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ABSTRACT
Little evidence of macrofossil charcoal, a wildfire proxy, is recorded from upper Lower 

to lowermost Upper Devonian rocks. Coals of this age are few, and petrographic data indi-
cate low volumes (<10% mineral-matter free) of charcoal. This paucity of data forms the
basis of the “charcoal gap,” which is used to suggest an extended interval of abnormally low 
atmospheric oxygen (pO2). We reassess the current evidence for this hiatus using Emsian–
Eifelian charcoal from the Trout Valley and St. Froid Lake Formations, Maine (northeastern 
United States), and integrate the microscopic charcoal record of dispersed organic matter. 
We conclude there is ample evidence of fire in the Middle Devonian. This interval is not in-
nately of low pO2. Rather, it is one in which under-interpretation of available data has led 
to a perceived paucity of charcoal. This reconciliation indicates the Phanerozoic record of 
wildfire was substantially uninterrupted. Hence, we propose that pO2 achieved levels >16%
and remained at such levels from the Silurian through the floral and faunal colonization of 
land and, from our current estimates, stayed as such until the present.

INTRODUCTION
Much of the Devonian was characterized by 

high sea levels, high marine faunal diversity, 
and “widespread equable climates” (Becker 
et al., 2020, p. 733). Reef building was at its 
greatest and most latitudinally widespread 
extent, and the Middle Devonian remained 
icecap free during this mid-Phanerozoic (426–
365 Ma) hothouse under moderate temperature 
flux (Scotese et al., 2021). Middle Emsian (ca. 
401 Ma) cooling, with a global average tem-
perature (GAT) of ∼18.7 °C, was followed by 
the Givetian Thermal Maximum (ca. 385 Ma; 
GAT ∼21.2 °C) before transitioning to a Fras-
nian cooling-warming trend peaking in the Kell-
wasser Thermal Maximum (ca. 375 Ma; Scotese 
et al., 2021, their table 4). Despite this variance, 
GAT is thought to have been significantly higher 
than that of today (Scotese et al., 2021; 14.5 °C).

Tree-sized Pseudosporochnales appeared in 
the Middle Devonian (Eifelian–Givetian; Stein 
et al., 2012, 2020; Fig. 1) when taxa, including 

the whole plant concept Eospermatopteris, well 
known also through its branch morphotaxon 
Wattieza, were water-dependent, fast-establish-
ing and fast-growing, non-woody plants. By the 
Givetian, the group was joined by woody pro-
gymnosperms (Stein et al., 2012; Fig. 1). While 
still spore producing, these woody trees were 
more deeply rooted (Algeo et al., 2001) and less 
constrained by water availability (Stein et al., 
2012). Based on isotopic data, the transition 
from the Middle to Late Devonian witnessed 
increasing global vegetation cover (10%–30%; 
Gibling and Davies, 2012). This more broadly 
distributed forested landscape led to major 
ecosystem adjustments impacting weathering, 
sedimentation, phosphorus mobilization, atmo-
spheric pCO2, and climate (Algeo et al., 2001; 
Berner, 2009; Gibling and Davies, 2012; Morris 
et al., 2015). Arborescence, especially woody 
archaeopterids, constituted a major wildfire-fuel 
source, promoting positive feedback on fire-sys-
tem development and resulting in a concomitant 
increase of fossil charcoal (Scott and Glasspool, 
2006). However, any such synchronous increase 
remains to be verified in the plant-fossil record 
(Fig. 1). Given the prevailing hothouse climate 
and greater fuel availability, Middle Devonian 

quantitative and qualitative records of macro-
scopic charcoal have shown surprisingly low 
charcoal abundance. These data delimit the late 
Emsian to early Frasnian “charcoal gap” (Scott 
and Glasspool, 2006; Lu et al., 2021).

