure 1. The rectangular frame indicates the area that was selected to develop the study. (B) Selected area in A corresponding
to the contact between two leaves. Stomatal apertures can be seen as tiny black holes in the central zone of the framed area. (C) External surface of the
cuticle – framed area in B – corresponding to the base of a fossil leaf of conifer, which is covered by epidermal papillae showing several stomatal apertures.
(D) Cross-sectional image of the same zone as in C. (E) Detail of the same section in D showing process induced ‘stalactitic’ structures. (F) The same
zone as in E but without the ‘stalactitic’ structures, going deeper inside the compression due to the more advanced milling process Initials corresponding
to the working conditions (placed in the black bar at the base of images): HV, voltage; HFW, range of the image display; WD, working distance; mag,
magnification. Abbreviations of features indicated in the images: s.a., stomatal aperture; ss.ch., substomatic chamber.
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A relevant difficulty during the processing with FIB usually
is the redeposition of the milled material, particularly when
high currents are used (Villanueva-Amadoz et al., 2012). It has
been suggested that this effect can be potentially reduced by
the use of Selective Carbon Etching (SCE), which consists of in-
jecting water vapour (as magnesium sulphate hepta-hydrate)
during ion milling; in this way, the milling rate is consid-
erably increased, consequently reducing the redeposition ef-
fects. Nonetheless, in this study, the use of SCE did not produce
the intended effect and some ‘stalactite-shaped’ structures ap-
peared in front of the cut surface (Figs. 2B, C, E). X-ray analysis
revealed them to be composed essentially of gallium. A possible
explanation for this counter-intuitive behaviour could lie on
the extremely dis-homogenous composition of the fossil cuti-
cle, and hence in the highly variable density of the specimens,
where carbon-based material is usually mixed with clastic par-
ticles. This may result in a very fast milling of the ‘soft’ matrix
leaving remains of much more resistant rocky matrix on which
the gallium redeposits. We therefore carried out a systematic
analysis to optimise the milling parameters and finally decided
not to use the SCE system. In relation to the possible redeposi-
tion of gallium on the sample, X-ray analysis showed that the
rims of sectioned cavities contain a relevant amount of gallium
on average, indicating that structures in those areas must be
considered, at least partly, as process induced artefacts. Rede-
position also occurs inside the cavities. Nevertheless, due to the
very low percentage of gallium present there we consider that
both micro and ultrastructures visible in these areas are not
artefacts but real structures merely covered by an extremely
thin layer of gallium (Figs. 5, 6).

The formation of Ga-rich artefacts can be partially reduced
by lowering the ion current used for the final polishing.
Figure 4(C) shows a cavity after final polishing at 46 pA ion
current, and it can be seen as the Ga-rich bright layer sur-
rounding the cavity reduced in size but did not disappeared;
however, a lower current implies a much longer milling time,
rendering the whole setup impractical.

We also checked the option of covering a part of the sample
with platinum – following the standard first step in the FIB
milling procedure – in order to protect the material before
the milling process to prevent redeposition of both gallium
and debris. Nevertheless, in the case of a region with cavities
was to fill the cavity with this metallic element, which altered
its composition and morphology. Moreover, only a broken
and discontinuous strip was deposited over both the studied
surfaces and sections, which impeded the observations of the
sample. Therefore, no platinum strip was deposited here.

Images were acquired using the TLD for secondary elec-
trons, enabling us to work with a spatial resolution within the
10 nm range. As the final cleaning process is extremely slow
due to the very low (93 pA) current employed, we carefully
cleaned only selected regions of the original cut corresponding
to those areas close to the stomatal openings (Figs. 2F, 3A–F,
4A–F).

Results

The FIB-SEM technique allowed us to observe and iden-
tify a number of internal and external cuticular mi-
cro/ultrastructures, some of which have never been previously
reported for any type of fossil cuticles.

