THE EXCEPTIONAL PRESERVATION OF PLANT FOSSILS: A REVIEW OF
TAPHONOMIC PATHWAYS AND BIASES IN THE FOSSIL RECORD
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ABSTRACT.—The exceptional preservation of plant fossils falls into two categories: whole plant
preservation and anatomical detail. Whole plant preservation is controlled primarily by transport and
event preservation (e.g., ash falls), whereas anatomical preservation can occur through one of several
taphonomic pathways: compression-impression, silicification, coal-ball formation, pyritization, and
charcoalification. This review focuses on these taphonomic pathways, highlighting important factors and
controls on the exceptional preservation of plants. Special emphasis is given to data garnered from
experimental and actualistic approaches.
INTRODUCTION
!What is exceptional
plant preservation?

Plants are fundamentally different from
animals in several ways, and expectations for
‘exceptional preservation’ must change
accordingly. Plants are modular organisms that
readily disarticulate into various organs (leaves,
stems, roots, and reproductive structures). Unlike
animals, disarticulation occurs regularly over a
plant’s normal life cycle (e.g., deciduous trees
shed leaves every autumn) as well as upon death
(Spicer, 1989; Greenwood, 1991; Wing et al.,
1992; Rowe and Speck, 1998; Gee and Gastaldo,
2005). The tissues of these organs are somewhat
different from those of animals: the structural
polysaccharides (cellulose, hemicellulose, and
lignin) and waxy polymers comprising the cuticle
(Briggs et al., 2000; Briggs, 2003; Fioretto et al.,
2005; Wakeham and Canuel, 2006; Gupta et al.,
2007a, b) have a much lower preservation
potential than bones or shells, but are also much
more likely to be preserved than animal soft parts.
Most importantly, the way in which these plant
parts find their way into the lithosphere is
fundamentally different from the pathways
followed by terrestrial or marine animals. Many
marine invertebrates, like plants, disseminate
propagules throughout the water column, but
these are almost never preserved. In contrast,
plant propagules (seeds, pollen) are exceptionally
well preserved in great abundance and diversity
throughout much of the Phanerozoic record.

Similarly, although both terrestrial vertebrates and
plant hard parts (stems, trunks) are preferentially
preserved in fluvial deposits or debris flows, there
is a strong ecological control on what types of
plants grow or accumulate near water bodies (e.g.,
calamitaleans and sigillarian lycopsids during the
Carboniferous and Permian periods; vines in the
Cenozoic era), whereas these patterns are
sometimes less clear for animal groups.
Therefore, at the most basic level, the processes
controlling plant fossilization are distinct from
those affecting animals.
Exceptionally preserved plant fossils fall into
two main categories. One type of exceptionally
preserved plant fossil retains the entire and
original arrangement of the various organs—from
roots to reproductive structures (Scott and Rex,
1985). If organs are found separately, they are
given distinct names, and only when two
structures are found together can the complete
plant be reconstructed, as was the case with
Archaeopteris (Beck, 1960a, b). Fossils such as
these are dependent on transport processes and
unusual events such as ash falls (Ferguson, 2005).
The second type of exceptional fossil preserves
the internal structure and three-dimensional
cellular detail. Although uncommon, such
preservation can provide paleobotanists with
unique taxonomic information (Smoot, 1984;
Smoot and Taylor, 1986). This type of
preservation is controlled by pre- and post-burial
decay and diagenesis.
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Why study exceptionally preserved plant
fossils?
The fossil record of land plants extends into
the middle Ordovician. Numerous microfossils—
spores, tubules, and cuticle fragments—are
reported from Ordovician marine rocks around
the world (Gensel 2008). Several authors (e.g.,
Gray et al., 1985; Wellman et al., 2003) suggested
taxonomic placement of at least some of these
microfossils within the bryophytes (hornworts,
liverworts, and mosses), the sister groups to all
other vascular plants (Nickrent et al., 2000;
Nishiyama et al., 2004), based on the preserved
anatomy, whereas vascular plant fossils do not
appear until the late Silurian (Gensel, 2008).
The majority of plant fossils are preserved as
either impressions (no organics remaining) or
compressions (organics remain) (Collinson,
2011); these fossils are part of a continuum of
more to less preserved organic material. Surface
details, such as stomata, trichome bases, and
epidermal cell arrangement may be preserved
with or without organic remains, but the
preservation of the ultrastructure of internal leaf
anatomy varies widely. Woody organs, such as the
axes and roots, are more often found preserved in
three dimensions, but delicate tissues (e.g.,
cellulose-rich, lignin-poor phloem) are often not
preserved due to more rapid decay.
Plant fossils from Lagerstätten can retain this
internal anatomy and provide more morphological
detail than the average compression-impression
fossils. The early Devonian Rhynie Chert
Lagerstätte, for example, contains a rich, in-situ
assemblage where the anatomy of early plants and
other organisms are silicified and preserve
exceptional detail. This exceptional fossil deposit
is one of several that have helped reveal major
changes in plant evolution throughout the
Phanerozoic (Table 1; Schopf, 1975; Knoll, 1985;
Gensel, 2008). Additionally, the exceptional
preservation of both the external morphology and
internal anatomy of plants has allowed the study
of the evolution of plant vascular systems (e.g.,
Wilson et al., 2009) and entire plant ecosystems
(Scott and Rex, 1985). Without exceptionally
preserved fossils and fossil assemblages, these
insights into the past would be lost.
Understanding how these fossils form is crucial to
the interpretation of the functional and ecological
information they hold. This paper will review the
major taphonomic pathways leading to the
exceptional preservation of plants, with a focus on
experimental and actualistic studies of plant

preservation.
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TAPHONOMIC PATHWAYS

!Three major concerns in the formation of plant

fossils are: 1) how well anatomically important
information is retained; 2) the taxonomic biases
that may be introduced during the fossilization
process; and 3) the degree to which
paleoenvironmental data (e.g., isotopic
information in cuticle waxes) are retained. The
basic pathway for a plant organ, such as a leaf, to
become a fossil is for it to be transported, buried,
undergo some degree of decay, and survive long
enough for the surrounding sediment to lithify
(Rex and Chaloner, 1983; Ferguson, 2005), or for
the tissues to be permineralized (e.g., Kenrick and
Edwards, 1988). The highly resistant waxy cuticle
is thought to favor this process (Collinson, 2011)
by providing a robust external layer of protection
to the more labile internal tissues of the leaf, but
the degree of internal decay, as well as exposure
to oxygen, will affect the final product (Yang and
Huang, 2003). Different taphonomic modes occur
on different timescales and under different
environmental conditions, and may affect the
formation of a fossil at different parts of the
pathway to fossilization (Fig. 1). Additionally,
tissues and organs may be preserved differently
by different taphonomic pathways (Fig. 2).
Schopf (1975) presented a classic view on the
four preservational modes that are important in
fossil plant preservation: 1) duripartic (hard part)
preservation, 2) organic compression/impression,
3) authigenic preservation, and 4) cellular
permineralization. An additional mode,
charcoalification, was recognized as an important
mode of preservation, particularly of flowers, in
the 1980s (e.g., Friis and Skarby, 1981).
Paleontologists have long recognized that
duripartic preservation is the most common, as
evidenced by the extensive marine shelly fossil
record. Authigenic mineralization occurs when
the surrounding sediment is rapidly cemented,
normally in the form of a concretion (Schopf,
1975). McCoy (2014) discusses the formation of
concretions, so it is not considered here. Plant
fossils are most often preserved as either
impressions or compressions (Schopf, 1975;
Greenwood, 1991), but often retain only gross
morphological characters or epidermal anatomy
through the preservation of the durable cuticle.
Permineralized fossils can be the most useful to
paleobotanists because internal anatomy is often
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TABLE 1.—Examples of plant Lagerstätten with different types of preservation through time. Clades: A =
Angiosperms; Be = Bennettitales; Br = Bryophytes; Co = Conifers; Ex = Extinct seed plants; F = Ferns; Gn =
Gnetales; Gk = Ginkgo; L = Lycophytes; Pt = Pteridophytes; R = Rhyniophytes; Sp = Sphenopsids; Un = Unknown
affiliation; Zo = Zosterophylls. Preservation: Car = Carbonate coal balls; Com = compression; Con = concretion; IO
= iron oxides; Py = pyritization; S = silicification.

