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Abstract: Until the late 20th century, the idea of identifying wildfires in deep time was not generally
accepted. One of the basic problems was the fact that charcoal-like wood fragments, so often found
in sedimentary rocks and in coals, were termed fusain and, in addition, many researchers could
not envision wildfires in peat-forming systems. The advent of Scanning Electron Microscopy and
studies on modern charcoals and fossil fusains demonstrated beyond doubt that wildfire residues
may be recognized in rocks dating back to at least 350 million years. Increasing numbers of studies on
modern and fossil charcoal assemblages from the 1970s through the 1990s established the potential
importance of wildfires in the fossil record, using Carboniferous examples in particular. Since the
1990s, extensive progress has been made in understanding modern wildfires and their byproducts.
New techniques to study ancient charcoals have allowed considerable progress to be made to integrate
modern and ancient fire studies, both before and after the evolution of mankind. Four important
developments have made a reassessment of Carboniferous wildfires necessary: the recognition of
the role of atmospheric oxygen in controlling the occurrence of wildfire; the development of new
microscopical techniques allowing more detailed anatomical data to be obtained from charcoal;
the integration of molecular studies with the evolution of fire traits; and new developments in or
understanding of post-fire erosion/deposition systems.

Keywords: wildfire; charcoal; post-fire erosion; microscopy; evolution; oxygenation; plant traits;
Mississippian; Pennsylvanian

1. Introduction

In 1958, Tom Harris published a landmark paper [1] on forest fires in the Mesozoic.
This was mainly based upon the discovery of charred plants in Rhaetic fissure deposits
from South Wales [2]. However, even then, many still did not believe in the occurrence
of charcoal in the fossil record that was termed fusain by Marie Stopes [3]. Despite the
abundance of fusain in the Carboniferous, few authors embraced the perspective that this
material was really charcoal nor that it was evidence of wildfires in deep time [4] (see
Scott [5] for a discussion of the history of the fusain/wildfire debate). Scott [6] described the
earliest known Carboniferous conifer preserved as charcoal and studied the material using
scanning electron microscopy. It became evident through the 1970s and 1980s that wildfire
occurrence in the Carboniferous was more widespread than previously thought, although
objections concerning the nature of charcoal in the fossil record remained a sticking point
for many [7,8] (see for example the discussion in Scott and Collinson [9]). During this time,
much effort was exerted to determine the identity of charcoal in the fossil record and, hence,
the implications of its occurrence (see for example [5,10-20]).

While we had a restricted understanding of wildfire in deep time, it was also the case
that our understanding of wildfire in the present-day ecosystems was much more limited,
especially with regard to global reach and frequency as well as to the products of wildfires
(see [21-25]).

In 1994, Scott and Jones published a paper [20] regarding the state of knowledge of
the Carboniferous, its recognition, and its significance using data from a number of newly
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discovered Carboniferous sites and incorporating both experimental data and observations
on modern fires and their impacts. Between 1994 and the mid-2000s, while we still had
an increasing recognition of the importance of fire in deep time (e.g., [26,27]), it was the
publication of the paper by Bowman et al. [28] that brought the significance of the geological
history of wildfire to a broader audience [29]. It has now been 30 years since the publication
of Scott and Jones [20] concerning Carboniferous wildfires, which seems an appropriate
time to examine the progress that has been made towards our understanding of this
important period of Earth history.

1.1. Modern Fires and Charcoal Formation

Before the 1980s, there had been little research on modern wildfire charcoal residues [5,30].
Komarek [31] had recognized the importance of charcoal production from modern wildfires
and its potential for interpreting ancient wildfires. In addition, he had characterized
charcoal fragments that were found in smokes from fires [32] Griffin and Goldberg [33]
also considered the occurrence of charcoal particles in ocean sediments. The transport
of charcoal both by wind and water had been highlighted by Patterson et al. [34]), but
still little was known of the organ or species composition of such residues [35-37]. In
their paper, Scott and Jones [20] not only summarized what was known about wildfire
residues but also provided new data from a number of recent wildfires. These included an
examination of residues from the Yellowstone fires of 1988 [38-41], as well as the heathland
fires from southern England and also those from southern France. Scott and Jones [20]
looked at the nature of some of these charcoal assemblages, including an analysis of the
size ranges of modern wood charcoals. It was becoming clear that more data on modern
charcoal assemblages were needed.