Microstructures

Internal cavities. Internal cavities were identified after sec-
tioning the stomatal apparatuses. These sections affected the
epidermal papillae that surround stomata and subsidiary cells
(Fig. 2). A series of cavities of 17 µm maximum length/width
can be seen in the section tens of microns below the cuti-
cle surface reaching carbonised epidermic layers, which, due
to their morphology and location, may represent substom-
atic chambers. These cavities occur in the inner part of the
foliar epidermis and appear to be filled with carbonaceous
matter, which has been corroborated via several elemental
spectrums by means of X-ray analysis (Fig. 5). They are pre-
served unmodified due to the exceptional conditions within
the rock matrix, probably favoured by its very fine-grained
nature. Likely, these plant remains were rapidly buried in an
anoxic environment, allowing cuticles and other foliar tissues
to be exceptionally preserved and retaining their structural
integrity without any perceptible deformation (Figs. 2E, F, 3A,
E, 4C, D). We find that the shape and size of these cavities
varies as the milling process advances into the carbonaceous
compression.

Internal microtunnels: Tiny holes, 2.5 µm to 800 nm in
diameter, were observed inside the internal cavities. The
milling process shows that these holes penetrate inside the
sample through the cavity and are orientated perpendicular
to the stomatal aperture, as such they could be considered as
small tunnels placed into the major cavity (Figs. 4A, B),

Associated microcharacterisation: The internal side of the cav-
ity walls represent a sort of ‘carbon-copy’ of epidermal cells
(Figs. 3A, B, 3D, E, 4A, B), not fully defined due to the coalifi-
cation process. Square to rectangular-shaped micromorpholo-
gies are occasionally observed on the walls of the cavities,
which could correspond to epidermal cells (Fig. 3F).

Ultrastructures. We identified a number of ultrastructures
within the hollow spaces and cavities described above,
including:

Scale-like structures: based on their location in the external
part of the cuticle, their morphology and imbrication, these
scale-like ultrastructures (60 nm long and 40 nm wide in
average) are interpreted as epicuticular wax (Fig. 4E).

Depressions: circular or elliptic shallow ultrastructures
800 nm in diameter on average, showing tapering towards
the base and sides of the cavities (Fig. 3B)

Circular perforations: they range from 200 nm to 300 nm
in diameter and locate at the base of the internal cavities
(Fig. 3C).

C© 2017 The Authors
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Fig. 3. Images of the internal chambers and higher magnification details of the same regions in Figure 2. (A) Internal cavity (substomatic chamber)
showing several structures. (B) Detail of the upper part of A showing several ultrastructural depressions and circular perforations in the inner wall of
the chamber (black arrows). (C) Detail of the lower part of A showing ultrastructural circular perforations and channels at the base of the cavity (black
arrows). (D) Detail of the right side of A showing the inner part of the chamber wall, which presents several protuberances and a grainy texture. (E)
Another substomatic chamber in section. (F) Detail of image E that shows the rectangular-shaped micromorphologies of the wall of the substomatic
chamber (black arrows) that is adapted probably to the morphology of the external parts of the epidermal cells. Abbreviations of features indicated in the
images: s.a., stomatal aperture; ss.ch., substomatic chamber; rd.g., redeposited gallium structure.
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Fig. 4. Details of the internal chambers and redeposited gallium structures. (A) View of a section in the initial stages of the milling process corresponding to
another substomatic chamber. (B) Detail of the central region of A in a posterior stage of the milling process showing scarce redeposition of gallium in the
inner parts of the substomatal chamber. Tunnel-like structures penetrating the substomatal chamber can be seen as dark holes. (C) Cavity after polishing
at 46 pA ion current. The Ga-rich is clearly identifiable as a bright layer surrounding the cavity. (D) External cavity composed by the folding of the
epidermal tissue. The corrugated structure of the upper surface of the folding part inside the cavity is visible as it is the carbonaceous compression of lower
tissues (black matter). The bright fringe surrounding the cavity corresponds to redeposition of gallium. (E) Detail of the left part of D, showing the presence
of scale-like, nanometre-sized ultrastructures on the internal part of the cavity. The white-coloured fringe on the edge of the cavity corresponds to Ga
redeposition. (F) Detail of the central-right region on A showing structures as folds and convolutions partly covered by redeposited gallium. Abbreviations
of features indicated in the images: ss.ch., substomatic chamber; sc.ns., scale-like nanostructures; rd.g., redeposited gallium-forming structure.
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Fig. 5. Elemental composition inside the cavity in Figure 4(B). Concen-
trations are given in atomic percentage, with an estimated relative error
of ±1%.