Deep-time records of atmospheric and oce-
anic oxygenation are largely linked to geochemi-
cal proxies reflecting O2 and other redox-sensi-
tive element interactions (e.g., S, Fe, Mo; Dahl 
et al., 2010). Mass-balance modeling assesses 
carbon and sulfur isotope records to estimate net 
burial rates and pO2 (Berner, 2009). Deep-time 
flux modeling uses Holocene rates of chemical 
(e.g., P, C, S) flux and applies factors to them 
in simplified, variable-dependent box models to 
estimate pO2 (e.g., Royer et al., 2014; Lenton 
et al., 2018; Mills et al., 2023). Such biogeo-
chemical models assume that photosynthetic 
splitting of water molecules is the main source 
of pO2 (Shields and Mills, 2017). Respiration 
or decay reverse this process. Increases in pO2 
are driven by the sedimentary burial of organic 
matter, which effectively reduces carbon avail-
ability (Shields and Mills, 2017). The burial of 
reduced sulfur species has a comparable but 
lower-magnitude effect. Hence, records of high 
δ13C are interpreted as representing periods of 
excess organic burial and elevated pO2. How-
ever, predictions from these two main biogeo-
chemical models vary.

Other Paleozoic pO2 proxies exist and include 
Mo isotopes (Dahl et al., 2010), fluid-gas inclu-
sion in halites (Brand et al., 2021), sedimen-
tary pyrite (Cannell et al., 2022), and charcoal 
(Glasspool and Gastaldo, 2022a). While some 
proxies interpret a pO2 increase in the Ediacaran 
(635–542 Ma) oceans, large areas remained 
anoxic into the early Phanerozoic (Dahl et al., 
2010). One model predicts increasing pO2 with 
the advent of forests at ca. 385 Ma (COPSE; 
Lenton et al., 2018), whereas Mo isotopes (Dahl 
et al., 2010) project a Silurian–Devonian wide-
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spread ocean anoxia to widespread oxygenation 
shift. Lenton et al. (2016) predicted that pO2 
reached a near modern-day steady-state level 
by ca. 400 Ma, which is broadly in line with 
charcoal and inertinite data (for discussion of 
charcoal and inertinite, see Scott and Glasspool, 
2007). Fossil charcoal indicates that Earth’s pO2 
was sufficient to support wildfire, even if epi-
sodically, by the mid-Silurian and probably as 
far back as the early Silurian (Glasspool and 
Gastaldo, 2022a). From the Middle Silurian 
onward, the continuity of the charcoal record 
remains temporally unbroken with a notable 
mid-Paleozoic exception (Scott and Glasspool, 
2006; Rimmer et al., 2015; Lenton et al. 2016; 
Lu et al., 2021).

Until recently, little charcoal or inertinite 
was reported in and around the Middle Devo-
nian (late Emsian to early Frasnian; Lu et al., 
2021). Such observations were used to propose 
this interval (originally late Emsian to early 
Famennian) represented a putative “charcoal 
gap” (Scott and Glasspool, 2006), indicating 
pO2 <16%. This experimentally determined and 
slightly uncertain threshold defines the lowest 
“fire window” limit interpreted to range between 
∼16% and 30% (cf. Cope and Chaloner, 1980; 
Belcher et al., 2010; Vitali et al., 2022). The 
lower limit defines the pO2 below which wild-
fire cannot ignite and propagate (Belcher et al., 
2010); the upper limit is controversial and may 
not exist, as pO2 >35% may be suitable for veg-

etation regeneration (Vitali et al., 2022). While 
the “fire window” may not be a viable concept, 
based on recent modeling, the lower pO2 limit is 
still valid to mark a wildfire propagation thresh-
old below which charcoal should not form.

Quantifiably, no coal in the late Emsian to 
early Frasnian had yet been measured in excess 
of 8.1% inertinite content (see Glasspool and 
Scott, 2010; Supplemental Material1); most 
analyses report values close to zero. Predictions 

1Supplemental Material. Charcoal and inertinite 
locality and quantification data. Please visit https://
doi​.org​/10​.1130​/GEOL​.S.26737381 to access the sup-
plemental material; contact editing@geosociety​.org 
with any questions.