Progress since 1994: Following the research of Scott and Jones [20] opportunities were
sought to examine wildfire residues in more detail. Heathland fires in southern England
during the mid-1990s allowed for a detailed study of the short-term and long-term fate
of charcoals. The fire site at Tilford /Frensham in Surrey was visited while the fire was
still being extinguished. The burned tract belonged to a protected area with well-known
vegetation. A series of 0.5 m quadrats were deployed across the burned site and the burned
materials were collected. These samples were analyzed in terms of plant organ size and
identity and the material was studied using scanning electron microscopy (Figure 1). These
data were published by Scott et al. [42] and suggested that all vegetative types, including
mosses and small flowers, were well represented by the charcoal assemblages (Figure 1). In
addition, samples were collected both before and after the first rainstorms and then subse-
quently for the next 2 years to examine charcoal transport. This showed that initially wind
played an important role in concentrating small plant organs and even formed wind ripple
concentrates of charcoalified flowers (Figure 1a). Later observations at other heathland burn
sites showed a similar phenomenon [43,44]. A series of observations on vegetation at other
burn sites, including coniferous-dominated wildfire areas (Figures 2 and 3), demonstrated
the complexity of the composition of the charcoal-dominated ashes [44]. The majority
of the charcoalified wood arose from charred dead wood rather than from the wood of
living trees (Figure 2b). Scott [44] concluded that the majority of the charcoals produced
during the wildfire (Figure 3) originated from dead litter or shrubby surface vegetation.
Several additional points of inquiry regarding the formation and preservation of charcoal,
including how different plants burn and produce charcoal [45-47], have yet to be fully
investigated, but the fact that charcoal assemblages may provide considerable information
on past wildfires is evident from the research that has been conducted [30,48-51].
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Figure 1. Charcoal from modern heathland fires, Surrey, England. (a) Wind-formed ripple concentrat-
ing charcoal of heather flowers. (b) Light micrograph of charcoalified flower concentrate. (c) Charcoal
assemblages with heather, pine, and birch charcoal. (d) SEM of charcoalified Calluna leafy shoot.
(e) SEM of Betula pedula seed scale. (f) SEM of Calluna flower. (g) SEM of Pinus needle. (h) Detail of
(g) showing stomata. (i) SEM of Cenococcum fungal sclorotia.
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Figure 2. (a) Charred pine trees after the Oxford Fire (2009), north of Flagstaff, Arizona (photo R. Scott
Anderson). (b) Charcoal from dead pine on forest floor. Oxford Fire, 2009 (photo R. Scott Anderson).
(c) Charred stump from Colorado fire, 2001. (d) Charcoal from burning of surface vegetation and
burned hollow stump, Oxford Fire, 2009 (photo R. Scott Anderson) (e) Charred inside of dead stump
of Pinus, 2002 Hayman Fire, Colorado.

Figure 3. (a) Charcoal comprising fine charred plant debris, in situ after wildfire. The charcoal
is mainly from leaf litter. The square is 50 x 50 cm. Overland Fire (2003), Colorado, USA (after
Scott [44]). (b) Detail of assemblage from (a). (¢) SEM of Pinus wood. (d) SEM of Pinus needle.
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1.2. Use of Reflectance

Prior to 1994, it was noted that the reflectivity of plant cell walls increases when studied
in polished blocks under oil [5,52], and this discovery was beneficial for the identification
of fossil charcoal. This was noted by Scott [16] (data published in [5]) and independently
by Correia et al. [52]. A series of experimental studies led to the demonstration that the
reflectance of the cell walls increased in the absence of oxygen with increasing temper-
ature [10,14,19,20] and then examined the reflectance of a series of modern and ancient
charcoal assemblages demonstrating that both modern and fossil charcoal assemblages
had distinctive reflection profiles that they may enlighten our understanding of wildfire
behavior. For example, charcoal assemblages from modern heathland fires tended to have
reflectances mainly below 3%, whereas wildfire resides from the Yellowstone fires that
burned through conifer forests not only had charcoals below 3% but also had a significant
peak of reflectance around 5%. It was suggested that this may be the result of recoding char-
coal produced in lower-temperature surface fires as opposed to higher-temperature crown
fires. The authors used these data to interpret several of the fossil charcoal assemblages.

Progress since 1994: One area that has received attention in both the study of modern
and ancient charcoal assemblages is the potential use of charcoal reflectance to provide
further data on the nature of wildfires. Scott and Jones [20] had suggested that the re-
flectance of charcoal assemblages may help distinguish between different types of wildfires.
It became clear that charcoal could form not only from wildfires but also from volcanic
processes [53]. Studies on Carboniferous volcanic sequences in Scotland showed that we
knew little of charcoal formation in such settings [54]. It became clear that charcoal may
form by burial in hot pyroclastic flows and that the charring time may be many hours. New
experiments were undertaken that subjected plants to a range of temperatures for much
longer times than the one-hour studies previously published. Scott and Glasspool [55]
showed that after 4 h of exposure to a given temperature, the reflectance of the woods
studied in polished blocks under oil did not rise. The implications were not only useful for
the study of volcanic charcoals but also for wildfire charcoals. Within the volcanic setting,
because many of the exposure times in hot pyroclastic flow deposits were greater than
4 h, the charcoal reflectance could provide important temperature data. The predicted
and measured temperatures of pyroclastic flow deposits from the modern eruptions of
Montserrat were used by Scott and Glasspool [55] to test this hypothesis. In addition, such
data could be compared to geochemical data and could also be used to help pyroclastic
flow modeling [56,57]). In addition, charcoal reflectance data were compared with temper-
ature data from palaeomagnetic studies of lithic clasts to demonstrate their use in older
pyroclastic flow deposits [58].