Channels: they can be observed in transversal sections 300–
500 nm wide at the cavity base and associate with circular
perforations (Fig. 3C).

Granular bodies: small hemispherical ultrastructures that ap-
pear to be associated to cavity surfaces (Fig. 3D).

Artificial structures created by redeposition

Due to the milling process some of the gallium was redeposited
on the sectioned walls creating some artificial artefacts that do
not represent the original structure of the fossil material

Microlayers: layers of different thicknesses partly composed
of redeposited gallium were detected in some regions covering
the rim of the section of internal cavities (Figs. 3A, B, D, F).

Foldings and convolutions: wrinkly textures approximately
1 µm in width and several µm in length – partly composed of
redeposited gallium – occur on the external side of the cavities
(Figs. 3A, E, 4A, F).

Discussion

Comparative advantages of the FIB-SEM technique

The FIB-SEM technique has proven itself extremely useful in
ultrastructural studies of various biological materials (Nalla
et al., 2005; House & Balkwill, 2013 and references therein),
allowing for the in situ observation of previously unobserved
features. Compared to other scanning electron or X-ray vol-
ume imaging techniques, FIB-SEM systems typically have very
high imaging resolution and allow for direct observation of
near-subsurface structures. However, its main application in
palaeontology so far has been preparing ultrathin lamellas for
observation by conventional SEM or, more commonly, TEM
(Kempe et al., 2005; Wacey et al., 2012), and has been rarely

Fig. 6. Gallium elemental map compared with another element present (Silicon) in the sectioned region corresponding to one of the inner chambers
(framed area). The distribution of both elements is plotted in the map (Gallium in green and Silicon in red). Scale bar: 2 µm
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used to directly observe the internal structure after ion-milling
slicing (Schiffbauer & Xiao, 2009, 2011; Pang et al., 2013;
Brasier et al., 2015).

An additional advantage of using FIB-SEM on fossil plants is
the possibility to precisely choose the feature of interest, slice
it and analyse it within the same instrument, thus reducing
the number of processing steps and increasing time and cost
efficiencies.

We have shown here the possibility of obtaining direct three-
dimensional information from combined surface and subsur-
face cross-sectional views of these fossil cuticles, internal cav-
ities and coalified tissues, all with little to no time consuming
sample preparation. Despite being a destructive technique,
FIB-SEM results are clearly more useful than any 2D light
microscopy image, allowing the observation of both micro-
and ultrastructural features (Villanueva-Amadoz et al., 2012).
Furthermore, FIB-SEM allows for precise site-specific subsur-
face analysis, as compared to other methods like fracturing or
mechanical sectioning. Finally, sequential ion milling follow-
ing by image reconstruction may be used to better visualise in
three dimensions the subsurface structures (e.g. Schiffbauer &
Xiao, 2009).

TEM has been widely used to study details such as structure
and disposition of the cell walls, stomatal openings or organi-
sation of papillae and guard cells (Guignard et al., 1998; Zhou
et al., 2000; Gomez et al., 2002, 2012; Nosova & Wcislo-
Luraniec, 2007; Yang et al., 2009 among other authors),
providing detailed information on cuticle multilayering and
ultrastructure (Guignard et al., 1998, 2004). Nevertheless,
the FIB-SEM technique represents an improvement when
analysing plant fossil compressions, because it not only allows
viewing the sample surface at the same time as the vertical
surface of the cut but it also makes possible to both control and
modify the direction of the cut at any time during the process.

When compared to synchrotron X-ray microtomography,
a more recent and nondestructive technology, FIB-SEM pro-
vides direct 3D images with four times higher resolution
(Cunningham et al., 2014), it is generally less time-consuming
(depending on the dimensions of the trench in the cut), and
it implies much lower costs and less sophisticated software
tools, not to mention the higher number of FIB-SEM instru-
ments available.