Locality

Age

Clades

Preservation

Rhynie Chert

Devonian

Br, L, R,
Un, Zo

S

Edwards, 1986; Lyon et al., 1991;
Kerp et al., 2004; Channing et al.,
2009

Brecon Beacons
Quarry, Powys,
Wales

Devonian

L, R, Zo

Py

Edwards, 1969; Kenrick and
Edwards, 1988; Kenrick et al.,
1991

Lancashire Coal
Fields

Carboniferous

Co, L, P,
Sp

S, Car

American Coal
Fields
(e.g. Herrin, IL)

Carboniferous

Co, L, P,
Sp

Car

Mazon Creek

Carboniferous

L, Pt

Clear Fork Group

Permian

Co, Pt, Sp,

IO

Chaney et al., 2009

Fremouw
Formation

Triassic

Ex

Si

Taylor et al., 1989

Crato Formation

Cretaceous

A, Co, Ex,
Gn

IO

Mohr and Friis,

North Almont

Paleocene

A, Co, Gk,
Pt

S

Crane, 2013

London Clay

Eocene

A, Co, Pt

Py

Grimes et al., 2001

Messel

Eocene

A, Co, Pt,
Un

Com

Schaal, 1992; Collinson et al.,
2010

Musselshell Creek

Miocene

A, F, Gk,
Co,

Com

Baghai and Jorstad, 1995

Clarkia

Miocene

A, F, Co,

Com

Baghai and Jorstad, 1995

Shanwang

Miocene

A, Co

Com

Yang and Yang, 2004

Com, Con

preserved. The three primary minerals involved in
this type of preservation are silica (either as
hydrous silica or microcrystalline quartz), calcite,
and pyrite (Gastaldo, 1988).

Citations

Galtier, 1997
Andrews, 1951

Wittry, 2006

Each mode of preservation requires certain
environmental conditions, making it possible to
infer more about the environmental setting than
might normally be expected.
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S

Off shore
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S
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P

FIGURE 1.—Cross-section through a hypothetical landscape showing different depositional environments and
associated taphonomic pathways. White and gray arrows indicate transport of plant organs. Black arrows indicate
transport of silica for silicification, which can occur through the flow of silica-rich ground water, in situ in hot
spring environments, or through silica from volcanic ash. P = pyritization; CB = coal balls; Com = compressionimpression; S = silicification.

Compression-Impression
The majority of plant fossils, primarily leaves,
are preserved on a gradient from an impression
with no organic preservation to partial or
complete organic preservation (compression).
These fossils form when a plant organ is buried in
sediment and decays in situ to form a flattened
version of the original (Rex and Chaloner, 1983).
Impression fossils form when the organ is
decayed away, leaving a void in the sediment,
whereas compression fossils retain some of the
plant tissue. These organics show a range of
preservation depending on the original tissues,
depositional environment, and burial history
(Collinson, 2011). In rare cases, such as some
leaves from the Miocene Clarkia and Succor
Creek Lagerstätten (Niklas and Brown, 1981) and
Jurassic lahar deposits in Sweden (Bomfleur et
al., 2014), the original ultrastructure down to
subcellular features (e.g., chloroplasts,
chromosomes) is preserved. Other leaves from the
same locality exist only as a cuticle envelope with
the internal anatomy of the leaf entirely absent,
making the preservation of such detail truly
exceptional. In addition to anatomy, compression
fossils provide valuable geochemical information,
and have been used as paleoenvironmental
indicators (e.g., Kuder and Kruge, 1998; Yang and
Huang, 2003). The formation of compressionimpression fossils and the biases behind their
formation has been investigated both in relation to

physical and geochemical processes.
Physical formation.—Understanding the
biases introduced during the preservation of
leaves as compression-impression fossils is
critical in reconstructing past ecosystems. Fossil
leaves record not only valuable taxonomic
information, but also paleoclimate data related to
past CO2 levels (Beerling and Chaloner, 1993;
Royer et al., 2001; Beerling and Royer, 2002;
Doria et al., 2011). Changes to dimensions of the
leaf may affect interpretation of past ecosystems
by altering the density of the stomata. It had long
been thought that during the formation of a leaf
compression fossil, the primary axis of
deformation was vertical, with little or no
horizontal changes (Walton, 1936; Schopf, 1975).
However, it has been shown that both during
compaction and dehydration, horizontal changes
to the linear dimensions of the leaf may be as
great as 10% (Rex and Chaloner, 1983; Cleal and
Shute, 2007). Therefore, stomatal density alone is
not recommended as a paleoclimate proxy; rather,
the stomatal index, which is the ratio of stomatal
density to epidermal cell density, is preferred, as
shrinkage or expansion of the cuticle does not
affect this ratio (Cleal and Shute, 2007).
Axes of a plant are more subject to
deformation than are other tissues. Fossil stems
show a range of flattened to elliptical or circular
cross-section, depending on the degree of
compression (Chaloner and Collinson, 1975;
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Charcoalified
Silicification
Compression

Charcoalified
Silicification
Compression
Coal Ball

Pyritization
Silicification
Compression
Coal Ball

Compression
Silicified
Coal Balls

FIGURE 2.—Examples of major plant organs (leaves, axes, roots, reproductive structures) and the taphonomic
pathways that are most commonly associated with fossil examples.

Niklas, 1984). However, the dimensions of the
compressed axis reflect the original diameter
quite accurately (Niklas, 1978; Rex and Chaloner,
1983). On compressed axes, smaller-scale
structures, such as stomatal pits, can retain their
original dimensions (Spicer, 1977), emphasizing
the importance of scale when examining changes
during fossilization. The process of compression
acts on the macromorphology of the organ, but
the micromorphology is protected from
deformation (Rex and Chaloner, 1983).
Sediment properties play a large role in the
preservation of leaves as compression-impression
fossils. The grain size of the surrounding sediment
can control the degree of compaction that a plant
experiences during fossilization. Coarse-grained
sediments retain little water and undergo little
compaction, with most of it occurring during
early diagenesis (Rex and Chaloner, 1983). Finergrained sediments, on the other hand, contain
between 40–80% water, and experience
significant dewatering during early diagenesis. In
clay-rich sediments, particles align, losing water
and enabling further compaction (Rex and
Chaloner, 1983; Pittman and Larese, 1991; Giles
et al., 1998). While the role of compaction in the
formation of plant fossils has been researched
(e.g., Rex and Chaloner, 1983), the role of rapid
dewatering versus continued hydration has not yet
been studied.
A common feature of many compressionimpression fossils is the presence of a mineral