Figure 1.  Global records of Silurian–Devonian fire. Arrows with black or green labels at top indicate qualitative macro- and mesofossil char-
coal occurrences (see Glasspool and Gastaldo, 2022a, and Supplemental Material Table S2 [see text footnote 1]). Arrows with green labels are 
unconfirmed occurrences. Red arrows at bottom indicate select inertinite (inert.) and dispersed organic matter (DOM) records. Blue line and 
shaded area are from Mills et al. (2023). GEOCARBSULFOR model pO2 evolution; solid blue line is median prediction, and blue area is Monte 
Carlo statistic ensemble range. Red dotted line is mean trend line of inertinite abundance in coal (black circles) and terrigenous clastic char-
coal abundance (red circles). Red dashed line connects DOM inertinite data (black squares) of Carpenter (2017, their figure 3.46a redrafted); 
error bars show standard error. Both red lines are quantified against red inertinite scale; blue line against black pO2 scale. Plant images show 
largest contemporaneous plants at maximum (max) height (not to scale). URCB—Upper Roman Camp Beds; LQB—Long Quarry Beds; Ka—
Katian; Hi—Hirnantian; R—Rhuddanian; A—Aeronian; T—Telychian; S—Sheinwoodian; H—Homerian; G—Gorstian; L—Ludfordian; P—Přídolí; 
Lo—Lochkovian; Pr—Pragian; Em—Emsian; Ef—Eifelian; Gv—Givetian; Fr—Frasnian; Fm—Famennian; Tn—Tournaisian; Ord.—Ordovician; 
Miss.—Mississippian; Fm.—Formation.
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of pO2 (Glasspool and Scott, 2010) used bulk-
sampling data from economic coals. However, 
records of low-inertinite Middle Devonian coals 
are very limited in number (Supplemental Mate-
rial), and the paucity of these data yields less-
robust predictions of pO2 than those estimated 
from the globally exploited and frequently quan-
tified coals of the Carboniferous and Permian 
(see Glasspool and Scott, 2010). Therefore, we 
assess the significance of charcoal reports from 
Middle Devonian clastic rocks on our percep-
tions of wildfire occurrence, though not to esti-
mate pO2, during this interval.

Both the Trout Valley Formation and the 
newly named St. Froid Lake Formation, Maine, 
USA, contain Emsian–Eifelian macro- and 
mesofossil charcoal (Fig.  2; Glasspool and 
Gastaldo, 2024). These occurrences comple-
ment lower Frasnian macrofossil charcoal in the 
Maywood Formation, Wyoming, USA (Mar-
shall et al., 2022). Despite evidence of these 
proxies, Middle Devonian wildfire occurrence, 
particularly on a global scale, is still limited. 
While microscopic inertinite in dispersed 
organic matter (DOM) is known and used as 
a wildfire proxy (e.g., Rimmer et al., 2015), 
Glasspool and Scott (2010) omitted it when 
quantifying Paleozoic pO2 for reasons discussed 
therein. However, DOM data demonstrate char-
coal distribution and frequency of occurrence 
and is a valid proxy for fire activity. We collate 
inertinite (coal), macro- and mesofossil charcoal 
(clastic deposits), and inertinite (DOM) records 
to demonstrate pervasive Middle Devonian wild-
fire, resulting in the abandonment of a “charcoal 
gap” concept.

RESULTS
Reported Devonian-age inertinite (e.g., 

Glasspool and Scott, 2010; Lu et al., 2021; Sup-
plemental Material) and other charcoal-occur-

rence data (Glasspool and Gastaldo, 2022a, 
2022b) are plotted in Figure 1 with inertinite 
in DOM (Supplemental Material) and recently 
published macro- to mesofossil charcoal occur-
rences (Marshall et al., 2022; Glasspool and 
Gastaldo, 2024). Not all data conform to the coal 
criteria used by Glasspool and Scott (2010) to 
generate their inertinite-driven pO2 model. How-
ever, new macro-mesofossil data from Maine 
(Emsian–Eifelian; Fig. 2) and Wyoming (lower 
Frasnian) and DOM data record wildfire occur-
rences that fall in the hypothesized “charcoal 
gap” (Scott and Glasspool, 2006). These dem-
onstrate a sparse but uninterrupted fire record 
over this interval. As expected, quantified iner-
tinite data (QID) from petrography of coals and 
organic-rich shales (Fig. 1, dotted line) and iner-
tinite DOM data (IDD) (Fig. 1, dashed line and 
red arrows) mirror a modeled pO2 increase from 
the mid-Frasnian into the Tournaisian. However, 
despite Carpenter’s (2017) remeasurement of 
the L’Anse-à-Brillant coal of easternmost Que-
bec (Table S1 in the Supplemental Material), 
QID in the Emsian interval of the “charcoal 
gap” predicts only nominal fire occurrence. 
The inclusion of IDD, from a broader range 
of taphonomic settings, greatly alters this per-
ception. IDD data indicate fire throughout the 
Lochkovian–Famennian with a possible Emsian 
decline, although there is abundant evidence in 
the Middle–Late Devonian. These occurrences 
indicate that Devonian pO2 did not drop below 
16% for any continuously sustained interval in 
the Devonian. The new data show that fires pro-
liferated at the same time as the onset of fores-
tation and became more abundant once woody 
progymnosperms were established.