Unfortunately, charcoal reflectance was beginning to be used to provide interpretations
of wildfire type without consideration of the potential pitfalls. Reflectance data on a range of
organic materials such as fungi and ferns also suggested a use for the reflectance data short
of providing absolute temperatures [59,60] (Figure 4). McParland et al. [61] examined the
issue of the re-charring of charcoal as well as emphasizing the potential uses and misuses
of modern and fossil charcoal reflectance data. Hudspith, Belcher, and others [45,62,63], in
their reflectance studies of modern charcoal, provided both positive and negative uses of
the information, but treated the data with care; reflectance data have a role to play in the
investigation of modern wildfires. Further, Roos and Scott [64] collected charcoals from
known wildfire types and showed that they differed in the charcoal reflectance profiles.
Such studies are still in their infancy and require further development. In addition to
reflectance measurements now commonly undertaken, new techniques such as Raman
Spectroscopy Band width ratios (FWHMRa) are also providing charring temperature data,
and these data provide another independent measure of heat intensity [65].
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Figure 4. Frequency histograms to show the distribution of reflectance values for the six
charcoal assemblages from natural wildfires, measured in polished blocks under oil (after
McParland et al. [61]).

1.3. Microscopical Developments since 1994

We have already noted that it was the advent of the scanning electron microscope that
revolutionized the study of charcoal [9]. For the first time, small charcoalified fragments
could be examined and identified. Scott [5] had used this method to demonstrate that
both modern charcoalified plants and fossil plants, once described as fusain, showed
beautiful anatomical preservation. Even flowers could be preserved as charcoal [5]). In
their study of charcoals following a modern heathland wildfire, Scott et al. [42] showed that
the charcoal assemblages could give an accurate picture of what was burned and discovered
in the residues that had been collected that not only wood, leafy shoots, and fertile organs
including pollen and seed cones and flowers could be preserved but even delicate mosses
and fungal sclerotia and insects (Figures 1 and 3). Further, these authors showed that the
nature of the charcoal assemblage could be modified during transport by wind and water.
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SEM became the most important technique for the study of fossil charcoal [66,67] including
the study of fossil flowers [66] as well as a range of plant organs [68] However, one issue was
that the internal anatomy was difficult to study in small charcoalified plant organs as they
are very brittle. The development in the 2000s of Synchrotron Radiation X-ray Tomographic
Microscopy has provided a new tool that allows virtual sections of small charcoalified
organs to be imaged non-destructively [69,70] (Figure 5b,c). In studies of Carboniferous
charcoal, this technique has allowed very detailed morphological and anatomical studies
of charcoalified fertile organs in particular that have allowed the discovery of new genera
and species (e.g., [71]).

Post-fire erosion charcoal dominated debris flows

Marginal lake Oxroadia dominated
herbaceous vegetation

Wildfires in vegetation dominated gymnospermous trees
and shrubby pteridosperms

Figure 5. The Viséan charcoal assemblage from Kingswood, Fife, Scotland (after Scott [72]). (a) Thin
section of bedded ash with limestone matric with abundant charcoal from the Lower section (KIN).
(b) SEM of new undescribed pteridosperm pollen organ with clusters of sporangia cf. Phaceotheca.
(c) SRXTM section of (b). (d) Diagram showing interpretation of the Kingswood deposits as forming
in a crater lake (from Scott [72]).

1.4. Post-Fire Erosion

One of the newly recognized features following modern wildfires [73] was the occur-
rence of post-fire erosion and deposition [74,75]. It was the result of the 1988 Yellowstone
fire [38,41] that was to prove pivotal in bringing post-fire erosion and deposition to a wider
world. It had been demonstrated that rainstorms following fire could trigger extensive
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erosion and depositional cycles [39,40] and such sedimentary deposits were found within
lakes within the Yellowstone area. In addition, drill cores demonstrated that such cycles
had occurred numerous times [39] so that by the 1990s such phenomena had become widely
reported [76-78]. This information had an immediate affect for the interpretation of some
fossil deposits in deep time (see below).

Progress since 1994: Increasing numbers of studies, mainly in the western USA, in-
dicated that post-fire erosion events were common in the recent record and should be
visible in ancient sediments. Of particular significance was the realization that the Lower
Carboniferous charcoal deposits of Donegal may have been a product of post-fire ero-
sion/depositional processes [26]. Additional research in the Viséan of Western Ireland
(Figure 6) indicated that this phenomenon was widespread [79]. Studies on later Carbonif-
erous deposits of Nova Scotia also showed that such deposits [80-83] were a result of
post-fire erosion and deposition. Yet despite such progress and the discovery of post-fire
erosion deposits in, for example, the Cretaceous (see [84—-86], more detailed observations
and interpretations of this phenomenon in the Carboniferous are needed.

Facies 2
Major estuarine Forested Dalradian
channel lowlands

Facies 1
Tidal flat

Facies 3
Tidal flat
creek

Facies 5 g
Estuary mouth Facies 4

Coastal lagoon

1. Rapid erosion
follows wildfire

2. Catastrnﬂhic discharge
of turbid, charcoal-rich
flood waters

3. Environmental
catastrophe in
coastal zone
Figure 6. The Viséan charcoal assemblage from Mayo, Ireland, and its interpretation (after Falcon-
Lang [79]). (a) Charcoal on bedding surface of near-shore sands. (b) Carboniferous fires in Mayo—a
catastrophe in the estuarine zone. (After Falcon-Lang [79]). Before fire. (c) Post-fire.
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Experimental data: One area where progress has been made is in the understanding of
the transport of charcoal and other material post-fire. This has included both laboratory and
field studies. Experimental studies have included both the use of settling tanks (e.g., [87]),
wave tanks [88] and flume tanks [26,43,44,88,89]). There are a few key points that need to
be made. These studies showed that the temperature of formation of the charcoal plays an
important role, as particularly with wood charcoals, cell wall homogenization and later
break-up affects the sinking behavior of the charcoal. In addition, both plant organ type and
the size of the charcoal also play a role. During water transport larger particles are likely to
be carried farther and take longer to sink than smaller particles and bedload concentration
is restricted to a narrow range of water speeds. The implication of these experiments are
several fold. The most important in relation to fossil deposits is that if there is a range
of charcoal sizes and organs, then the material cannot have undergone significant water
transport and must either be near its source or have been transported by an overland slurry
and not suspended in water. It is not, therefore, the case that large charcoal fragments
always imply a nearby source.