coating, most commonly of iron oxides/
oxyhydroxides. This phenomenon was first
discussed by Spicer (1997), and was further
investigated by Dunn et al. (1999). The formation
of an iron-oxide coating happens within days to
weeks of leaves settling in water. Bacteria,
primarily from the surface of the leaf, colonize the
anionic surface of the waxy cuticle and form
biofilms. The extracellular polymeric secretions
that form the biofilms are highly reactive, and
quickly cause the precipitation of ferrihydrite
(Dunn et al., 1997). This mineral coating is
thought to enhance the preservation potential of
the leaf in several ways. First, it acts as a sort of
armor, preventing abrasion and damage due to
transport and scavenging (Spicer, 1977, 1989).
Second, the accumulation of iron can inhibit
further bacterial activity, slowing down the decay
of leaf tissues (Dunn et al., 1997). Finally, the
rapid precipitation of minerals on the surface of
the leaf may ensure the preservation of fine-scale
topographic features that would normally be lost
or obscured by decay or the collapse of internal
tissues (Spicer, 1989; Dunn et al., 1997). In rare
instances, fossils are preserved in iron oxides
three-dimensionally (e.g., Permian Clear Fork
Group: Chaney et al., 2009; Mio–Pliocene New
Caledonia: Locatelli, 2013). In the case of the
New Caledonian flora, this relates to the
depositional environment: a shallow, oxic stream
with high iron content due to weathering of
ultramafic basement (Locatelli, 2013).
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Chemical formation.—The chemical remains
of plant fossils can provide valuable
paleoenvironmental data through the preservation
of hydrogen, carbon, and oxygen isotopes. The
most widely used fossil biomolecules for
paleoclimatic analysis are lipids (Briggs, 1999).
Lipids are relatively robust to chemical diagenesis
and can survive in the sediment for millions of
years. Other useful macromolecules include the
building blocks of most plants—the structural
carbohydrates cellulose and lignin. The
preservation of these molecules has been of
interest for many years, and several authors have
recently reviewed this topic (e.g., Collinson,
2011).
In plants, the primary source of lipids is the
waxy epicuticle, which is composed of a variety
of long-chain aliphatic compounds (e.g.,
hydrocarbons, alcohols, ketones, esters, and
aldehydes), pentacyclic triterpenoids, and
phytosterols (Logan et al., 1995). These
biomolecules are recognized in modern lake
sediments (Rieley et al., 1991; Huang et al., 2004)
and lacustrine rocks (Logan et al., 1995; Yang and
Huang, 2003), the latter in a slightly altered form
due to diagenesis over millions of years (Gupta et
al., 2007a, b).
In addition to providing lipids for
geochemical analyses, the cuticle enhances the
overall preservation potential of leaves due to its
resistance to microbial decay (Kelleher et al.,
2006), although fossil leaves may survive after
the loss of cuticle (Collinson, 2011). It was long
thought that the high preservation potential of the
cuticle reflected the selective preservation of a
decay-resistant molecule called cutan, a highly
aliphatic and resistant biopolymer believed to be a
hydrocarbon (Nip et al., 1986; Tegelaar et al.,
1989, 1991). If the presence or absence of cutan
was the primary control on the preservation of
cuticle, and thus of leaves, the fossil record would
be heavily biased toward the preservation of
plants that contained cutan in their cuticle
(Tegelaar et al., 1991). However, many studies
have shown that cutan is found in only a limited
group of plants, primarily the monocotyledons
Agave (Agavaceae) and Clivia (Liliaceae) (Gupta
et al., 2006 and references therein). Neither Agave
nor Clivia are represented as fossils, while cutanlacking plants such as Gingko, Metasquoia, and
Quercus have extensive fossil records. Maturation
experiments on the waxy cuticles of Castanea
(Fagaceae), Acer (Aceraceae), Pinus (Pinaceae),
Quercus (Fagaceae), and Ginkgo (Gingkoales)

confirmed the absence of cutan or other aliphatic
precursors in fresh cuticles, but showed that
aliphatic compounds formed during maturation
(Gupta et al., 2007a, b; Collinson, 2011). Other
cuticular constituents, including cutin (a
polyester), waxes, and internal plant lipids,
undergo in-situ polymerization and form highly
resistant geomacromolecules during fossilization.

!Silicification

Silicified plant fossils are some of the most
important for studying the evolution of vascular
plants and other photosynthetic organisms
(Greenwood, 1991; Knoll, 1985) due to their
quality of preservation as well as their frequency
in the fossil record (Stein, 1982). Silicified wood
is particularly common, and is found from the
Paleozoic to the Holocene. Internal anatomy, from
details of cell wall structure to various stages of
reproductive organ development, can be preserved
at the subcellular level, giving unparalleled
insight into the morphology and ultrastructure of
fossil plants (e.g., Basinger and Rothwell, 1977;
Kenrick and Crane, 1991; Dettmann et al., 2009)
and other photosynthetic organisms (Tyler and
Bargoorn, 1954; Knoll, 1985). The importance of
silicified plant fossils in studying both the
evolution of plants and the paleoecology of
ancient environments demands that the controls
on silicification be understood.
The source of silica can vary widely between
depositional environments (Fig. 1). Volcanic ash
and hydrothermal vent systems contain abundant
silica, but in many fossil sequences, there is little
evidence of volcanic or hydrothermal sources
(Knoll, 1985). The marine realm is undersaturated
with respect to silica. Diatoms, radiolarians, and
sponge spicules have been cited as possible
sources for silicification (Hesse, 1989), but the
ultimate source of silica for the skeletons remains
an open question. Plants are most commonly
preserved in terrestrial settings, however, where
silica is more widely available. The source of
silica in terrestrial systems can be the dissolution
of diatoms or detrital feldspar in immature
sediments (Jefferson, 1987; Matysová et al.,
2010). Even in systems lacking obvious sources
of silica, the dissolved silica from siliciclastic
rocks in groundwater may be enough to silicify
plants, albeit on longer time scales (Knoll, 1985).
In general, silica availability is not the limiting
factor that controls silicification in terrestrial
environments (Knoll, 1985; Hesse, 1989).
Under Leo and Barghoorn’s model (1976),
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some decomposition of the plant may enhance the
process of silicification by creating an abundance
of sites for hydrogen bonding. However, if too
much decay of the organic matter occurs, the
template on which silicification occurs is also
lost. Therefore, silicification is somewhat timedependent on the survival of organic matter. For
those deposits in which internal anatomy of plants
is exceptionally preserved, the rate of
silicification would have been rapid, on the scale
of days, weeks, or years, depending on the tissues
and environment (Knoll, 1985; Channing and
Edwards 2004; Ballhaus et al., 2012), in order to
outpace the rate of decay.
Silicification of fossils begins with the initial
deposition of silica, in the form of monomeric
silicic acid H4SiO4, on and within cell walls of
plants. Further silicification occurs through the
polymerization of silicic acid and loss of water
(Hesse 1989). Polymerization leads to the
formation of opal-A, which then undergoes a
maturation sequence to opal-CT, and finally to
quartz given the right conditions and sufficient
time (Buurman 1972; Leo and Barghoorn 1976;
Hesse, 1989). The transformation from opal-A to
opal-CT in fossil wood occurs at a rate
comparable to silica transformations in biogenic
siliceous oozes, which is on the order of millions
of years (Stein 1982).
Experimental silicification.—Understanding
the processes involved in silicification informs
our interpretation of the fossil data. One of the
primary questions paleobotanists have asked is
what is the rate at which silicification occurs. The
first attempt at experimental silicification of
plants was to replicate silicified wood. Drum
(1968), Leo and Barghoorn (1976), and Sigleo
(1978) successfully silicified wood, showing that
the permineralization of wood by silica is a voidfilling permeation process rather than one of
replacement. Dissolved silicon has an affinity for
the exposed hydroxyl functional groups in these
macromolecules, and rapidly forms hydrogen
bonds (Knoll, 1985; Hesse, 1989). In Drum’s
experiments (1968), the internal anatomy of
Betula wood cells was replicated by silica, albeit
very thinly, after only 24 hours of submersion in a
solution of sodium metasilicate. A more robust
silicification capable of surviving fossilization
takes longer, on the order of weeks to years
(Channing and Edwards, 2004). Decay not only
increases the number of bonding sites, but also
allows silica-containing fluids to percolate
through cracks (Knoll, 1985). Leo and Barghoorn