DISCUSSION
The master variables controlling wildfire are 

a source of heat for ignition, a source of fuel, 

and sufficient pO2 for propagation (Cope and 
Chaloner, 1980). The common ignition source, 
lightning, is considered a constant (Glasspool 
and Scott, 2010), leaving the others as leading 
variables controlling Phanerozoic wildfire activ-
ity. The warmer Devonian temperatures (Scotese 
et al., 2021) would have amplified prevailing 
weather patterns, leading to wetter wet regions 
and drier dry areas. Globally, more volatile 
weather should have impacted fuel availability 
and the potential for fire propagation. Prolific 
evidence of fire occurs during other hothouse 
intervals and is attributed, in part, to an effective 
increase in low-moisture-content fuel (e.g., mid-
Cretaceous: Brown et al., 2012; Triassic: Baker, 
2022). Perhaps significantly, strata leading up 
to and during the Paleocene–Eocene Thermal 
Maximum (PETM) record frequent fires (Col-
linson et al., 2007), although lower Paleogene 
hothouse coals are charcoal poor and interpreted 
to represent low fire frequency (Glasspool and 
Scott, 2010). Rather, other limitations aside, the 
prevailing equable Middle Devonian hothouse 
should not have impeded wildfire and charcoal-
ification but enhanced it.

This correlation appears rational given that 
the charcoal-fossil record extends back to the 
mid-Silurian (Glasspool and Gastaldo, 2022a, 
2022b), a time when, with the exception of some 
massive cryptophytes (e.g., prototaxodioids; 
Gensel et al., 2020; Glasspool and Gastaldo, 
2022b; Fig. 1), most sporophytes afforded lim-
ited combustible biomass (Fig. 1). The diver-
sification and increasing terrestrial plant bio-
mass through the Middle Devonian, including 
Eifelian arborescence (Stein et al., 2012, 2020) 
and Givetian woody trees colonizing mineral 
soils (Stein et al., 2012; Fig. 1), should have 
afforded a substantial new fuel source. In line 
with this expectation, macro- and mesofossil 
data collated by Lu et al. (2021) did contract the 
range of the “charcoal gap” to the period from 
the late Emsian until the end Givetian. How-
ever, from the macrofossil charcoal evidence, 
this gap could have extended into the Frasnian, 
by which point the forests of woody archaeop-
terids occurred.

To date, the Middle Devonian charcoal 
record remains deficient of evidence to support 
burning of the earliest trees with the excep-
tion of charcoal from the Maywood Formation 
(Marshall et al., 2022). The Maywood char-
coal includes well-preserved, centimeter-sized 
archaeopterid charcoal clasts evidencing forests 
did burn. Marshall et al. (2022, p. 486) consider 
the lower Frasnian charcoal abundance of the 
Maywood Formation to indicate a “high inci-
dence of wildfires.” While this argument for 
frequent wildfires is attractive, as with similar 
isolated charcoal from the mid-Silurian (e.g., 
Glasspool and Gastaldo, 2022b), the Maywood 
data must be recognized as indicative of a nar-
row time window.