Field studies: A number of field experiments and observations have been undertaken
mainly in wildfire areas of coniferous forests within the Rocky Mountains. Robichaud [90]
undertook observations of the transport of sediment and charcoal following a series of
forest fires, most notable the Hayman Fire of 2002 [91]. His research was, however, de-
signed to consider treatments for preventing overland flow of the material, as were the
experiments of MacDonald and Larsen [92]. However, the resulting trapped sediments and
charcoal allowed the range of sizes and types and volume of plant material to be identified.
Moody and Martin [78] have demonstrated that the charcoal from fires may be trapped at
various stages down through the sedimentary system. Scott et al. [25] consider the effect of
soil erosion [93] following a wildfire as a three-part process: detachment, transport, and
deposition. The erosion rates may be many times above the normal background which has
implications for the recognition of such deposits in the fossil record.

The amount of charcoal from wildfires is highly variable [94,95]. Scott [44] noted
that much of the charcoal he observed in a range of wildfires was from charred litter and
dead trunks rather than from the leaves of living trees that were usually totally combusted
or transported in smoke (Figures 2 and 3). In their reviews of pyrogenic carbon, Santin
et al. [96,97] considered the long-term fate of such materials from the source to the oceans
and Bistarelli et al. [98] examined the fate of charcoal and other burned products through a
river system.

1.5. Carboniferous Case Histories

In their analysis of Carboniferous wildfires, Scott and Jones [20] highlighted three
main study areas. Here, I will first consider the progress in our understanding of these
occurrences and then consider briefly describe new data obtained in the past 30 years.

Donegal: Extensive charcoal deposits had been discovered by Scott in the late 1970s
and were briefly described by Scott and Collinson [9]. The ability to study the charcoal
by scanning electron microscopy was key to highlight the potential importance of this
deposit. Scott with colleagues and his research students undertook further studies on this
deposit and a detailed sedimentological analysis was undertaken by Nichols and Jones [15].
The charcoal-rich deposit occurred in near-shore shallow-water sands formed by a marine
transgression in the early Carboniferous over a Precambrian basement in Donegal, Ireland.
The mapping undertaken by Nichols and Jones [15] showed that this was a very extensive
unit that was deposited as a single event and they considered that it represented a major
post-fire erosion—depositional event. They used limited data on charcoal production from
modern wildfires to calculate an area of forest that must have burned to produce such an
extent and thickness of deposit.

Another of Scott’s students, Richard Bateman, had been studying the small scrambling
lycopsid from Oxroad Bay, East Lothian [99], and it became apparent that one of the Donegal
plants was in fact Oxroadia. Scott and Jones [20] briefly reassessed the Donegal deposits.
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Progress since 1994: No further studies have been undertaken on the Donegal deposits,
but the nearby deposits of a similar age in Mayo have been studied by Falcon-Lang [79].
As indicated earlier, these studies further emphasized the impact of wildfire in the early
Carboniferous and in particular the role of post-fire erosion and deposition. Here, Falcon-
Lang [79] was able to demonstrate that the sudden influx of fresh charcoal-rich turbid water
into the estuary caused an ecological disaster, killing a large number of fish (Figure 6).

East Kirkton, Kingswood, and Pettycur: Extensive charcoal deposits, mostly connected
with volcanogenic environments, were discussed in the paper [20]. In their study of
early Carboniferous floras of Scotland, Scott and his colleagues [100] had discovered a
number of charcoal deposits. Limestones of Viséan age from Kingswood near Pettycur were
discovered in a caravan site and were believed to be deposits of a crater lake [101] (Figure 5).
These limestones contained abundant charcoal fragments and whole charcoalified organs
that at that time were mainly studied by using thin section of peel sections of the limestones.
What the studies revealed were a large number of new genera and species of plants that
were described in a series of papers and summarized by Scott and Jones [20] Scott and
Jones [20] showed that the charcoalified plants were dominated by seed-plants that could
grow in well-drained soils, whereas the uncharred Oxroadia plant probably lived near the
lake shore and was not subjected to wildfire [54].

The nearby Pettycur deposit of the same age as Kingswood formed in a very different
way and with a completely different set of plants [102]. Here, the blocks of limestone and
ashy limestones containing the plants were ripped up into basaltic lava flows. While some
of the plants many have been charred by the hot lavas, it was evident that some plants were
often charred and were found in abundance in some peat facies. This was particularly true
of some of the scrambling ferns that may have been pioneers on the volcanic landscape
(see [103] for a discussion). Details of the charcoal occurrence and significance was not
elucidated at this time.