(1976) suggested that further silica precipitation
occurs through silicic acid polymerization (Knoll,
1985) following initial deposition of silica on
organic surfaces through hydrogen bonding.
Drum’s (1968) experiments were conducted
under an alkaline system (pH=14), which is well
outside common natural pH conditions (Ballhaus
et al., 2012). Other experiments used silicacontaining compounds that are not normally
found in nature, such as ethyl silicates, silica
compounds, silica sols, and silica gels, or they
were conducted under vacuum. This compromises
the use of the results to interpret natural
silicification (Götze et al., 2008; Ballhaus et al.,
2012). Most experimental silicification in
laboratory settings has resulted in the deposition
of amorphous silica, which is a precursor to opal,
the form of silica that occurs in naturally silicified
wood.
Ballhaus et al. (2012) aimed to silicify wood
with a more natural silica source. Pieces of
Douglas fir (Pseudotsuga menziesii) were placed
in an autoclave and reacted with silica-enriched
water, using crushed rhyolitic obsidian as the
silica source. The driving factor behind silica
deposition is the rapid pH change that occurs
when silica-rich alkaline waters came in contact
with the acidic interior of the wood (Ballhaus et
al., 2012). This abrupt shift in pH conditions is
thought to force the precipitation of silica as opal,
and if this deposition occurs inside the plant
tissue, it would cause permineralization.
Additionally, the experiments accelerated the
decomposition of the organic matter, which may
have played an additional role in the silicification
of the wood by creating more available binding
sites.
Rhynie Chert experiments.—The most
famous, and one of the most important silicified
plant assemblages, is the early Devonian Rhynie
Chert. Early land plants are preserved threedimensionally, in-situ and erect, at the cellular and
sub-cellular level, by silica, which is thought to
have been deposited as hot-spring waters
permeated the plants (Rice et al., 2002; Channing
and Edwards, 2009; Ballhaus et al., 2012). The
Rhynie Chert also contains some of the earliest
insects, arachnids, and fungi, providing one of the
earliest and most complete views into terrestrial
ecosystems (Kidston and Lang, 1917, 1920a,b,
1921a,b; Trewin, 1996; Taylor and Taylor, 2000).
In order to accurately interpret the rich
paleobiological information held within the
Rhynie Chert, a number of experiments have been
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conducted to examine the taphonomic processes
involved in the preservation of the plants.
One of the primary questions concerning the
silicified plants within the Rhynie Chert is the rate
of preservation. Experiments examining the rate
of silicification at Yellowstone hot springs found
evidence of silica deposition in stems submerged
in hot hydrothermal fluids after only 30 days
(Channing and Edwards, 2004), but deposition
was not uniform in all tissues. Opal-A was
observed after 30 days in some intracellular
regions and on the internal surface of peripheral
sclerenchyma bundles, shallow epidermal cells,
and parenchymatous cells (Channing and
Edwards, 2004). However, opal-A was deposited
in the vascular bundle sheaths only after 330 days.
This difference may reflect the relative decay
rates of lignin and cellulose. The vascular bundle
sheaths are more lignified, and thus decayed more
slowly, opening up fewer available sites for
hydrogen bonding.
A second area of interest regarding
preservation in the Rhynie Chert is the bias of
silicification in different hydrothermal
environments. Using Yellowstone hot springs as a
natural laboratory, Channing and Edwards (2009)
examined subfossil specimens of Eleocharis
rostellata (Cyperaceae) from a wetland
downstream of a hydrothermal vent, and
compared the subfossils with the results of their
earlier experiments (Channing and Edwards,
2004). The 2004 experiments were conducted in
water temperatures from 60–70°C, which
excluded most plant-degrading fungi (Magan,
1997) and many heterotrophic bacteria (e.g.,
Blanchette et al., 1990). Indeed, microbes were all
but absent in the experimental samples (Channing
and Edwards 2009). In contrast, average
temperatures of the wetland water were from 20–
30°C, which falls in the optimum range for fungal
activity (Magan, 1997). Plants examined from this
environment were colonized by a consortia of
microbes, including bacteria, fungi, protists, and
diatoms (Channing and Edwards, 2009). Under
this scenario, the wetland subfossils might be
expected to exhibit a greater degree of decay and
an overall poorer preservation. However, even the
most delicate tissues were preserved in both
hydrothermal sub-environments, and the most
extreme form of degradation observed was cell
collapse (Channing and Edwards, 2004, 2009).
Another difference in the preservation of the
plants in the two sub-environments was the silica
fabric texture. Plants submerged in hot

hydrothermal fluid contained opal-A
microspheres in a unimodal size class, whereas
plants from the wetlands contained microspheres
of many sizes (Channing and Edwards, 2009).
This difference can be accounted for by the
different physicochemical conditions in each
environment. Plants in the vent waters were
periodically subaerially exposed. During periods
of flooding, the water was supersaturated with
respect to silica (SI=0.11–0.12), and nucleation of
silica microspheres was likely rapid. Conversely,
in the ever-flooded wetlands, the water was at or
just above the saturation level (SI=−0.09–0.08),
and the nucleation of microspheres occurred
continually, albeit slowly. However, Channing
and Edwards (2009) found that the differences in
silica fabric do not appear to detract from the
quality of preservation in either sub-environment.
The preservation potential of Eleocharis did
not differ in the different sub-environments in
Yellowstone. These results are encouraging
because they suggest that plants are preserved to
the same degree in settings both distal and
proximal to the hydrothermal vent area, thus
eliminating biases that may result from subenvironments. However, biases still may exist that
would skew the perception of these types of
environments. One bias that Channing and
Edwards (2009) noted was the type of plant used
in the study. Eleocharis and many other members
of the Cyperaceae, sedges that are often
associated with wetlands, biomineralize parts of
their tissues in silica during life, and this initial
silica may act as a template for further
silicification. Additionally, hydrothermal systems
only capture a limited range of plant and animal
diversity (Channing and Edwards, 2009), and thus
care must be used when making larger
assumptions about a regional ecosystem based on
deposits of hydrothermal origin.

!Coal Balls

A major source of Paleozoic paleobotanical
information is concretions (coal balls), usually of
carbonate but sometimes of silica, containing
coalified plant remains (Scott and Rex, 1985).
Most coal balls are Carboniferous in age, but they
are also found in the Permian of China (e.g., Zhou
et al., 2008). Coal balls are found as masses of
variable size and shape that are distributed both
horizontally and vertically within coal seams.
Since their discovery in 1855, the paleoecological
data garnered from coal balls has been invaluable
in the reconstruction of the flora of one of the
!244

