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ABSTRACT
Cretaceous oceanic anoxic event 2 (OAE2)
is thought to have been contemporary with
extensive volcanism and the release of large
quantities of volcanic CO2 capable of triggering marine anoxia through a series of
biogeochemical feedbacks. High-resolution
reconstructions of atmospheric CO2 concentrations across the initiation of OAE2 suggest
that there were also two distinct pulses of CO2
drawdown coeval with increased organic carbon burial. These fluctuations in CO2 likely
led to significant climatic changes, including
fluctuations in temperatures and the hydrological cycle. Paleofire proxy records suggest that wildfire was a common occurrence
throughout the Cretaceous Period, likely
fueled by the estimated high atmospheric O2
concentrations at this time. However, over
geological time scales, the likelihood and
behavior of fire are also controlled by other
factors such as climate, implying that CO2driven climate changes should also be observable in the fossil charcoal record.
We tested this hypothesis and present a
high-resolution study of fire history through
the use of fossil charcoal abundances across
the OAE2 onset, and we compared our rec
ords to the estimated CO2 fluctuations published from the same study sites. Our study
illustrates that inferred wildfire activity appears to relate to changes in CO2 occurring
across the onset of OAE2, where periods of
CO2 drawdown may have enabled an increase in fire activity through suppression
of the hydrological cycle. Our study provides
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further insight into the relationships between
rapid changes in the carbon cycle, climate,
and wildfire activity, illustrating that CO2
and climate changes related to inferred
wildfire activity can be detected despite the
estimated high Cretaceous atmospheric O2
concentrations.
INTRODUCTION
Periods of oceanic anoxia have occurred
many times in Earth’s history, and they were
particularly common throughout the Cretaceous
Period (Jenkyns, 2010). These anoxic events are
evidenced in the geological record by common
occurrences of widespread black shales and
excursions in the organic and carbonate δ13C
record, indicating significant disruption to the
global carbon (C) cycle (Jarvis et al., 2011).
Cretaceous oceanic anoxic event 2 (OAE2;
Schlanger and Jenkyns, 1976) occurred
ca. 94.45 Ma, spanning the CenomanianTuronian boundary (ca. 93.90 Ma; Meyers et al.,
2012). OAE2 is hypothesized to have been triggered by an influx of volcanically derived CO2,
driving increases in global temperatures, enhancing the hydrological cycle, and increasing
continental weathering rates (Du Vivier et al.,
2015; Jenkyns et al., 2017). These changes
are hypothesized to have preconditioned the
oceans in the runup to the event, creating lowoxygen conditions. At the onset of OAE2, these
changes, coupled with rising sea level, are
hypothesized to have enabled a flux of other
wise limiting nutrients to the marine system, enhancing primary production and Corg burial, and
initiating the event (Mort et al., 2007; Owens
et al., 2016). During the initiation, enhanced
preservation of organic matter is hypothesized

to have taken place in euxinic hotspots (Owens
et al., 2016), which constituted a small proportion of the global seafloor area (<10%; Dickson
et al., 2016).
Support for this scenario comes from a highresolution stomatal pCO2 proxy analysis, covering the runup to and/or onset of OAE2 (Barclay
et al., 2010). Using the stomatal proxy, Barclay
et al. (2010) suggested that CO2 levels began to
gradually rise prior to the start of OAE2, reaching a peak of 500 +400/–180 ppm. However,
this overall rise in pCO2 was interrupted by two
inferred rapid phases of CO2 drawdown, taking
just ~10–100 k.y. (Barclay et al., 2010), which
also appear to be expressed in the global δ13C
record as small positive excursions. These rapid
changes in pCO2 are hypothesized to have led to
significant climate changes, causing large shifts
in Northern Hemisphere temperatures and the
hydrological cycle (Jenkyns et al., 2017). By
contrast, in the Southern Hemisphere, recent
TEX86 data (where TEX86 is an index of tetraethers consisting of 86 carbon atoms) suggest
a period of sustained warmth throughout the
OAE2 interval, with little climate fluctuation
(Robinson et al., 2019).
Within the Earth system, combustion is an important process (Li et al., 2014) that influences
global ecosystems, climate, and the C cycle by
generating feedbacks that influence Earth’s biogeochemical cycles (e.g., Kump, 1988; Lenton
and Watson, 2000; Handoh and Lenton, 2003;
Bowman et al., 2009). A key example of this can
be seen in fire’s role in preventing atmospheric
O2 levels from rising too high, and thus maintaining concentrations within habitable bounds.
Variations in the occurrence and abundance of
fossil charcoal, which is a by-product of paleo
wildfire that is used as a proxy for changes in
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fire activity, have been shown to fluctuate in accordance with changes in climate (Daniau et al.,
2007, 2013), as well as with broad changes in
atmospheric O2 (Belcher and McElwain, 2008;
Glasspool and Scott, 2010; Baker et al., 2017).
For the Cretaceous Period, biogeochemical
models estimate high atmospheric O2 concentrations between 23 vol% and 27 vol% (Lenton,
2013; Mills et al., 2016; Lenton et al., 2017).
Laboratory experiments show that given a
source of ignition, the probabilities of ignition
and fire spread beyond 23 vol% are high, and
they become much less sensitive to changes
in O2 than at lower O2 concentrations (Belcher
et al., 2010). This observation suggests that
at the high O2 concentrations modeled for the
Cretaceous Period, any small O2-driven fire
changes are unlikely to be observable in the
fossil fire record, as burn probabilities remain
at 99% between 23% and 27% O2. Instead,
variations in fire and the associated abundance
of charcoal in the fossil record are more likely
to be driven by other factors, such as climatic
variations, superimposed upon the general high
fire activity inferred for much of the Cretaceous (Glasspool and Scott, 2010; Belcher and
Hudspith, 2016).
The time period running up to OAE2 is thus
a good test case for assessing the probability
of shorter time-scale, CO2-driven climate responses to Earth system perturbations. Here,
we analyzed the abundance of fossil charcoal
across these previously identified intervals of
CO2 fluctuation, and we show that CO2-climate
driven variations are indicated in the fossil rec
ord of fire.
MATERIALS AND METHODS
Study Location
Deposits representing the runup to and the
beginning of OAE2 can be found well exposed
within the middle and upper members of the
newly renamed Naturita Formation, previously
referred to as the Dakota Formation (Carpenter, 2014), in southern Utah, located ~500 km
west of Pueblo, Colorado, the global stratotype
section and point (GSSP) for the CenomanianTuronian boundary (Fig. 1; Kennedy et al.,
2005; Barclay et al., 2010). Here, high rates of
tectonic subsidence and/or high rates of sediment input provide a stratigraphically expanded
record of the time period (Laurin and Sageman,
2007), along with high-resolution biostratigraphy and tephrochronology (e.g., Elder, 1985,
1991; Elder and Kirkland, 1985; Elder et al.,
1994). During the Cretaceous, this site was located on the western margin of the Western Interior Seaway (Laurin and Sageman, 2007).
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Figure 1. Paleogeographic map of the latest Cenomanian, illustrating the
location of the studied sites and comparative oceanic anoxic event 2 (OAE2)
records, the locations of large igneous provinces, and the locations subduction zones, i.e., potential sources of CO 2 influx. Figure is modified from
Barclay et al. (2010). GSSP—global stratotype section and point; ODP—
Ocean Drilling Program.
The sediments deposited within the studied
section display a range of depositional environments indicative of sea-level fluctuations influencing a coastal setting. Facies include back
barriers composed of sandstone, claystone,
and coal beds, as well as streambeds and floodplains, lagoons and peat swamps, shorefaces,
tide-influenced estuaries, and semi-enclosed
bays (Laurin and Sageman, 2007; Barclay
et al., 2010).
The middle member of the Naturita Formation is largely composed of nonmarine sandstone, mudstone, organic-rich claystone, coal
horizons, and carbonaceous mudstone, with occasional marine strata representative of “shortlived marine incursions” (Barclay et al., 2015,
p. 215). The upper member of the Naturita Formation is characterized by “marginal marine
sandstones, mudstones and shale” with an occasional organic-rich claystone (Barclay et al.,
2015, p. 216). The high sedimentation rate of
these nearshore depositional sites enabled us to
capture potential small-scale variations in wildfire activity, and it allows for a detailed comparison with the associated pulses in CO2 previously
recorded by Barclay et al. (2010).
Sample Collection and Processing
The materials used in this study were previously collected and used in Barclay et al. (2010),
with the majority of the samples taken from the
same set used in Barclay et al. (2010) to produce
their CO2 curve. This approach allows for good