The newly discovered flora of Mid-Late Viséan age from volcanogenic rocks at East
Kirkton [104] provided a different wildfire scenario. Studies undertaken through the early
1990s demonstrated the abundance of charcoal found in a hot-spring-fed lake. The charcoal
was associated with pulses of reworked volcanic ash [53]. Charred, partially charred [105],
and uncharred plants (compressed and anatomically preserved permineralizations) were
discovered and the plants were dominated by a range of gymnosperms [20,26,53,105-107].
Scott and Jones [20] showed that the bulk of the charcoal levels were associated with
alternating ash-limestone horizons that appear to indicate wildfires of the flanks of extinct
ash-cone basaltic volcanoes that were vegetated and regularly burned with the material
being washed in to the lake by post-fire erosion.

Progress since 1994: While there have been no further studies on the charcoals from East
Kirkton, the role of wildfire in the system had been further emphasized [26,48] (Figure 7).
However, the development of new microscopical techniques and a renewed interest in the
new plants discovered at Kingswood has allowed a re-assessment of the deposit. Dissolving
the limestone containing charcoal from Kingswood yielded rich charcoal assemblages [72]
(Figure 5). However, the disadvantage is that while the morphology of the plants could
be investigated by Scanning Electron Microscopy, the internal anatomy of the plants was
difficult to determine. The new technique of Synchrotron Radiation X-ray Tomographic
Microscopy (SRXTM) using the Swiss Light Source has revolutionized the study of such
fossils, allowing the non-destructive imaging of the internal anatomy of the charcoal
(Figure 5b,c). This technique was first used to study pteridosperm fertile organs [70]) that
led to not only the recognition of a large number of new taxa [44,48]) but also detailed new
descriptions leading to the recognition of new genera and species of plants [71]. The result
of this re-examination of the charcoal is to widen the taxa of plants that were subjected to
fire. Further, taphonomic considerations indicate that the size range of the charcoal together
with volcanic clast sizes indicate that the vegetation was subjected to wildfire followed by
post-fire erosion and deposition into a crater lake [72] (Figure 5d).
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Figure 7. The interpretation of the Viséan East Kirkton environment highlighting the role of wildfire
(Modified from Clarkson et al. [108], with permission from the National Museums of Scotland).

A re-assessment of the nearby Pettycur Limestone site demonstrated that some ferns
were preferentially preserved as charcoal and could also be studied using Scanning Electron
Microscopy [44] (Figure 8). In addition, it was shown that some of the fern-dominated
vegetation living on volcanic soils was prone to wildfire and some of this material was
incorporated into lahar deposits and some into the peat-forming environment of the main
Pettycur Limestone [109].

Other Scottish Lower Carboniferous sites have proved significant with charcoal being
found widely, including at Foulden and Edrom [27]. However, the charcoal occurrences
at the early Carboniferous site of Burnmouth in the Scottish Borders may be the most
significant [110]. The earliest sediments of Carboniferous age at Burnmouth are now
known to be in the early Tournaisian Ballagan Formation [111,112]. Studies from this site
have provided an insight into early Carboniferous ecosystems. The earliest Carboniferous
sediments comprised coarse fluvial sediments including poorly sorted conglomerates that
indicate rapid deposition. The sediments contain not only a significant fauna that includes
a wide size range of tetrapods, rhizodonts, and dipnoans from tiny juveniles or small-
bodied taxa up to large adults, but also more than one taxon of each group. However, in
addition, the sediments contain numerous charcoal fragments that range in size from a
few millimeters to a centimeter in maximum dimensions. All are woody, comprising both
secondary xylem and ray cell tissue. Most of the charcoal appears to have come from small
woody axes and possible larger wood from a range of arborescent pteridosperms. It was
considered by Clack et al. [110] that the vegetated floodplains were vegetated by shrubby
and arborescent pteridosperms and that they were subject to frequent wildfires and post-
fire erosion. The widespread occurrence of charcoal suggests that fire appears to have been
a regular occurrence through the Mississippian of Berwickshire and across the south of
Scotland and to have had an impact on both the vegetation and the landscape [27,53,113].
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Figure 8. Charcoal in volcanic ash lahar, Viséan, Pettycur, Scotland (after Scott [109]). (a) Thin
section of block with predominantly charcoalified zygopterid ferns (Metaclepsydropsis). (b) Scanning
Electron Micrographs of charred Metaclepsydropsis. (c) Detail of Metaclepsydropsis stele showing wall
thickenings. (d) Scanning Electron Micrograph of charcoalified pteridosperm leaf dissolved from
Pettycur Limestone block. (e) Detail of (d) showing stomatal surface.

Swillington and Thorpe: Scott [6] described the earliest known conifer from charcoalified
leaves from the Pennsylvanian of Swillington, Yorkshire. In this paper he proposed that the
presence of the plant as charcoal is evidence of wildfires in the nearby uplands. This plant
was later described in more detail by Scott and Chaloner [114] The study of the plants was
part of a larger project examining the plant ecology of the British coal measures with an
emphasis on the Yorkshire coalfield [17,18,115,116]. Scott [115,116] reported the occurrence
of other charcoalified plants from the same level at Swillington but at that time did not
describe the flora in detail. As part of the project, the coal sequences were also examined
both in terms of lithologies as well as studying the palynology using both microspores
and megaspores [115] At the nearby Thorpe Brickworks, one coal had a very distinctive
fusain (charcoal) band and it was demonstrated that there was a dramatic change in the
vegetation after the presumed fire.