In summary, when compared with other microscopic meth-
ods to study fossil cuticles this technique offers very high imag-
ing resolution (�10 nm) throughout a complete structure
without any previous preparation nor subsequent software
data treatment. Moreover, only a trench few tens of microns
long, wide and deep is necessary, with minimal sample damage
outside of the milled region.

FIB-SEM particular usefulness in the study of fossil cuticles

The technique has allows to observation of microcharac-
teristics contained in the cuticle ultrastructure as well as

micromorphologies such as cavities located on coalified epi-
dermal tissues of fossil cuticles. In this respect, standard tech-
niques preclude the preservation of coaly materials in order to
make cuticles clean to study (e.g. Kerp, 1990; Guignard et al.,
1998; Yang et al., 2009).

The identification of microcavities in 3D that could repre-
sent substomatal chambers, previously only reported in rare
cases (e.g. Edwards, 2003), represents the first time that they
are observed in fossil coalified compressions. Because stomatal
chambers have an important role in the exchange of gases in
leaves, this new methodology might allow now to proceed
with additional interpretations associated to palaeoenviron-
mental and palaeoclimatic parameters. Thus, newly the iden-
tification of microstructures at the ultrastructural level in fossil
compressions might contribute with new data that could be an
additional factor in the studies and interpretation of CO2 distri-
bution in the past. In addition, this technique allows to obtain
an estimated value of the volume of these chambers through
the application of tomographic sequential milling (Schiffbauer
& Xiao, 2011; Brasier et al., 2015).

These new data open a variety of possibilities in the com-
parative study of different inner structures implicated in the
exchange of gases in fossil plants and their relationships with
the number of stomatal apparatuses in the surface of leaves.
However, as it is the first time that this technique is applied
in fossil leaves, we cannot speculate on the plasticity or even
the variability of these features. Thus, it becomes essential to
further investigate this field by analysing modern plants and
then try to extrapolate results performing more experiments
in new fossil specimens.

Finally, the characterisation of number, distribution and
morphology of micro- and nano-ornamentations in the sub-
stomatal chamber, could provide important results in terms
of identifying new characters of systematic importance, that
is, disposition, morphology and ornamentation of the different
micrometrical structures present in the walls of the substom-
atal chambers. This could be corroborated by analysing with
FIB-SEM a large number and a variety of current and fossil
leaves of different plant groups.

Conclusions

FIB-SEM analysis of fossil plant remains opens new possibilities
in terms of identifying and observing microstructures, some-
thing previously only possible by using more time-consuming
and expensive methodologies, that is TEM or synchrotron
X-ray tomography. The technique does not require any com-
plex sample preparation, it is almost directly applicable, and it
has proven extremely successful in terms of identifying nano-
metric microstructures in fossil cuticles. For the first time
it has been possible to observe subcuticular coalified cavi-
ties that closely resemble substomatal chambers and their
associated microstructures with a spatial resolution within
the tens of nanometre range. This analytical technique to
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observe and identify cuticular and subcuticular nano- and mi-
crostructures, result more accessible and cost efficient than
the conventional ones, and yields higher quality information,
which can be profitably applied to different disciplines in-
cluding palaeoenvironmental, palaeoclimate and, likely, tax-
onomic/phylogenetic approaches.

During the development of this technique in coalifed plant
fossil compressions some pitfalls were identified by X-ray anal-
ysis as growing of stalactitic structures or redeposition of gal-
ium over the surfaces. Nevertheless, the use of an adequate
milling voltage allowed a nearly complete elimination of the
process induced artefacts. This corroborate our theory that
the ornamentations on surfaces are original and not artefacts,
despite that the fact that the origin of the smallest irregular-
shaped scale-like nanostructures remains uncertain due to
their extremely reduced size.

The possibility of identifying rarely preserved microstruc-
tures like substomatal chambers, for instance, supply reliable
autecological information not previously available and allows
a close comparison with results obtained by classical method-
ologies. Therefore, it becomes important to apply it to modern
plants, which should provide additional evidence of the pres-
ence of similar microstructures in fossil remains, as well as
supply data on the morphological plasticity of these structures.
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