comparison between the charcoal and stomatal
index data.
Samples covering the onset of OAE2 were
collected from the Big Hill and Kanarra
Mountains localities, which are located at the
western margin of the Markagunt Plateau, in
a nonmarine to paralic setting of the middle
and upper members of the Naturita Formation (formerly Dakota Formation; Figs. 1, 2,
and 3). Some of the stomatal index and charcoal abundance data from the pre-OAE2 interval come from localities on the K
 aiparowits
Plateau (Cottonwood Canyon, Wahweap
Wash, and Bald Knoll Mine). The superposition of samples from different localities was
inferred from sequence stratigraphic relationships aided by bentonite and biostratigraphic
correlation (Laurin and Sageman, 2007;
Uličný, 1999). Because sedimentation rates
vary along the proximal-distal transect, the
depth-domain position of samples relative to
a datum is not constant between sections and
cannot be used to construct a composite depth
domain section without a risk of introducing
errors to the temporal sequence of samples.
Hence, we avoided combining samples from
different localities in the depth domain (i.e.,
assigning stratigraphic height to a composite
section). Instead, the composite logs of δ13C,
stomatal index, and charcoal abundance were
plotted against time. Construction of the age
model is described below.
Samples for this study were chosen from
two distinct lithologies: organic-rich claystone
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Comparative records of OAE2 correlated to the study site at Utah.
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Figure 2. Correlation of the carbon isotope signature (composite δ13Corg curve) of the study interval in Utah to key sections
mentioned in the text: the Portland core, Pueblo, Colorado, Eastbourne, UK, and Pont d’Issole, SE France. The composite
curve is plotted against time (see text for details on age model construction). U.S. Geological Survey (USGS) #1 Portland core
δ13Corg data (Sageman et al., 2006), Eastbourne δ13Ccarb data (Tsikos et al., 2004), and Pont d’Issole δ13Corg data (Jarvis et al.,
2011) are plotted in the depth domain. The timing of osmium isotope shifts was adopted from Du Vivier et al. (2014; indicated
both in depth domain at Portland and Pont d’Issole, and in time domain, plotted alongside time), and the timing of the strontium, lithium, and calcium isotope shifts was taken from Frijia and Parente (2008), Pogge von Strandmann et al. (2013), and
Du Vivier et al. (2015), respectively, plotted as time prior to oceanic anoxic event (OAE) onset. Plenus cold event as identified at
Eastbourne and Pont d’Issole (Jenkyns et al., 2017) is also marked. Base of the Neocardioceras juddii zone and Heterohelix shift
in SW Utah are based on correlation to KPS and U1 sections of Elder (1989, 1991) and Elder et al. (1994); see also Laurin and
Sageman (2007), Jones et al. (2019), and Laurin et al. (2019). Base of the N. juddii zone and Heterohelix shift in the Portland
core are based on correlation to the global boundary stratotype section and point at Pueblo, Colorado (Leckie, 1985; Kennedy
et al., 2005; Sageman et al., 2006). Note that the N. juddii zone has been delineated as an assemblage zone in the Western Interior Basin; its onset predates the first occurrence (FO) of the ammonite Neocardioceras juddii (Elder, 1991; Elder et al., 1994;
Kennedy et al., 2005). The Heterohelix shift marks a significant change in planktic foraminifer population structure, where
Heterohelix suddenly increased in abundance. The shift, recognized by Leckie et al. (1991, 1998), appears to be coincident with
a sharp depletion in δ18O found in the Lower Bridge Creek Member of the Greenhorn Formation, near Pueblo (Leckie et al.,
1991). VPDB—Vienna Peedee belemnite. M. mosbyense—Metoicoceras mosbyense; S. gracile—Sciponoceras gracile.
and mudstone (with the exception of one siltstone; Fig. 3; Table DR21). Sampling from predominantly just two lithologies was intended to
minimize any influence on charcoal abundances
from the varying depositional environment, al-

though the changes in inferred depositional environment were also taken into account.
Fossil charcoal was extracted from rock
samples using standard palynological acid
maceration techniques. The remaining organics