Fire 2024, 7, 248

13 of 27

Progress since 1994: Despite the promise of the charcoal studies from Swillington, few
Upper Carboniferous charcoal deposits have been studied. Emphasis has been placed upon
the occurrence of charcoal in peat-forming systems [117,118] but little progress has been
made in the understanding of fire in such systems [43,44,50]. However, a fresh examination
using scanning electron microscopy of charcoal residues from Swillington has thrown
further light on at least one wildfire system [50]. This new research showed that some
levels contain abundant leaf charcoal, mainly from pteridosperms, in addition to wood
charcoal, derived from a range of gymnosperms (Figure 9), and that most of the plants
preserved were of generally low stature, most commonly shrub-like, rather than being from
a forest-dominated biome, and represented a surface fire regime. Larger plants could be
burned via the abundance of ladder fuels (Figure 10) as indicated by vine-like or liana-like
plants (Figure 10) and suggests that the living vegetation may burn relatively easily and
may be similar to a modern heathland fire [42,50].

Figure 9. Scanning Electron Micrographs of charcoal from the Westphalian (Moscovian) Coal Mea-
sures of Swillington, Yorkshire, England (after Scott [50]). (a) Lepidodendrid leaf cushion. (b) Stomata
on (a). (c) Spiny pteridosperm axis. (d) Pteridosperm leaf (Alethopteris). (e) Pteridosperm leaf frag-
ment. (f) Stomatal surface of (h). (g) Stomata detail of (h). (h) Pteridosperm pinnule. (i) Pteridosperm
leaf (Neuropterid-like foliage). (j) Detail of (i) showing stomata and papillae. (k) Cordaite leaf
fragment. (1) Cordaite leaf fragment. (m) Detail of stomataliferous area with stomata and papillate
epidermal cells. (n) Distinctive papilla on Cordaite leaf with lobate top. (o) Unrushed woody fragment
of Dadoxylon type. (p) Detail of (o) showing tracheids and rays.
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Figure 10. Illustrations of Late Carboniferous wildfire systems. (a) A typical tropical Carboniferous
ecosystem with position of fuel and fire types (from Scott [50]). (b) Typical Medullosan shrub with
climbing liana-like plant acting as a ladder fuel to join a surface to a crown fire (from Scott [50]).

From these early studies up until the mid-1990s, the presence of wildfires concerned
mainly their occurrence rather than providing a detailed interpretation of fire ecology. In
addition to the studies on previously known localities, a number of additional studies
across the world have allowed more detailed analysis of Carboniferous wildfires to be
considered. Here, I shall consider two major wildfire systems from North America that
illustrate our progress in their understanding and interpretation.

Joggins, Nova Scotia, Canada. The Pennsylvanian deposits at Joggins, Nova Scotia,
Canada, have long been an important site for the study of Carboniferous terrestrial ecosys-
tems (see Scott [119] for a discussion of its history). It is particularly well known for its
sequence of upright lycopsid trees, some of which are filled with sediments and include
remains of small tetrapods [120] (Figure 11). It was discovered that the vertebrates were
found in the base of the trunks at some stratigraphic levels and that they were associated
with charcoal (Figure 11a). It was suggested that fire may not only have played a role in
hollowing out of some of the trunks (Figure 11b,c) but also provided an escape route from
the frequent fires, which in some cases led to the death of the animals [121] (Figure 11d).
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getd

Figure 11. Charcoal and tetrapods and their interpretation, Pennsylvanian, Joggins, Nova Scotia,
Canada. (a) Charcoal and tetrapod bones from inside of hollow lycopsid trunk. (b) Tree with fire
burning on one side creating a fire hollow. (c) Section through Joggins lycopsid tree with charcoal-rich
sediments at base and fire-formed entrance to side of trunk. (d) Hylonomus hiding inside hollow
trunk from passing wildfire (from Scott [48]).

Further studies on the charcoal distribution in the Joggins sequence led Falcon-
Lang [80,82] to demonstrate a wide role for fire within a range of ecosystems and also the
possibility of wildfire within cordaite-tree-dominated uplands that burned and underwent
post-fire erosion [80,83]. In addition, studies on charcoals in varved lake sediments by
Falcon-Lang [82] estimated fire return intervals between 3-35 years within well-drained
areas and every 105-1085 years in peat-forming systems.