LOCATELLI: EXCEPTIONAL PLANT PRESERVATION
major peat-forming periods in geologic history
(Phillips and Peppers, 1984; Phillips et al., 1985).
The primary minerals in coal balls are calcite,
dolomite, ferroan dolomite, and pyrite, with minor
constituents including marcasite, gypsum, quartz,
illite, kaolinite, and lepidocrocite (DeMaris,
2000). Coal-ball mineralogy is quite consistent in
composition, but the proportions of different
constituents vary, even in adjacent concretions
(Stopes and Watson, 1909). The majority of coal
balls are dominated by calcite (Stopes and
Watson, 1909; DeMaris, 2000). Detrital minerals
are rare, suggesting in-situ permineralization.
Carbon isotope compositions range from −15 to
−35‰ (DeMaris, 2000) in the purely plantbearing concretions, and are slightly less 13Cdepleted (−8.9‰) in mixed plant- and marineanimal coal balls (Scott et al., 1996). These
different carbon isotope compositions suggest
varying amounts of fresh water input. Sr/Ca
ratios, which can be used to determine carbonate
provenance, range from 4.8 to 10.3 (x 10-4),
values that are congruent with freshwater values
of 5.9–8.9 (x 10-4) (Treese et al., 1981).
Coal ball formation.—Several models have
been developed to explain coal-ball preservation.
Early investigations of coal-ball formation were
concerned primarily with the provenance of the
plant material. Initial descriptions focused on the
spherical nature of the coal balls, implying they
were formed and transported a great distance
before being deposited in the coal bed (Lomax,
1902). However, the uncompressed nature of
much of the plant material and the exceptional
preservation of even the most decay-prone tissues
led to the development of taphonomic models to
explain the uniqueness of coal-ball preservation.
Original hypotheses of the origin of coal balls
stressed the importance of initial decay under
anoxic and closed systems, based on the
exceptional quality of the plant material and the
presence of pyrite (e.g., Stopes and Watson,
1909). Following initial decay, a new source of
water, likely marine, carrying carbonate and
magnesium ions, flooded the forming peat. Stopes
and Watson (1909) favored the importance of a
marine source based on the presence of goniatites
and marine pectinid bivalves. This influx caused
the precipitation of carbonate minerals around
decaying plant material, forming the concretion.
However, isotopic data show that the cements
were not formed from a purely marine source, and
that mixing of marine and freshwaters must have
occurred (Scott et al., 1996).

The occasional occurrence of marine animals
in coal balls led Mamay and Yochelson (1962) to
develop a model that would explain this
observation. In their model, the peat body was
spatially separated from the marine environment.
During large storm events, sediments from the sea
were ripped up and deposited within the peat,
forming a nucleus for carbonate precipitation.
This model is only applicable to mixed floral/
faunal coal balls and cannot be applied to purely
botanical concretions. Additionally, the mounting
evidence of two carbonate origins—one marine,
one freshwater—makes this model of limited
value (Scott et al., 1996). Furthermore, there is
evidence that much of the marine material
preserved in coal balls is not actually mixed with
original peat. Rather, the marine elements are
fillings of burrows that entered the peat from the
overlying marine environment after it
transgressed the peat swamp, rendering the
mixture of terrestrial and marine elements a
taphonomic happenstance.
Anderson et al. (1980) proposed a pathway
for coal-ball formation that related the coal balls
to ombrotrophic peat (peats formed in water
derived from rainfall rather than streams or
groundwater). In this model, fresh meteoric
waters may have infiltrated the forming peat in
several episodes. Spicer (1989) expanded on this
model, adding to it a layer of marine water at
depth. As the peat formed, it began to sink and
when it reached the marine-fresh water barrier,
the pH changed from acid to alkali, allowing the
precipitation of carbonate within the peat. Isotopic
data, however, consistently support a freshwater
origin of coal-ball formation (Scott et al., 1996).
Additionally, no coal-ball-bearing coal has been
considered ombrotrophic in origin (DiMichele
and Phillips, 1994), so this model does not fully
explain their formation. There are two major types
of peat-forming bogs and swamps: 1)
ombrogenous, which form above groundwater
and are dependent on meteoric input; and 2)
topogenous, which form within groundwater
(Cecil et al., 1985). Comparisons of coal balls
from American Pennsylvanian-age coals with
characteristics of these two types of peats show
that coal balls strongly reflect topogenous peatforming environments, which contain high levels
of sulfate, carbonate, and mineral matter (Phillips
et al., 1985).
The most recent hypothesis of coal-ball
formation places the peat-forming plants in fresh
water as opposed to brackish environments
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(DeMaris, 2000). The forming peat body was
covered by non-marine muds during the initial
phases of transgression. These muds initially
originated from freshwater sources, generally
large rivers that ran through the peat swamp. The
siliciclastic sediment was backed up and forced
inland by sea-level rise as the rivers turned into
estuaries (Elrick and Nelson, 2010). Capped by
these muds, pCO2 increased within the peat body
due to methanogenesis, resulting in very negative
carbon isotope values and a low pH (DeMaris et
al., 1983; DeMaris, 2000). Subsequent erosion
removed the shale cap, releasing CO2, raising pH,
and reintroducing marine water into the peat. This
change caused the chemical equilibrium to shift
toward carbonate precipitation, which likely
occurred very quickly (see DeMaris, 2000, for
further discussion). Some coal balls contain
growth rings (W. A. DiMichele, pers. comm.,
2014), but the well-preserved anatomy within
these coal balls suggest that these formed rapidly.
Within a single coal ball, multiple sites of
nucleation may have initiated precipitation, with
the final coalescence forming the single, solid
coal ball. Coal balls appear to have formed in
those areas where gray muds were stripped away
by the further action of marine transgression. It
should be noted that in the coal beds studied by
DeMaris (2000), coal balls occur exclusively
beneath marine, generally black shale, roof rocks.
Where gray shale was thick and remained intact,
coal sulfur is generally lower than under marine
roof rocks, and coal balls are not present.

of pyritization. In the past thirty years, several
advances have been made in understanding the
process of plant pyritization. This section will
focus on the insight gained from experiments on
plant fossils. For a more general overview of
pyritization, see Farrell (2014).
Pyrite in plant fossils.—One of the most
intensively studied pyritized floras is from the
London Clay (e.g. Grimes et al., 2001 2002;
Rickard et al., 2007), and studies on the formation
of pyrite have revealed much about the process
and nature of pyritization. It should be noted that
pyritized fossils are often coalified, such that
pyrite is associated with an organic template (e.g.,
Grimes et al., 2002). Pyrite in the London Clay
flora generally is found in one of four primary
textures: framboidal, polycrystalline, subhedral to
euhedral, or microcrystalline (Grimes et al.,
2002). Generally, different pyrite textures
occurred in particular cell types, with the
exception of euhedral octahedral pyrite, which
tends to be limited to parenchyma cells and
occurs only in rare instances. However, different
textures of pyrite are clearly associated with
certain cell features. Amorphous microcrystalline
pyrite is ubiquitous on the inner surface of the
cell, within the lignified cell walls, and in the
middle lamella (Grimes et al., 2002); however,
microcrystalline pyrite was not found associated
within cellulose cell walls, which are normally
coalified. The presence of microcrystalline pyrite
within lignified parenchymal cells and xylem
vessels indicates that the lignified portions of the
cell underwent decay before pyritization, as these
features are normally impermeable (Grimes et al.,
2002).
Most pyrite found in plant fossils occurs on
the interior surface of cellulose cell walls forming
internal casts of the cell and pits, with rare
instances of pyrite found within walls (Grimes et
al., 2002). Within a single cell, the pyrite textures
are relatively uniform. Adjacent cells may exhibit
different textures, however, indicating that
separate chemical microenvironments formed
during early diagenesis, reflecting changes in pH
and Eh brought about by decay and mineralization
(Grimes et al., 2002). The presence of pyrite,
particularly of a microcrystalline texture, is
essential to exceptional preservation: its presence
on the internal surface of cells prevents collapse
and leads to anatomical preservation. This initial
formation of pyrite then prevents changes to
morphology as other textures grow, often at
different stages as the chemical microenvironment