1
GSA Data Repository item 2019243, comprising raw data for charcoal counts and age control points,
charcoal image, and cross plots of charcoal abundance vs. organic matter contents, is available at http://www
.geosociety.org/datarepository/2019 or by request to editing@geosociety.org.

were then sieved using a 125 µm mesh, and the
>125 µm fraction was collected. All particles
within the ~20 g rock sample were quantified
using a binocular microscope, to capture a localto regional-scale representation of paleowildfire
activity (Tinner et al., 2006). Charcoal fragments were identified using key features commonly accepted throughout the literature, which
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Figure 3. Stratigraphic logs from each of the sections, with inferred depositional environment, used to create the composite charcoal record
across the initiation and early stages of oceanic anoxic event 2 (OAE2). Locations of samples used in this study are shown as the estimated ages
(as referred to in the text) and are positioned at their local log heights. Inset at bottom right shows where the sites are located for exposures of deposits across the Cretaceous OAE2, within southern Utah. Gray boxes indicate locations of studied sites used for charcoal analysis in the composite section; clear boxes indicate key sections that were used for composite correlation to the global stratotype section and point (GSSP) in Pueblo,
Colorado, in Barclay et al. (2010). N. juddii—Neocardioceras juddii; M. mosbyense—Metoicoceras mosbyense; S. gracile—Sciponoceras gracile.
include opacity, cuboid or angular shape, and
black/grayish black/dark gray with a graphitelike sheen, in contrast to brownish hues of unpyrolyzed vegetal matter (Patterson et al., 1987;
Jones and Chaloner, 1991; Rhodes, 1998; Scott,
2010; Fig. DR1 [see footnote 1]).
Due to the variations in depositional setting
(Fig. 3), and to ensure that charcoal abundances
were not biased due to overall changes in the
flux of organic material to the sites, the total
organic matter (TOM) content left after acid

324

maceration was weighed. Charcoal counts were
then expressed as per gram of organic matter (g/TOM), as well as per 10 g of bulk rock
(Fig. DR2, footnote 1). The similar pattern of
variations in charcoal abundances observed
in the two graphs (charcoal count vs. charcoal
abundance per g/TOM) corroborates the calculated abundance per g/TOM data, indicating
that the abundance per g/TOM data provide a
good reflection of variations in charcoal during
this period.

Age Model
Paralic strata of Big Hill and Kanarra Mountains have been correlated to the astronomical time scale of the Bridge Creek Limestone
(Sageman et al., 2006; Ma et al., 2014) using
sequence stratigraphic, biostratigraphic, and
bentonite and limestone marker-bed correlation
(Laurin and Sageman, 2007). In total, eight control points were applied here to the upper member of the Naturita Formation at the reference
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section of Big Hill (Table DR1, footnote 1).
The underlying fluvial strata were further constrained by a bentonite U-Pb age (BH2015;
Laurin et al., 2019; Table DR1, footnote 1). The
age of the individual samples was estimated using a linear interpolation between age-control
points listed in Table DR1 (see footnote 1).
We note that numerical ages presented here
can be subject to updates in the future following
publication of new radioisotopic and/or astro
chronological results. However, none of the potential updates should affect the superposition of
samples from Big Hill and Kanarra Mountains
and the structure of variations in charcoal abundance discussed here.
A detailed correlation of pre-OAE strata
between the Big Hill reference section and
localities in the Kaiparowits Plateau (Cotton
wood Canyon, Wahweap Wash, and Bald Knoll
Mine) is hampered by the lack of suitable
correlation markers in the nonmarine succession. Age data from the Kaiparowits Plateau
were therefore estimated using a different set
of age-control points, including U-Pb ages of
two bentonites from the Henrieville locality
(Barclay et al., 2015) and a prominent transgressive surface at the top of unit 6A (Uličný,
1999), which is interpreted as coeval with the
onset of paralic sedimentation (upper member
of the Naturita Formation) at Big Hill (Laurin
and Sageman, 2007; Laurin et al., 2019). Correlation between Henrieville and other localities
in the Kaiparowits Plateau was based on Uličný
(1999). Due to large lateral differences in sedimentation rates reflecting local erosion and differential compaction in the fluvial and estuarine
strata of the Kaiparowits Plateau, an additional
uncertainty (~±100 k.y.) should be added to
both floating and anchored ages of Henrieville,
Cottonwood Canyon, Wahweap Wash, and Bald
Knoll Mine samples. These uncertainties, however, do not affect the timing and structure of
charcoal maxima discussed in this paper.
RESULTS
We found that the abundance of charcoal
per g/TOM at the study site is generally low
up to an estimated age of 94.436 Ma (Fig. 4),
averaging 189 particles per g/TOM. Charcoal
abundances then increase to 5965 particles per
g/TOM at 94.436 Ma. Above this rise, charcoal abundances then decline although remaining above “background” abundances
at 94.420 Ma to 1446 particles, and increasing again at 94.417 Ma to 6947 particles per
g/TOM. At 94.388 Ma, charcoal abundances
decline to 186 particles per g/TOM and remain below 35 particles throughout the rest
of the section.