Central Quarry Caves, lllinois, USA. The role of wildfire in coniferous uplands was the
theme of the original publication of proposed charcoalified conifer leaves from the Penn-
sylvanian of Yorkshire [6,114]), a position strengthened by the discovery of early conifers
associated with dryland facies in central England [122]. However, it was the discovery of
early Pennsylvanian cave deposits that has shone a light upon extra-basinal deposits and
wildfires (see [123,124]). On the northern edge of the Illinois Basin, extensive Ordovician
limestones are extensively quarried. Within these limestones, a series of caves were dis-
covered that contained early Pennsylvanian sediments that contained uncompressed and
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unaltered plants and animals. Of particular interest was the occurrence of two distinct char-
coal assemblages. A lower assemblage was associated with uncharred peat-forming plants
and included a range of plants including lycopsids, ferns, pteridosperms, and cordaites; and
an upper unit comprised exclusively charcoalified coniferous remains, some of the earliest
known from North America. In addition to the charcoal studies, geochemical studies were
undertaken. The lipid extract of the cave-fill sequence contains polyaromatic hydrocarbons
(PAHS), such as pyrene, chrysene, benzo [ghi]perylene, and coronene (Figures 12 and 13).
These demonstrated the frequent occurrence of fire, even when no associated charcoal de-
posits were present [124]. The implications of fires through coniferous forests are discussed
further below under plant traits.

Fires goes from surface
to crown

P Dropping branches
\ prevents fire going
2[}[1|1m from surface to crown

Figure 12. Charcoal occurrence in Pennsylvanian caves in Ordovician Limestone, Central Quarry,
Illinois (after Scott et al. [124]). (a) Main Quarry wall with caves. (b-d) Charred conifers from the
upper cave sediments (facies D), Central Quarry, Illinois. (b) Ultimate branch with leaves. (c) Isolated
leaf with curved tip. (d) Detail of (c) showing stomatal bands. (e) Representation of Walchia conifer
with lower branches acting as a ladder fuel. (f) Walchia with lower branches abscised preventing

migration of fire.
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Figure 13. Charcoal occurrence in Pennsylvanian caves in Ordovician Limestone, Central Quarry,
Mlinois (after Scott et al. [124]). (a) Sedimentological sequence in the large cave, Central Quarry,
Illinois. Lithological log of sedimentary sequence. PAHs refer to polyaromatic hydrocarbons. MATH
refers to biomarkers of Cordaites. + present; ! absent; n.d. not determined; tr trace. (b) Reconstruction
of Pennsylvania cave system outside the Illinois Basin showing wildfires.

What should not be forgotten is the occurrence of fires in Carboniferous peat-forming
mires (coals). Scott [26]) briefly discussed this issue and observed that the identification of
charcoalified plants in permineralized peats (coal balls) may be key for our understanding
of these systems. Recent digitization of a substantial coal ball peel collection studied over
many decades by Tom Phillips now offers the opportunity to obtain data in the future [125].

It should be noted here that only a few other Carboniferous charcoal assemblages
have been described from outside Euramerica (see [126-128]) and this has been recently
highlighted by Uhl et al. [129].
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1.6. Wildfire, Climate, and Atmosphere with Plant Trait Evolution

Since 1994, there have been many other developments in our understanding of both
modern and ancient wildfires.

1.6.1. Fire and Atmospheric Oxygen

In 1978, Watson and colleagues published a paper that considered the burning of plants
in different concentrations of atmospheric oxygen [130]. They were able to show that there
was a limit to burning. In particular, they showed that as the level of oxygen reduced from
today’s level of 21%, fire was becoming more difficult to start and at 13%, fire would not start
atall. In addition, they showed that as the level of oxygen was raised above 21%, wetter and
wetter plants could burn and suggested that at over 35% atmospheric oxygen, fires would
be difficult to extinguish. Cope and Chaloner [11,12] realized that this had implications
for the fossil record. They [11] that the ubiquitous occurrence of charcoal throughout the
late Paleozoic to recent eras indicated that oxygen levels would have remained over 13%.
Jones and Chaloner [13] further argued that there was, therefore, a ‘fire window’ which was
not breached after the Devonian. Subsequently, there have been two major developments.
New atmospheric models of oxygen through time by Berner [131-133]) claimed that there
was a major rise in oxygen from the Devonian through the Carboniferous. In addition,
new experiments seemed to indicate that the minimum oxygen level was higher, perhaps
15% [134]. Scott and Glasspool [27]) subsequently considered the impact that this had
upon Carboniferous ecosystems as a whole. Refinement using new experiments on the
fire window was undertaken by Belcher and McElwain [135,136]. They showed that the
lower limit of oxygen would have been 17% as this represented the level at which wildfires
would spread. In addition, they argued that fires may not have been possible at levels
above 30% oxygen.

The rise of wildfire systems from the Devonian to the Carboniferous had always been
controversial [26], but new data demonstrated that oxygen levels rose through the latest
Devonian, and by the Carboniferous, wildfire systems had become well established [137].
The major problem has always been that atmospheric oxygen levels were calculated from a
range of geochemical models that would differ depending on a number of core assump-
tions (e.g., [131-133,138,139]). Glasspool and Scott [140] tried a different approach. They
noted the new data from Belcher and McElwain [135] but also noted that fires were often
constrained by climatic effects so that they occurred more rarely in wetland ecosystems. In
addition, if higher oxygen levels allowed fires in wetter environments, these data could be
exploited. Glasspool and Scott [140] considered, therefore, that the occurrence of charcoal
in peat could act as an oxygen proxy through time (Figure 14). They noted that coals (peats
accumulating in wetland mires [141]) needed to form in ever-wet environments where
the occurrence of fire, although occurring on occasions, would generally be low. They
noted that the average charcoal contents globally in peats today was around 4.7% with an
atmosphere of 21% oxygen. They also noted that at below 17% atmospheric oxygen, fire
would not spread, so this acts as a bottom limit. In addition, at above 30-35% oxygen, fires
may burn wet plants so that this may act as an upper limit of oxygen content as fires would
be difficult to extinguish. It was also at this time that land plants diversified and spread
into a wider range of environments (Figure 14). Glasspool and Scott [140] used these data
to propose an oxygen level through post-Devonian times and confirmed high oxygen levels
in the Carboniferous. Indeed, analysis of the latest Devonian charcoals was able to confirm
the rise of fire as a major influence into the early Carboniferous [137]. Additional data
and a more refined analysis [142] confirmed these findings (Figure 14). While some of this
analysis has been challenged [138], all models suggest a high level of oxygen, above the
modern level of 21%, throughout the Carboniferous.
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Figure 14. The evolution of Carboniferous vegetation, climate, and atmospheric oxygen levels (data
from Glasspool et al. [142]—Diagram I. Glasspool).