A B

Figure 2.  Charcoal from Trout Valley Formation, Maine, USA. (A) Scanning electron microscope 
(SEM) image of charred, anatomically preserved, bifurcating trimerophyte terminal process. 
(B) Reflected-light microscope image of embedded and polished partial trimerophyte termi-
nal process showing high (silver-gray) reflectance. Gold glow is gold coating used for prior 
SEM analysis.
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Although complicated by the locally high 
metamorphic rank, an Emsian–Eifelian Trout 
Valley Formation paleosol, Baxter State Park, 
Maine, preserves abundant charcoal (Fig. 2; 
Glasspool and Gastaldo, 2024). This single 
charcoal-rich horizon, inside the “charcoal 
gap,” is complemented by meso- to micro-
scopic charcoal from other intervals in the 
formation (Glasspool and Gastaldo, 2024). 
Regionally, charcoal is a component of several 
widely spaced subbasins in the newly recog-
nized Emsian–Eifelian St. Froid Lake Forma-
tion, Maine (Supplemental Material). While 
the Trout Valley Formation charcoal represents 
psilophyte, lycopod, and prototaxodioid char-
ring, charcoal from the St. Froid Lake Formation 
is limited to smaller (millimeter-scale) poorly 
preserved cryptophytic bryophyte-sized plants. 
These preservational differences (style and tax-
onomy) are taphonomic, reflecting transport and 
deposition in more proximal and distal coastal 
settings.

North American Middle Devonian coals are 
rare due to an absence of strata of this age. Glob-
ally, most upper Lower to lower Upper Devo-
nian (Emsian–Frasnian) coals are liptinite rich. 
For example, of the Melville Island coals of 
Canada’s Nunavut and Northwestern Territo-
ries (Goodarzi and Gentzis, 2018), 14 cannel 
and canneloid (spore-rich) coals are liptinitic 
(average 1.3% inertinite mineral-matter free 
[mmf]) while only five are humic (average 3.6% 
inertinite mmf; Supplemental Material). The 
Luquan coals of China (Lu et al., 2021) and the 
Barzas coals of Estonia (Patrakov et al., 2005; 
Supplemental Material) are paper coals, while 
the Mimerdalen coal, Svalbard (Lu et al., 2021), 
and the L’Anse-à-Brillant coal are somewhat 
less cuticle rich (Glasspool and Scott, 2010). 
Another paper coal (upper Givetian–lower Fra-
snian Lithograph City Formation [Table S1, 
Supplemental Material]) analyzed for the cur-
rent study was inertinite free. Most paper coals 
are upper Lower to Middle Devonian and are 
limited-diversity, well-cutinized floras (Gensel 
et al., 2020). Ultraviolet B (UV-B) radiation 
has been proposed as an end-Devonian terres-
trial extinction-kill mechanism (Marshall et al., 
2020) resulting from a weak paleomagnetic field 
(van der Boon et al., 2022). Given this field 
weakness, Marshall et al. (2020) propose that 
UV-B may have been elevated through a greater 
interval than just the latest Devonian. If Middle 
Devonian UV-B were high, extensive cutiniza-
tion may have been a plant adaptation. Hence, 
any resulting over-representation of cutinite in 
these coals could result in an under-represen-
tation of charcoal, though other taphonomic 
causes cannot be excluded.

While the Maywood Formation, St. Froid 
Lake Formation, and Trout Valley Formation 
charcoals confirm the presence of wildfire in a 
minimum of three instances during the late Early 

to earliest Late Devonian, a far more extensive 
record is provided by DOM charcoal. Carpen-
ter’s (2017) data (Table S1) superficially indicate 
a percentage decline in DOM inertinite from the 
Emsian to the Frasnian. However, this change is 
likely a sampling artifact because the data are 
not statistically significant (Carpenter, 2017). 
The concept of the “charcoal gap” (Scott and 
Glasspool, 2006) is entirely dependent on an 
absence of reported Emsian–Frasnian charcoal. 
Macroscopic charcoal from the Emsian–Eifelian 
Trout Valley Formation and the lowest Frasnian 
Maywood Formation, in association with Car-
penter’s (2017) Euramerica and Gondwana 
DOM data, considerably weakens this concept 
to the extent that the “charcoal gap” can now be 
considered “plugged.”

CONCLUSIONS
A dearth of Middle Devonian charcoal data 

led to the hypothesis of a “charcoal gap,” which 
has been used to model low pO2 (<16%) during 
this interval. Macro- and mesofossil charcoal 
from the Emsian–Eifelian Trout Valley and St. 
Froid Lake Formations, Maine, coupled with 
DOM occurrences elsewhere, indicates the prev-
alence of wildfire throughout the “gap.” This 
charcoal evidence supports pO2 levels at, or 
above, the minimum for fire ignition and propa-
gation. The perception that charcoal was absent 
during this interval is likely due to taphonomy 
and sampling.
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