It can be seen that the period of increased fire
activity appears during a phase characterized by
an overall trend of declining pCO2 and following the culmination of a negative excursion in
δ13Corganic, at the beginning of a positive δ13Corganic
shift. This period is marked as phase 2 (P2) on
Figure 4, and it represents the onset of OAE2,
which is commonly recognized by a positive shift
in carbonate and organic δ13C values (e.g., J arvis
et al., 2011, and references therein; Du Vivier
et al., 2014, 2015; Jenkyns et al., 2017). During
this phase, the peaks in charcoal abundance appear to occur after the two large pulses of CO2,
when CO2 concentrations are estimated to have
started to drop. The first pulse in CO2 peaked at
ca. 94.474 Ma and corresponds to a low charcoal
abundance of 24 particles from the same bulk
sample; CO2 concentrations are then estimated to
have fallen at 94.436 Ma, correlating to a rise in
charcoal abundance to 5965 particles at the same
time (also from the same sample). The second
CO2 pulse peaking at 94.420 Ma corresponds to
a lower charcoal count of 1446 particles, before a
decline in estimated CO2 occurred at 94.382 Ma.
During this interval of declining CO2, charcoal
abundances at 94.417 Ma exhibit a high abundance of 6947 particles, yet they decline to 186
particles at 94.385 Ma.
DISCUSSION
CO2-Driven Climatic Forcing on Fire
Within the Naturita Formation, Barclay
et al. (2010) identified two phases in estimated
pCO2 concentrations; phase 1 (P1) corresponds
to an overall rising trend in pCO2 between
ca. 95.194 Ma and 94.474 Ma that is suggested
to have caused enhanced greenhouse climatic
conditions. This phase is characterized by generally low charcoal abundances (Fig. 4), except
for a brief enhancement at 94.182 Ma, where
abundances increase to 916 particles from 143.
This appears to correspond closely with a slight
decline in stomatal index CO2 estimates at
94.484 Ma. Phase 2 (P2) sees an overall declining trend in pCO2 from 94.474 Ma (Fig. 4;
Barclay et al., 2010) that is interrupted by two
pulses of CO2 increase. Charcoal abundances
peak during P2, occurring shortly after peaks
in pCO2 at points where CO2 declines and is
sequestered from the atmosphere. Hence, there
appears to have been large variations in fire activity at the point when the Earth system was at
its most highly disturbed and in a state of flux,
where major increases in fire activity seem to
correspond to declines in CO2, with the exception of one sample at 94.385 Ma. This suggests
a potentially complex relationship between CO2
fluctuations and variations in fire activity.

Are Taphonomic Factors Leading to a Loss
or Gain in Charcoal Abundance?
The changing depositional environment inferred for the studied section (Fig. 3; Uličný,
1999; Laurin and Sageman, 2007) could be considered to have influenced the charcoal signal
preserved in these sediments. Throughout the
studied section, the depositional environment
varies between fluvial, tidally influenced estuarine, fluvial-floodplain, semi-enclosed bay, and
lagoon/peat swamps (Uličný, 1999; Laurin and
Sageman, 2007).
Peat swamps, floodplain, and lagoon settings
are ideal catchment areas for charcoal produced
by local fires (e.g., Ribeiro et al., 2016; Mackenzie and Moss, 2017). Fluvial environments may
act to transport charcoal and other terrigenous
material away to nearshore, shallow-
marine
settings (Nichols et al., 2000; Forbes et al.,
2006), such that shallow-marine settings and
major river mouths receive the highest concentration of sediment transported by riverine and
runoff processes (Nichols et al., 2000). Hence,
a higher charcoal abundance may be expected
within samples collected from the inferred semienclosed bay environment, compared with those
from interpreted fluvial deposits. This could
therefore explain the higher charcoal abundances
observed between 94.417 Ma and 94.436 Ma
collected from the Big Hill “Lower” section, and
the lower abundances found deposited in the inferred fluvial environment between 95.194 Ma
and 94.955 Ma collected from Wahweap Creek,
and at 94.520 Ma and 94.482 Ma collected from
the Kanarra Mountains and Cottonwood Canyon
sections. However, this cannot explain the low
charcoal abundance found within the inferred
lagoon/peat swamp environments, nor the sample collected at 94.466 Ma in the Kanarra Mountains section, interpreted by Laurin and Sageman (2007) to have been deposited within an
intertidal to shallow subtidal restricted estuarine
and/or back-barrier tidal flat setting. Furthermore, charcoal abundances between 94.436 Ma
and 94.417 Ma vary, yet the depositional environment remains constant in the same Big Hill
“Lower” section. Hence, it is important to note
that although the increase in charcoal abundance
is based on only two sample horizons, variations in charcoal abundances neither correlate
with any variations in total organic matter during this period (Fig. DR3A, footnote 1), nor to
any changes in the sample collection site, nor
to variations in sample lithology (Fig. DR3B,
footnote 1). This suggests that the signal is a
genuine signal of variations in fire activity that is
unrelated to changes in the depositional environment alone, and thus there are likely other factors
influencing the wildfire record during this time.
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Figure 4. Charcoal count per 1 g of total organic matter variations, and inferred fire behavior changes, across the early stages of oceanic
anoxic event 2 (OAE2), plotted against δ13Corganic curve and estimated age from the age model, as well as changes in CO2 (also calculated for
age of stomatal index [SI] samples) originally used in Barclay et al. (2010). Gray shaded area indicates the positioning of OAE2, with the
start depicted by the first positive shift in δ13Corganic. N. juddii— Neocardioceras juddii; VPDB—Vienna Peedee belemnite.
Environmental Shifts across OAE2
and their Potential to Drive Variations
in Fire Activity
Phase 1: Rising CO2 Concentrations and
Pre‑OAE Environmental Changes
OAE2 is hypothesized to have been triggered
by a large magmatic episode influencing the
Earth system up to ~200 k.y. prior to the onset of
OAE2 (Du Vivier et al., 2014; Ostrander et al.,
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2017). The initiation of the magmatic episode
is hypothesized to have driven a rise in global
temperatures, driven by volcanic CO2 outgassing (Frijia and Parente, 2008). As global temperatures increased, the hydrological cycle is
hypothesized to have intensified, enabling an
increased delivery of nutrients to the oceans,
which in turn fueled primary productivity and
Corg burial and primed the oceans for deoxygenation (Ostrander et al., 2017).