1.6.2. Wildfire and Climate

There has been a widespread belief that global climates underwent a major shift from
the Devonian to the Carboniferous with the widespread occurrence of red beds in the later
Devonian giving rise to wetter systems in the early Carboniferous [143,144]. It has even
been claimed that some of these climate systems were monsoonal [145,146]). However,
not only were there major changes in climates at the end of the Devonian but also a rise
in atmospheric oxygen led to a diversification of fire systems at this time [137]). The suc-
ceeding Carboniferous reflects a tension between the atmospheric control of wildfire and
the climate control of wildfire [48] (Figure 15). It is also worth considering that the Earth
enters a major Icehouse phase with a series of glacial and inter-glacial episodes [147,148]
(Figures 14 and 15). However, recent research has also shown that in the Pennsylva-
nian in particular, the common coal-bearing sequences represent only part of the time
(see [149,150]). DiMichele, Falcon-Lang et al. [149,151] have highlighted the fact that the
drier non-coal-forming environments are poorly represented in the rock record so that
our understanding of wildfires at this time is rather limited to only a few environmental
settings. We urgently need to discover more sequences representing this drier phases and
the cave systems may provide such an opportunity [152].
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1.6.3. Evolution of Plant Traits

An area of current interest is the evolution of plant traits, especially in relation to
wildfire [153-156]. It has been shown that a combination of fossil and molecular data from
the Cretaceous, for example, has proven a powerful tool in unraveling cause and effect of
the evolution of some of the fire traits considered important in modern vegetation (see for
example [157-163].

However, studies in the Carboniferous are more difficult as most of the plants do not
have close living relatives and such molecular/anatomical approaches are more difficult.
Ferns, for example, are often associated with burned and disturbed environments even
in the Carboniferous [103,109] (Figure 8a-c). However, one suggestion of a trait that may
relate to fire comes from the early conifers. Looy [164] has considered the early walchian
conifers shed their lower branches. It was suggested that this may be a response to fire,
whereby the trees would be able to survive frequent surface fires as there would be no
ladder fuels to allow the spread of the fires to the crowns of the trees [48] (Figure 12e,f). It
is particular interesting the note that charred walchian coniferous leaf debris is common
in the cave deposits that record evidence of wildfires in upland coniferous forests [124]
(Figure 12).

2. Conclusions

The past 30 years has seen not only more data published on Carboniferous wildfires
but also a broader range of questions asked and discussed. We have learned much about the
rise and spread of fire systems in the early Carboniferous and the linkage to the evolution
of the flora as well as the rise of atmospheric oxygen (Figures 14 and 15). Of particular
significance is the realization that more plants can be discovered as charcoal and that a
range of new microscopical techniques has allowed their study and interpretation. The role
of wildfire-related processes, such as post-fire erosion and deposition, has been highlighted.
However, what the current review reveals is the range of data needed from both modern
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and ancient wildfire studies to allow a more considered view of fire in the Carboniferous
Earth System.

What we need to know from modern wildfire studies is as follows: Despite the large
number of studies on modern wildfires, there have been very few studies on the “ash”
produced from different types of wildfire. There is a general understanding on the nature
of some ashes but we lack a detailed understanding on the plants and plant parts that are
preserved as charcoal from a wildfire. We need to know that plants and plant parts may be
preserved not only by different types of wildfire but also by fires of different intensities. In
addition, it would be useful to know not only the relationship between the living vegetation
and the charcoal-preserved vegetation following a fire. What is the relative representation
in the charcoal between surface vegetation and forest vegetation? How does the charcoal
from grasslands differ from heathlands, open woodlands, etc.?

Secondly, we need to know how assemblages of charcoal change through transport
and deposition, again not only from the sizes and amounts of charcoal but from the repre-
sentation of the vegetation—is wood charcoal more likely to be preserved than charcoal of
other plant organs?

What we need to know from fossil wildfire studies is as follows: We need many more
studies of Carboniferous charcoal assemblages both throughout the geological column and
across different continents. It is difficult to understand why there are so few studies. It
is possible that the amount of work needed to find, prepare, pick, and study such small
plants is off-putting to researchers more interested in ‘big data’ studies. It is hoped that the
illustration of small charcoalified fossils by a range of new techniques may encourage such
studies so that continued progress may be made in our understanding of Carboniferous
wildfire systems and to fully integrate fire into models of the Carboniferous Earth System.
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