!Pyrite

Pyritized plant fossils are uncommon in the
fossil record, but can retain spectacular
anatomical information. The majority of pyritized
plant fossils are axes of Devonian (e.g., Chaloner
et al., 1978; Kenrick and Edwards, 1988) and
Eocene age, particularly from the London Clay
(Grimes et al., 2001, 2002; Brock et al., 2006),
although partially pyritized fossils occur
throughout the plant fossil record (Rickard et al.,
2007). The discovery of the London Clay flora
(Reid and Chandler, 1933) led to several methods
of investigation of the fossils, as no previous
methods allowed for examination of pyritic fossils
(e.g., Beck, 1955). The preservation of cellularlevel anatomy allows the classification of
otherwise character-depauperate fossils. Most
research on pyritized plant fossils has been
focused on anatomical descriptions, but several
models have been proposed to explain the process
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Eq. 3) 2FeS2 +7O2 +2H2O ⟶ 2Fe2+ + 4SO42- +
4H+

changes through time.
Pyrite formation.—The primary control on the
formation of pyrite in sediments, both in
conjunction with fossils and as pure sedimentary
pyrite, is the presence of oxygen. Pyrite only
forms in anoxic conditions—oxygen must be
excluded during early diagenesis. However, both
in laboratory and actualistic studies of pyrite
formation, the surrounding water and sediments
may be oxygenated. Oxygen is removed from the
sediment column during microbial respiration,
and sediments can become anoxic in a matter of
days (Grimes et al., 2001; Brock et al., 2006;
Darroch et al., 2012). Iron is not known to be a
limiting factor in the formation of pyrite because
iron is available from many sources; however, the
concentration of reactive iron is important. Iron
bound in iron oxides reacts quickly with iron
sulfides (fastest half-life is 2.8 hr), whereas iron
from silicate rocks reacts much more slowly (halflife is 84,000 yr), and such a low reaction rate
prevents soft-tissue preservation (Canfield, 1989;
Canfield et al., 1992; Raiswell and Canfield,
1998). Sulfate is not thought to be limiting in
normal marine settings (Kaplan et al., 1963), but
fresh water contains two orders of magnitude less
sulfate, and this is a major limiting factor on the
formation of pyrite in such settings (Berner,
1984).
The series of reactions that iron and sulfur
undergo in the process of forming pyrite is
complex, and several different reaction pathways
may exist (Brock et al., 2006). The formation of
pyrite precursors, namely iron monosulfides
(FeS), can occur through several important
reactions, such as: 1) the reaction of detrital iron
with hydrogen sulfide (Equation 1: Sørensen,
1982; Canfield, 1989a), 2) reduction of iron
minerals by dissimilatory iron-reducing bacteria
(Equation 2: e.g., Sørensen, 1982; Canfield,
1989b), 3) partial oxidation of iron sulfide
minerals to produce ferrous iron (Equation 3:
Aller, 1980; Giblin and Howarth, 1984), followed
by 4) reaction with hydrogen sulfide (Equation 4:
Brock et al., 2006); and 5) oxidation of iron (II)
monosulfide by H2S (Equation 5: Rickard and
Luther, 1997).

!Eq. 4) Fe + H S ⟶ FeS + 2H
!
Eq. 5) FeS + H S ⟶ FeS + H
!Once iron monosulfides are available,
2

+

2
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2
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they
rapidly transform to pyrite during early
diagenesis, but the mechanism is poorly
understood (Brock et al., 2006).
For pyrite to form on the interior surface of a
plant cell, iron and sulfur must be able to enter the
cell. The cell-wall complex of plants is made of
three fundamental components: the middle
lamella, the cell wall, and the plasma membrane
(Keegstra, 2010). The middle lamella is a pectin
layer that coats the exterior of the cell wall, and
its primary function is to join the cell walls of
adjacent cells together, providing stability for the
plant. The cell wall is composed of cellulose
fibers and proteins, and is permeable to water and
small dissolved particles. In specialized cells,
such as tracheids, the cell wall is strengthened by
lignin and other structural biopolymers that
provide the extra support required to fulfill its
function. The plasma membrane, which encases
the cytoplasm, is a lipid bilayer with a
hydrophobic interior that acts as a barrier to many
polar molecules. Interactions between cells (i.e.,
ion transfer) occur through small pits in the
middle lamella, and are mediated by carrier
proteins in the cell wall and the plasma
membrane. This complex provides a substantial
barrier to exogenous substances entering the cell,
including the pyrite precursors iron and sulfur
(Rickard et al., 2007). After death and burial,
these substances must enter the cell largely
through diffusion-mediated processes. As decay
progresses and these barriers are broken down
through microbially mediated processes, the cell
wall becomes more permeable to iron and sulfur
species, allowing mineralization to progress
(Grimes et al., 2002).
In addition to the transport of iron and sulfur
into the cell, certain environmental parameters
that change during the course of diagenesis affect
the mode and tempo of pyritization, as evidenced
by changes in pyrite texture within fossils
(Grimes et al., 2002). The model for the chemical
environment of pyritization was based on
investigations of the preservation of the Eocene
London Clay flora (Grimes et al., 2002). The

Eq. 1) 2FeOOH + H2S + 4H+ ⟶ 2Fe2+ + S0 +
4H2O

!

Eq. 2) 4FeOOH + CH2O + 8H+ ⟶ CO2 +7H2O

!

+
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London Clay plants were deposited in anoxic
sediments, then overlain by oxic waters carrying
oxidized iron. This iron, and associated aqueous
sulfate, were reduced to Fe(II) and S2- during
bacterial respiration, providing necessary
elements for the formation of pyrite. Pyrite
microcrystals and framboidal pyrite were the first
textures to form on the interior surfaces of cell
walls, within vessel elements, and in the middle
lamella. After this initial mineralization occurred,
the availability of Fe(II) decreased and the Eh
became more reduced, resulting in a decreased
rate of pyrite nucleation with respect to crystal
growth. This change led to the formation of
euhedral and polycrystalline pyrite textures that
infilled the open spaces within the cell. However,
it was the deposition of the microcrystalline cast
that ensured anatomical preservation.
Experimental pyritization.—Much has been
learned through experiments on the timing and
environmental sensitivity of the pyritization
pathway. Using the London Clay fossils as a
model for plant pyritization because the flora
contains anatomically preserved plants with close
living relatives (Platanus), Grimes et al. (2002)
and Brock et al. (2006) conducted a series of
experiments using Platanus axes, and, in the case
of Grimes et al. (2001), Apium graveolens
(celery). The objective of these experiments was
to 1) replicate pyrite textures within the London
Clay flora, and 2) test different variables and their
role in the rapid mineralization of plant floras.
One major conclusion from these studies was that
the exact environmental condition leading to
pyrite formation is very subtle. Even in replicate
experiments, pyrite did not form in every plant
axis. Additionally, the experimentally formed
pyrite was patchily distributed within a single
sample, indicating that the conditions for pyrite
precipitation are very specific.
In order to test one model of pyritization,
Grimes et al. (2001) placed portions of Apium
graveolens petiole in a chemical system with
anoxic Fe2+ solution, aqueous S2-, and H2S to
model the reaction between FeS and H2S (Eq. 5).
Portions of the celery petiole were soaked in the
iron solution for one week before exposure to S2-,
then H2S. The initial reaction product was
amorphous ferrous monosulfide (FeSam). After the
celery samples were placed in a solution
containing H2S, pyrite formed within eight days
as thin coatings on the inner walls of parenchyma
cells, within cell walls, and in the middle lamella
between cells. Pyrite was found within layers of