Records of several isotopic systems (Sr—
Frijia and Parente, 2008; Os—Turgeon and
Creaser, 2008; Du Vivier et al., 2014; Ca—Du
Vivier et al., 2015; Li—Pogge von Strandmann
et al., 2013; Tl—Ostrander et al., 2017) have all
been used to support a major magmatic episode
and release of CO2 into the atmosphere and/or
anoxia a few tens of thousands of years prior to
the start of the positive carbon isotope excursion
that marks the OAE. Small, local perturbations
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CO2-driven climate forcing on fire
of sedimentary Hg have also been identified
during the onset of OAE2, further supporting
the hypothesis of a magmatic episode (Scaife
et al., 2017; Percival et al., 2018).
The influence of this magmatic episode appears to link with the timing of rising CO2
concentrations in the studied section. During
the runup to the OAE, stomatal index proxy
estimates from Barclay et al. (2010) suggest a
long-term rise in CO2 beginning up to ~500 k.y.
prior to the OAE and peaking at an estimated
500 +400/–180 ppm ~26 k.y. prior to the start of
the OAE (Fig. 4). Throughout this period of
generally rising pCO2 concentrations, charcoal
abundances at the study site are consistently
low, with the exception of a slight increase from
129 particles at 94.487 Ma to 916 particles at
ca. 94.482 Ma, which then return to 24 particles
at 94.474 Ma. This exception appears to occur
close to a slight decline in estimated CO2 occurring at 94.484 Ma.
Increasing CO2 concentrations have been
associated with rising global temperatures and
also acceleration of the hydrological cycle
(Bazzaz, 1990; McElwain et al., 2005; Steinthorsdottir et al., 2012), suggesting that an increasingly moist environment during this time
may have suppressed fire activity, producing
low charcoal counts.
In the runup to OAE2, temperature proxy
data for sea-surface temperatures (SSTs) from
the TEX86 method and δ18O data support the
idea that global temperatures rose in the prelude to OAE2 (Forster et al., 2007; Sinninghe
Damsté et al., 2010; Jarvis et al., 2011). Here,
both temperature proxies, taken from European
sites and TEX86 from Ocean Drilling Program
(ODP) sites at (equatorial) Demerara Rise and
around the Newfoundland Basin (proto–North
Atlantic, ODP 2176, ~30°N paleolatitude), indicate a warming trend in the lead up to OAE2.
The SST record at Bass River, New Jersey
(van Helmond et al., 2014), which is situated
~2800 km east of our study site, also shows a
rising temperature trend, with palynological
(terrestrial/marine [T/M] ratios and Paleohystrichophora infusorioides cyst abundances per
dry gram of sediment) and inorganic geochemical (Ti/Al) records suggesting enhanced runoff
closer to OAE2 (van Helmond et al., 2014). At
Bass River, humid and potentially fire-suppressing “greenhouse conditions” are thought to have
prevailed in the prelude to the OAE (van Helmond et al., 2014), supporting the hypothesis
that increased moisture may have suppressed
wildfire activity at this time.
The Cretaceous Period is considered by many
to have been a period of high pO2 concentrations
(e.g., Berner et al., 2003; Bergman et al., 2004;
Mills et al., 2016). At high atmospheric pO2

concentrations (>23%), changes in fuel moisture become the more important driver of variations in fire activity (Watson, 1978; Watson and
Lovelock, 2013) because changes in pO2 alone
above 23 vol% lead to little variation in burn
probability (see fig. 4 in Belcher et al., 2010).
However, as pO2 rises, increasingly wet fuel is
able to carry a fire because the moisture of extinction (the moisture level at which a fire can
no longer spread) is raised.
Belcher and Hudspith (2016) modeled the
differences in surface fire behavior for different
fuel types in both current ambient and in “super
ambient” (26%) O2. They showed that increasing pO2 enables fires to continue to spread
above 39% (modern-day) moisture of extinction, and the spread rate is also increased (see
fig. 3a in Belcher and Hudspith). However, there
are limits to fire spread even at high pO2, with
Belcher and Hudspith (2016, their table S2) esti
mating the moisture of extinction to be ~80%
at 26% pO2.
Belcher and Hudspith (2016) used the equation Mex = 8O2 – 128 (Watson and Lovelock,
2013) to estimate the moisture of extinction
for different atmospheric O2 concentrations in
their models. By assuming that pO2 was between 25% and 27% during OAE2 (Mills et al.,
2016), the moisture of extinction would likely
have been between 77% and 88%. If the Belcher
and Hudspith (2016) surface fire spread data for
different fuel types are extrapolated across this
range, a rise of just 10% fuel moisture would
likely cease fire spread according to their lowfuel-load models (i.e., conifer litter [CL2] and
weedy understory [WUn2]) and would halve
the spread rate in higher-fuel-load models
(e.g., dense shrub and fern understories [SUn2
and FUn2] models). Furthermore, the intensity of surface fires (see fig. 3C in Belcher and
Hudspith, 2016), would also fall significantly by
approximately two thirds, from ~900 kWm–1 to
300 kWm–1, as fuel moisture increased.
Most surface fires are started in dead and drier
surface fuels. These surface fires then have to be
able to dry the overstory canopy fuels below the
required moisture of extinction before significant crown fires can be ignited and carried. This
is significant because fire-line intensity relates
to flame heights and the ability of heat energy
from surface fires to scorch the forest canopy
and transition to crown fires (see Belcher and
Hudspith, 2016). Lowering of fire-line intensity
leads to lower flame heights, thus limiting the
ability of surface fires to dry, scorch, and ignite
the canopy. Therefore, if the enhancement of the
hydrological cycle led to a rise in fuel moisture
of just 10%, in the phases leading up to onset
of the OAE, it would be anticipated to have a
strong negative influence on large-fire potential,

despite the estimated high pO2, and may therefore explain the relatively low abundances of
charcoal in phase 1.
Interestingly, prior to the peak in pCO2 concentrations at ca. 94.474 Ma, a brief decline in
pCO2 concentrations occurred at ca. 94.484 Ma
(Fig. 4), estimated at a mean decline of ~52 ppm
(Hypodaphnis zenkeri estimated decline from
the stomatal index proxy of 59 ppm; Laurus nobilis estimated decline of 45 ppm). This decline
in CO2 occurs at a similar time to where we
see a slight increase in charcoal abundances to
916 particles at ca. 94.482 Ma, before swiftly
returning to low abundances at 94.474 Ma, corresponding with the high inferred CO2 concentrations occurring within the same bulk sample
at 94.474 Ma. Although based on only one data
point, this is particularly interesting because it
may indicate that geologically swift fluctuations
in inferred CO2 in the runup to OAE2 may have
been capable of leading to observable shortterm variations in fire activity, possibly driven
by regional fluctuations in climate.
During this time, SST calculations using
the TEX86 proxy in the Newfoundland Basin,
offshore Canada (Forster et al., 2007), and the
Bass River borehole, New Jersey (van Helmond et al., 2014), suggest SST continued to
increase throughout the runup to the OAE (van
Helmond et al., 2014). However, within the
Bass River borehole, New Jersey, variations in
SST can be observed, showing brief periods of
reversal within the overall warming trend, e.g.,
at 595.1 m below seafloor (mbsf), 594.6 mbsf,
593.6 mbsf, and even at the inferred onset of
the OAE at 593.3 mbsf (see van Helmond et al.,
2014, their fig. 2). Furthermore, van Helmond
et al. (2014) indicated that temperature and
hydrology changed consistently across OAE2,
suggesting that this small variation in inferred
fire activity may not be an anomaly; however,
further study would be required to corroborate
whether these small shifts in SST correlate
to the small shifts in CO2 and charcoal found
within our studied section.
Phase 2: Declining CO2 Concentrations
and OAE Environmental Changes
The second phase (P2) begins with the period
of peak pCO2 at 94.474 Ma and ends with a CO2
minimum at 94.382 Ma (Fig. 4). Throughout
phase P2, pCO2 generally declines, except for
a brief enhancement of pCO2 at ca. 94.420 Ma.
However, phase P2 suggests evidence of a
large increase in fire activity. During P2, the
abundance of charcoal per g/TOM suddenly
increases to 5965 particles per g/TOM per year
at 94.436 Ma. Abundances appear to decline
briefly at 94.420 Ma to 1446 particles g/TOM
coincident with the brief rise in pCO2, and in-
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crease and peak at 6947 particles g/TOM at
94.417 Ma, before falling to just 186 particles
g/TOM at 94.385 Ma (Fig. 4). The overall decline in pCO2 concentrations observed at the
study site during P2 has been attributed to increased C-sequestration by primary production
that was capable of drawing down twice the
magnitude of CO2 compared to the first CO2
drawdown within P1 (Barclay et al., 2010). It
is during this phase that the shift toward positive δ13C isotopes, correlative between terrestrial and marine records, marking the start of the
OAE occurs.
By the initiation of OAE2, anoxic conditions are hypothesized to have expanded by
~40% since the start of deoxygenation (beginning ~43 k.y. prior to the event; Ostrander et al.,
2017). During the onset, enhanced production
and preservation of Corg occurring in euxinic
“hotspots” are hypothesized to have driven the
positive shift in C-isotope values that marks the
onset of OAE2 (Owens et al., 2016).
Interestingly, during the initiation of OAE2,
geochemical sediment analysis indicates a noticeable increase in P at the GSSP at Pueblo,
where all P species measured (PFe, Pauthigenic,
Pdetrital, Porg) reach peak values at the onset of
the event (from 0.10 to 0.20 [PFe], 0.50 to 5.00
[Pauthigenic], 0.25 to 0.50 [Pdetrital], and from 0.08
to 0.20 [Porg]; Mort et al., 2007; Flaum, 2008),
likely driven by increased delivery and regeneration from anoxic sediments (Monteiro et al.,
2012). This is intriguing because increases in P
fluxes to the oceans have been associated with
wildfires, and fire seasons (Kump, 1988; Maho
wald et al., 2008).
A rise in sea level is inferred at the same time
that could have aided the delivery of nutrients
from the continents to the oceans (Bjerrum
et al., 2006). Changes in sea level are also speculated to have caused marine hiatuses in key
sections, e.g., those observed in the Eastbourne
section (at the base of the Plenus Marl Member;
Jarvis et al., 2011) and the Portland core (within
the uppermost Hartland Shale). The Portland
core has an estimated hiatus of up to ~40 k.y.
(Du Vivier et al., 2014, 2015). When the section
in this study is correlated to the Portland core
(Fig. 2), it is clear that the period of high charcoal
found in the Naturita Formation likely corresponds to this hiatus, spanning ~40 k.y. (Figs. 2
and 4). Therefore, one hypothesis for the rise in
charcoal abundances during this time could be
an increased flux of charcoal to the study sites
associated with a rise in sea level (Laurin and
Sageman, 2007; Barclay et al., 2010). Here, a
rise in sea level may have enabled removal of
charcoal from the newly flooded land surface,
providing a “spike” in charcoal abundances during the initiation of OAE2. However, this seems
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unlikely because charcoal abundances prior to
the onset are consistently low, making leaching
from nearby land surfaces an unlikely source
of charcoal. The lack of charcoal abundances
found throughout the pre-OAE period similarly
makes reworking at the OAE onset an unlikely
source of charcoal.
Over geological time scales, atmospheric
CO2 concentrations are arguably a primary
driver of SST fluctuations, with increasing CO2
linked with rising SSTs and drawdown periods
associated with cooling (Jarvis et al., 2011, and
references therein).
Interestingly, across the onset of OAE2, SST
records from the European sites at Pont d’Issole,
SE France, and Gröbern, N Germany, which
exhibit no apparent hiatus, indicate a brief period of cooling in SSTs (Jarvis et al., 2011).
Similarly, the Bass River borehole, New Jersey,
shows a small decline in SST across the OAE2
onset, before immediately rising by ~0.5 °C during the OAE (van Helmond et al., 2014). The
section at Pont d’Issole suggests a more significant cooling period across the OAE onset, with
an estimated fall in SST of ~4 °C (Jarvis et al.,
2011, fig. 8), while the Bass River borehole section shows smaller declines of just ~0.24 °C
(van Helmond et al., 2014). These variations
indicate that temperature and likely climate may
have been regional in distribution, and they suggest that rising global temperatures observed in
the runup to OAE2 slowed, and possibly even
briefly reversed across the initiation of the OAE.
The Bass River borehole is located nearly
~3000 km east of our study site, and it is the
closest site preserving a SST record across the
onset of OAE2. The variations in fire activity,
as indicated by changes in the abundance of
charcoal, appear to relate directly to changes
in pCO2 across the onset of OAE2, with the
exception of the lower abundance found at
94.385 Ma. The first “peak” in charcoal of 5965
particles occurs at 94.436 Ma and corresponds
with a fall in stomatal index–estimated CO2
from 461 ppm to 389 ppm and from 515 ppm
to 464 ppm in Hypodaphnis zenkeri and Laurus nobilis, respectively. A decline in charcoal
abundance then occurs at 94.420 Ma, along
with a rise in inferred CO2 of 56 ppm (mean
from Hypodaphnis zenkeri and Laurus nobilis),
before charcoal abundances rise again to 6947
particles at 94.417 Ma as CO2 declines again.
It should be indicated that these fluctuations in
stomatal index occur in the same samples as we
have extracted our charcoal. Therefore, it appears that, at least regionally, changes in CO2
appear to have directly influenced wildfire activity recorded at the same study section. This suggests a CO2-climate-driven influence on wildfire
across the onset of OAE2, and that the draw-