cellulose fibrils in parenchyma cell walls, but not
in the lignified portion of xylem cells, showing
that the organic template influenced the
nucleation of pyrite (Grimes et al., 2001).
Additionally, pyrite was found only in void spaces
between tissues rather than as a direct
replacement of organic material. This is consistent
with observations of Kenrick and Edwards (1988)
on anatomically preserved Devonian plants.
Pyrite precipitation coincides with a decrease
in the concentration of FeSam (amorphous ferrous
sulfide) and an increase in aqueous iron sulfide
FeSaq, supporting the hypothesis that this is an
important component in the formation of pyrite
(Rickard and Luther, 1997; Grimes et al., 2001;
Rickard et al., 2007). The chemical experiments
also highlighted the requirement for ion transport
in pyrite formation. The experiments were
conducted under natural iron concentrations (~0.1
mol/L). Assuming a 100% conversion rate, this
would result in mineralization of only 0.25% of
the original volume of the cell. The experiments
resulted in a greater amount of pyrite
precipitation, which requires the transport of iron
into the cell, likely in the form of FeSaq, diffusing
through lignin-free areas of the cell wall (Grimes
et al., 2001).
Grimes et al. (2001) and Brock et al. (2006)
used stems of Platanus in a series of experiments
to imitate the preservation of stems in the London
Clay, focusing on the role of microbes rather than
a purely chemical system. Their experiments
included standard marine conditions, plus
experiments that varied the concentrations of iron,
sulfate, and organic matter; the reactivity of the
iron; different plants and oxygen conditions;
fungal decay; sterile conditions with H2S and the
absence of a bacterial inoculum. In their
experiments, FeSam and pyrite precipitated in only
the standard marine decay systems. Additionally,
within the successful experiments, pyrite was only
found in systems where intense bacterial
respiration resulted in rapid formation of FeSam
(Grimes et al., 2001; Brock et al., 2006).
The results of the various pyrite precipitation
experiments support several observations from
pyritized plant fossils. Pyrite precipitation in
plants is dependent on many factors, and only
occurs in specific microenvironments that often
vary within a single specimen. This intense
dependence on the environment results in the
mineralization of only a small portion of the
available material, which is consistent with the
rarity of pyritized plant fossils in the fossil record
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(Brock et al., 2006). When plants are successfully
pyritized, however, they can retain spectacular
anatomy, such as those from the early Devonian
of Wales and the London Clay. The results of
experiments suggest that a normal marine
environment, combined with microenvironments
that are created within cells due to decay and
bacterial respiration, lead to pyrite formation.
One of the major biases in the fossil record of
pyritized plant fossils is spatial and environmental
heterogeneity. First, land plants are not normally
found in marine sediments, and the primary
control on this is related to transport either by
long-distance floating and subsequent sinking, or
instantaneous events, such as a debris flow that
carries plants into bottom sediments. Second, the
sulfate content in freshwaters in which plants are
normally deposited is too low to generate the
amount of pyrite needed for anatomical
preservation. For this reason, impression fossils
are associated with iron oxides (e.g., Dunn et al.,
1997) and can even be permineralized and
replaced with goethite (Locatelli, 2013), but are
rarely associated with large amounts of pyrite.
Some floras that are preserved in or associated
with iron oxides, such as the Cretaceous Crato
Formation flora, were originally preserved in
pyrite that has weathered in-situ to iron oxides
(Heimhofer et al., 2010). In the case of the Crato
flora, the formation of pyrite is attributable to the
constant influx of marine waters into the Araripe
Basin, which provided the necessary amount of
sulfate needed for pyritization

fossils are distinguished from coalified fossils by
shape (charcoalified being more angular), silky
luster, and the fine black dust that is produced by
charcoal when rubbed (Scott, 2001).
Due to the chemically inert and physically
robust nature of charcoal, charcoalified tissues
have a high preservation potential. Larger pieces (
> 1cm2) are rare, as charcoal is brittle and prone
to fracturing (Scott, 2001). However, even small
pieces preserve exquisite internal anatomy and
external morphology. Fusinized plant tissues are
found in enormous quantities in coal balls and
coal, and can be studied using petrographic thin
sections (Phillips et al., 1985). Wood is the most
common type of charcoalified fossil, but leaves
and reproductive structures are also known
(Alvin, 1974; Scott, 1989, 2000; Jones and
Chaloner, 1991; Scott et al., 2001; Crepet et al.,
2004). Charcoalified flowers have proven
exceptionally useful in understanding angiosperm
evolution. Charcoalified mesofossils are threedimensional, with floral structure and
organization preserved allowing for detailed study
of floral evolution (Schönenberger, 2005; Friis et
al., 2011). Flowers preserved as compressions, on
the other hand, are difficult to study: details are
obscured, particularly when cuticle is absent
(Scott, 2001; Friis et al., 2011).
Formation of charcoal.—Fusain, ‘the mother
of charcoal’ (Scott, 1989; Jones et al., 1991), has a
high carbon content (60–90%; Scott, 1989, 2010).
The formation of charcoal occurs during wildfire
(Scott 2010). Fire requires oxygen, and burning of
plant material with oxygen results in complete
destruction (Scott, 1991). However, during most
fires, some plant material becomes starved of
oxygen while still being exposed to heat high
enough for pyrolysis to occur, resulting in
charcoal (Scott, 1991). During this process, cell
walls become homogenized. Cellulose, which is
the primary macromolecule of most woody cell
walls (70%), is stable at temperatures up to 250°C
(Pyne et al., 1996; Scott and Glasspool, 2007). At
325°C, cellulose begins to break down and form
flammable gases (Scott and Glasspool, 2007).
Lignin is more resistant to thermal degradation
and will survive as a charred product in many
instances (Pyne et al., 1996). For true charcoal to
form, temperatures of at least 230°C appear to be
needed to begin pyrolysis reactions; at lower
temperatures, plants are charred and the middle
lamella of the cell wall remains visible (Scott and
Jones, 1991). Only at higher temperatures are cell
walls homogenized.

!Charcoalification

Charcoalified fossils—or, more accurately,
fossils preserved as fusain—have two main
characteristics that make them an important
paleobotanical resource: 1) anatomy is preserved
in micron-scale pieces, which may allow
taxonomic identification (Scott, 2001); and 2)
charcoal is relatively inert, and thus is resistant to
decay and easily preserved in the fossil record
(Scott et al., 2000; Scott and Glasspool, 2007).
Charcoalified fossils have proven essential in
reconstructing ancient ecosystems, as they
provide exquisite details of the plants themselves
(e.g., Crepet et al., 2004; Scott, 2010), and enable
the reconstruction of fire events through the
Phanerozoic (e.g., Glasspool et al., 2004). Most
charcoalified fossils are classified as mesofossils
(millimeter scale), which has led many
paleontologists and geologists to overlook them
until recent decades (Scott, 2001). Charcoalified
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The temperature of the fire and its vertical
placement in the vegetation is important in the
formation of charcoal. Single fires can create a
range of temperatures, and certain types of fire are
more likely to produce significant quantities of
charcoal. Fires in the crown of the canopy reach
temperatures of 700–980°C, and produce very
little macroscopic charcoal (Pyne et al., 1996).
Instead, microscopic charcoal and other
combustion products are the primary product, and
are wind-dispersed, often to great distances (Scott
and Glasspool, 2007). Surface fires—fires that
burn predominantly litter or shrubby vegetation—
burn at temperatures around 300°C with elevated
temperatures extending several centimeters down
into the soil (Scott and Jones 1991). In this type of
fire, large quantities of macroscopic charcoal
form from both dead plant material in the litter
and also living vegetation (Scott and Glasspool
2007).
Experimental formation.—Both laboratory
experiments and investigations into modern fires
have given insight into important parameters
controlling the formation of charcoal. Jones et al.
(1991) used a series of oven experiments on both
angiosperm (Betula) and conifer (Pinus and
Picea) wood. In their experiments, temperature,
length of temperature exposure, sample size, and
amount of available oxygen were varied to
explore the importance of each in charcoal
formation. Ultimately, restricted oxygen and
temperature were found to be the two most
important controls. Wood that sat on top of sand,
maximizing oxygen content, was completely
combusted at 220°C—below the temperatures
present during wildfires above the surface. Wood
that was buried under sand to restrict oxygen,
however, turned to charcoal at temperatures
between 250–920°C, with the best preservation
occurring at 300°C (Jones et al., 1991). With
increased temperature, reflectivity and clarity of
cell walls also increased. These results indicate
that tissues not in direct contact with the
atmosphere, such as roots and trunk, are more
likely to be preserved as charcoal (Jones et al.,
1991).
The aftermath of modern wildfires provides
excellent opportunities to study the formation of
charcoal in natural settings. Charcoal represents a
special form of preservation in that its formation
is geologically instantaneous, as fires are discrete
events, and therefore can be studied in nature
under short timescales. Scott et al. (2000)
investigated the charcoal formed during a surface