down in CO2 across the onset of OAE2 may
have not only initiated temporary cooling, but
also suppressed the hydrological cycle, enabling
wildfire activity to briefly increase.
This seems to be a realistic interpretation
because drier climate conditions can lead to a
rise in wildfire activity by reducing the moisture
content of fuels (Viegas et al., 1992; Collins
et al., 2007). A decline in the moisture content
of vegetation, below the required moisture of
extinction, would enable an increase in the rate
of fire spread and fire intensity and also increase
the likelihood that a surface fire would transition
to a crown fire (Belcher and Hudspith, 2016).
It could therefore be suggested that, during the
phases of CO2 drawdown, climate conditions
became more favorable to wildfire activity. The
decline in charcoal abundance at 94.420 Ma, coeval with evidence for a small pulse in CO2, may
have been driven by a small, swift reversal in the
cooling and drying trend and may have provided
the ideal conditions for regrowth of significant
fuel following the period of higher fire activity.
Geologically swift reversals in climate trends
can be observed throughout the OAE2 period,
with a short-term cooling identified at the base
of the Metoicoceras geslinianum zone in European section Pont d’Issole (see fig. 8 in Jarvis
et al., 2011) estimated to have lasted ~40 k.y.
(Jarvis et al., 2011). Similarly, the Plenus cold
event, occurring toward the top of our sampled
section (Fig. 2), is estimated to have lasted
<60 k.y. before subsequent warming (Jarvis
et al., 2011), and it has recently been suggested
to have been characterized by two cooler intervals, punctuated by an intervening warmer
period (Jenkyns et al., 2017). Thus, there is
good evidence that shifts in climate are possible
within the short time scales of tens of thousands
of years observed here in the charcoal record.
However, the return to lower charcoal abundances of just 186 particles at 94.385 Ma appears anomalous when compared with the previous higher charcoal abundances found during
this inferred CO2 drawdown phase, and it may
therefore suggest a more complex relationship.
Several studies have suggested an important link between Milankovitch cyclicity and
astronomically paced insolation and the timing of OAE2 initiation. Milankovitch cycles
exert a control on the seasonal and latitudinal
distribution of solar radiation, and they can
thus influence the amplitude of seasonal variations over varying periodicities of precession
(~20 k.y.), obliquity (~40 k.y.), and eccentricity (~95–124 k.y. and ~405 k.y.; Berger et al.,
1993; Laskar et al., 2004). Changes in the precession cycle exert a control over the strength
of hemisphere-specific seasonality, in particular, influencing temperature and precipitation
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CO2-driven climate forcing on fire
patterns (e.g., Kutzbach and Gailimore, 1994;
Flögel, 2002). The climatic effect of precession
is linked to Earth’s orbital eccentricity, whereby
changes between more and less elliptical orbits
modulate the amplitude of precession-paced
seasonality fluctuations.
Obliquity determines the strength of the temperature gradient between latitudes (Raymo and
Nisancioglu, 2003), as well as seasonal insolation in high-latitude regions and integrated annual insolation at all latitudes (see discussion in
Huybers, 2006).
Sites situated around the Cretaceous Western
Interior Seaway, including the GSSP at Pueblo,
show evidence of Milankovitch-scale forcing around the time of OAE2 (e.g., Sageman
et al., 1997; Flögel, 2002; Eldrett et al., 2015;
Charbonnier et al., 2018). This evidence suggests that despite the inferred warm, equitable
climates of the Cretaceous greenhouse world,
the regional climate around the Western Interior
Seaway appears to have responded to changes in
solar insolation driven by Milankovitch cycles
(Eldrett et al., 2015).
The initiation of OAE2 is suggested to have
coincided with a maximum in the 405 k.y. eccentricity cycle (Laurin et al., 2016). During
periods of precession-paced insolation maxima,
increased storm frequency and intensity, precipi
tation, and temperatures are hypothesized in the
Western Interior Seaway (Eldrett et al., 2015).
By contrast, during periods of precessionpaced insolation minima, lower temperatures,
precipitation, and runoff are inferred (Eldrett
et al., 2015). High eccentricity at the onset of
OAE2 (Laurin et al., 2016) therefore implies
that our study site may have experienced pronounced extremes (both maxima and minima)
in seasonality.
The two charcoal samples at 94.436 Ma and
94.417 Ma exhibiting higher abundances (5965
particles and 6947 particles, respectively) during the OAE initiation occur over an estimated
~19 k.y., sitting within the precession period
band of 17 k.y. to 21.5 k.y. The following low
charcoal abundance of 182 particles, also occurring during the period of inferred CO2 drawdown, is found ~32 k.y. following the high charcoal sample at 94.417 Ma. These time scales
suggest that precessional forcing may have been
capable of influencing the fire record, possibly
through regional climate fluctuations. Here, the
low charcoal abundance at 94.385 Ma equates
to ~1.5 precession cycles following the high
charcoal abundances and would therefore correspond to an opposing precessional index (e.g.,
perihelion vs. aphelion seasons), enhanced by
the maximum 405 k.y. eccentricity (Laurin
et al., 2016). Hence, a switch between extreme
seasonality and decreased seasonality may

explain a dampening of the inferred wildfire
record at this point. Here, the higher charcoal
abundances may also be explained by a reduction in precipitation occurring during periods of
precession-paced insolation minima, while the
lower charcoal abundance may have occurred
during precession-paced insolation maxima, a
period of hypothesized increased precipitation
and runoff (Eldrett et al., 2015). If correct, this
may suggest that Milankovitch climate-related
forcing on the wildfire record may be apparent
during the onset of OAE2, coinciding with a
period of inferred declining CO2.
This hypothesis would appear to support a
recent prediction by Charbonnier et al. (2018),
who inferred that detrital input (using changes
in aluminum content, titanium content, and
magnetic susceptibility) during OAE2 was
likely driven by intensification of continental
weathering and acceleration of the hydrological cycle related to increased volcanic activity
and the release of greenhouse gases, which may
have been modulated by the obliquity Milankovitch cycle.
Following the CO2 drawdown at 94.436 Ma,
the Barclay et al. (2010) pCO2 proxy data suggest that concentrations did not remain at minimum values, but instead, they likely increased
again within the OAE. This likely indicates a
return to warm, humid, fire-suppressing greenhouse conditions over the remainder of the anoxic interval. Support for this also comes from
geochemical proxy estimates for SSTs (e.g.,
Jarvis et al., 2011) and continental weathering
(e.g., δ7Li isotope values; Jenkyns et al., 2017),
which indicate that much of the anoxic interval
was characterized by warm, humid, greenhouse
conditions that likely enhanced the hydrological cycle, increasing weathering and runoff, and
facilitating the delivery of limiting nutrients to
the marine system (Jarvis et al., 2011; van Helmond et al., 2014; Jenkyns et al., 2017). These
conditions are anticipated to have prevailed for
the remainder of the OAE (Jarvis et al., 2011;
van Helmond et al., 2014), with the exception of
the geologically brief Plenus cold event.
One explanation could therefore be that the
return to low inferred fire activity was due to the
return to warm, humid conditions, where high
fuel moisture once again suppressed fire ignition and spread, as evidenced by the consistently
low charcoal abundance found in the remainder
of the OAE section that was sampled, with the
exception of one sample at 94.230 Ma, which
correlates with the Plenus cold event (Fig. 2).
Another explanation could be that the samples collected happen to coincide with periods
of increased precipitation and runoff driven by
Milankovitch cyclicity. However, the decline
in charcoal abundance found at 94.420 Ma,