fire (flames < 2 m in height) in southeast England
that lasted for a few hours, with some litter and
logs smoldering for up to 24 hours. The in-situ
charcoal assemblage was exceptionally preserved,
and much of the assemblage preserved fungal
hyphae, showing that it was part of the litter
before the fire (Scott et al., 2000). All types of
plant organs—roots, wood, leaves, flowers, and
fruits—were represented in the charcoal, and the
taxonomic diversity of the charcoal assemblage
accurately reflected the living vegetation known
from the area. However, charcoal that was
successfully transported to nearby lakes, i.e., the
depositional setting, was primarily composed of
wood of a single taxon (Scott et al., 2000). Scott
et al. (2000) offered two explanations for this
discrepancy: 1) charcoal formed from different
taxa has different sinking rates, so that during
water transport, certain species are carried further
away from the source; and 2) organs such as
leaves and flowers may be more fragile than
charcoalified wood and are presumably destroyed
during transport.
Despite exceptional preservation of anatomy
and morphology, a major concern regarding the
fidelity of taxonomic information in charcoalified
fossils is the degree of shrinkage. Experimental
charcoalification of reproductive structures
(carpels, petals, and stamens) of seven
angiosperm taxa confirmed the expectation that
shrinkage occurs during the charcoalification
process (Lupia, 1995). However, no consistent
pattern of shrinkage was observed within or
among taxa: shrinkage varied between 15–47%.
Stamens and petals exhibited the greatest
shrinkage (19.2–40.8% and 23.6–46.6%,
respectively), whereas carpels showed the least
amount of shrinkage (14.4–32.1%). Increased
exposure time resulted in a greater amount of
shrinkage. The results of this study have major
implications for the reconstruction of floral
morphology. The nonuniform shrinkage of
various organs during charcoalification suggests
that the dimensions of fossil flowers should not be
interpreted as original. Additionally, because there
is no discernible pattern, no scaling factor can be
applied to fossils to correct for this shrinkage.
However, because the relative size of organs
(stamens < carpels < petals) was preserved in
most experiments, fossil flowers that exhibit
organs with structures whose dimensions differ by
a factor of two or more probably reflect the true
order (Lupia, 1995).

!
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PRESERVATIONAL BIASES IN THE
FOSSIL RECORD

Bacterial degradation is closely tied to the
preservation of plants and animals. Fossilization
results from the balance between decay and
mineralization or organic stabilization, and
microbes are important factors on each side of the
equation. Microbial decay breaks down the
original tissues, and if it proceeds unhindered,
organics will not be preserved and the template
for mineralization will be lost. Anoxic conditions
may reduce the pace of decay by excluding
microbial groups that require oxygen for their
metabolism, but many other anaerobic microbes
are capable of breaking down organic matter
(Briggs 2003). The rate of microbial decay
depends on the availability of oxidants in the
depositional setting. Microbial activity, however,
is not solely responsible for the loss of the
original template. Bacterial degradation of
organics can enhance or facilitate mineralization,
thus driving fossilization. For example, the
microbial degradation of the plant cell wall
enhances silicification by creating more bonding
sites for dissolved silica (Leo and Barghoorn,
1976; Knoll, 1985; Ballhaus et al., 2012).
Pyritization requires several chemical reactions to
occur, some of which are part of the metabolism
of certain bacteria (Grimes et al., 2001). For a
plant to be preserved, the mineralization process
must be rapid enough to outpace decay.
Exceptionally preserved fossils are found when
the environmental conditions support rapid
mineralization that far outpaces microbial
degradation.
Compression fossils form the majority of the
fossil plant record, and biases known to control
both preservational quality as well as the fidelity
with which the taxonomic diversity of the
surrounding region is represented are well studied
(e.g., Ferguson, 2005, and references therein).
Once a leaf is buried, however, the process of
fossilization is dependent on the rate of bacterial
decay relative to the lithification of the
surrounding sediment. Leaves in rapidly lithified
sediment will be preserved as impression fossils
and, if bacterial respiration does not remove all of
the organic matter, as compression fossils. In
extraordinary circumstances, such as those of the
Miocene Clarkia Formation, internal anatomy and
chemistry (e.g., chlorophyll) can be preserved for
millions of years (Niklas and Brown, 1981).
Organic matter is highly dependent on the
hydration of the depositional environment as well:
leaves in hydrated settings retain organic matter
and cellular details to a greater degree than those
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Plant fossils are, by some definitions, exceptional,
as plants are non-biomineralized organisms
(Briggs 2003). However, exceptionally preserved
plant fossils differ from exceptionally preserved
animal fossils in that they do not affect our
understanding of plant diversity to the same
degree, with some important exceptions (e.g., the
Rhynie Chert, coal-ball floras). Without
exceptionally preserved soft-bodied animals (e.g.,
the Burgess Shale: Conway Morris, 1986),
understanding of animal evolution and diversity
would be severely impaired. The majority of plant
fossils retain no anatomical preservation and yet
still provide a good measure of the standing
diversity at the time of deposition. The
exceptionally preserved fossil plants—those that
retain anatomy and morphology not normally
preserved—have provided unique glimpses into
certain aspects of plant evolution, such as early
flower morphology (Friis et al., 2011) and
vascular systems (Wilson et al., 2009), as well as
the paleoecology of environments that were
subject to major environmental perturbations,
such as the Pennsylvanian wetlands during an age
of glacial-interglacial cyclicity.
In each mode of preservation discussed
above, certain biases become apparent. However,
with the exception of compression floras, the
major bias of each taphonomic pathway is the
result of dependency on specific depositional
environments rather than obviously taxonomic.
For example, pyrite forms only when intense
bacterial respiration is present in conjunction with
sufficient quantities of iron and sulfate. As per
observations from fossils and taphonomic
experiments, the ideal environment for the
preservation of plants in pyrite is a normal marine
environment. This environmental dependency of
each taphonomic pathway determines the
proportion and frequency of different types of
plant fossils in the fossil record. The
Carboniferous was the most important peatforming time in the Phanerozoic, and the majority
of coal balls are found from Carboniferous and
lower Permian peats (Scott and Rex, 1985).
Similarly, plants are rarely transported into marine
conditions, and the total number of pyritized plant
fossils and localities reflects this rare event.
Silicified plant fossils are not dependent on the
amount of silica, but rather the duration for which
the organic template survives.
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in more dehydrated sequences (Niklas and Brown,
1981).
The preservation of plant fossils, as with
animal soft tissues, is dependent on a complex
suite of biogeochemical conditions. To understand
the taphonomic history of a fossil, many different
factors must be considered. Anatomically
preserved plant fossils have provided
paleobotanists with a level of biological detail that
is rare in the fossil record. Experimental
taphonomic studies have provided a wealth of
data that inform our understanding of many
processes, but many factors that influence plant
preservation remain poorly understood. For
example, do certain lineages have a higher
preservation potential (e.g., resistance to
microbial degradation) than others? Why do
coarse-grained sands often preserve plant fossils
with fine-scale details, such as those from the
Dakota Sandstone? The role of microbes in
fossilization remains largely unexplored. As
paleobotanists continue to increase our
understanding of past climates and communities,
it is vital that we further our understanding of the
biases in the fossil record itself through both
specimen-based actualistic and experimental
approaches.
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