coinciding exactly with the estimated rise in
CO2 from stomatal indexes between the two
high charcoal counts, does not occur over the
precessional astronomical time scale and instead occurs just 3 k.y. prior to the high charcoal abundance found at 94.417 Ma. Hence, we
propose that “volcanically induced” CO2 fluctuations likely were the primary driver for variations in inferred fire activity observed across the
OAE2 onset. Across the OAE onset and during
the period of inferred declining CO2 concentrations, Milankovitch forcing associated with the
OAE onset may have been capable of modifying
the wildfire signal at this crucial time.
Implications of Increased Fire Activity
across the Onset of OAE2
Fire is an important feedback mechanism
in the natural world, and it has been shown to
play a crucial role in the long-term regulation
of atmospheric O2 concentrations (e.g., biogeochemical model COPSE; Bergman et al., 2004).
This regulation is driven by fluctuations in the
amount of Corg burial, which in turn is driven
by the flux and availability of limiting nutrients
such as P. The key role that fire plays as a feedback process via a control over P weathering/
distribution to the marine system has been illustrated by Kump (1988) and Lenton (2013),
where debate remains as to whether fires aid
in the redistribution of P from the land to the
oceans (e.g., Kump, 1988), or whether fires act
to limit P weathering through the suppression of
land vegetation (e.g., Lenton and Watson, 2000;
Bergman et al., 2004).
In the modern day, studies have shown that,
over short time scales, the concentration of P in
nearby streams increases significantly following a fire, suggesting that fire can actually aid
in the redistribution of P from the land to nearby
streams, which feed into the marine environment. For example, Spencer and Hauer (1991)
found that P concentrations in nearby streams
increased from 3 μg P/L prefire to 135 μg P/L
within 24 h postfire. Similarly, Taylor et al.
(1993) found an increase in P from 0.05 mg/L
prefire and flood to 0.10 g/L postfire and flood.
Fires can also influence the supply of P via aerosol inputs to the atmosphere through smoke,
causing atmospheric deposition of P to openocean sites. For example, the Amazon Basin appears to be losing P to the atmosphere, where
it is being deposited in neighboring regions and
adjacent oceans downwind. Of this flux, 23% is
attributed to fire (Mahowald et al., 2005).
At the onset of OAE2, bottom waters at the
U.S. Geological Survey (USGS) #1 Portland
core site are interpreted to have been relatively oxic due to the presence of extensive
bioturbation (Savrda, 1998) and a decline in
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the redox-sensitive trace-element molybdenum
(Mo; Meyers et al., 2005). Although seemingly
contradictory with the start of an anoxic event,
locally the Western Interior Seaway basin is
hypothesized to have been well mixed, preventing stratification and anoxia in bottom waters
(Flaum, 2008). A switch to increasingly oxic
waters could increase P released through the
initial oxidation of organic matter, in particular
producing an increase in precipitated Pauthigenic
(Mort et al., 2007).
Pdetrital values, which Flaum (2008) argued
can be utilized as a proxy for riverine and hence
terrestrial P input to marine surface waters, are
also high across the onset of the OAE at Pueblo
(Mort et al., 2007). Although it is likely that
the flux in P observed during the initiation of
the OAE2 (Mort et al., 2007) may thus have
been largely driven by local conditions, including oxidation of organic matter, enhancement
of the hydrological cycle, and a rise in sea level
(causing a flux in Pdetrital), it is interesting that,
coinciding with the flux in P found at nearby
study sites (Mort et al., 2007), and the OAE initiation, there is also evidence for an increase in
wildfire activity, which could also contribute to
the Pdetrital flux.
This phenomenon of increased charcoal abundances at the onset of OAE2 has also been observed at the start of the Jurassic Toarcian OAE
(T-OAE; Baker et al., 2017). This is despite the
fact that the T-OAE and Cretaceous OAE2 occurred during very different periods of Earth’s
history, in particular, with respect to atmospheric
O2 concentrations. The T-OAE is hypothesized
to have occurred during a time when estimated
atmospheric O2 concentrations were ~20%
(Lenton, 2013). By comparison, OAE2 occurred
during a time when O2 concentration estimates
were much higher (Wilson and Norris, 2001;
Mills et al., 2016). Despite this difference, the
charcoal record across OAE2 indicates that fire
activity responds similarly when compared to
that observed by Baker et al. (2017) across the
initiation of the T-OAE. For example, fire activity rises across the initiation of the T-OAE, at
both the Peniche locality and the Mochras core,
as indicated by enhanced charcoal abundances at
the culmination of the early positive δ13C trend.
During the early stages of OAE 2 in the Naturita
Formation, inferred fire activity appears to have
responded similarly, with increased abundances
occurring during the initiation.
This is particularly interesting because it
suggests that CO2-induced climate changes
may have been capable of driving variations
in paleofire activity during the initiation and
early stages of OAEs, irrespective of the different “background” atmospheric O2 concentrations. Furthermore, a rise in fire activity during
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the onset of OAEs may have aided in the short
term, the delivery of limiting nutrients, e.g.,
including Pdetrital, from the continents to the
oceans, tipping the ocean more rapidly toward anoxia.
We therefore suggest that future studies may
want to consider the importance of changes in
wildfire as being critical toward altering Earth
system balances across OAEs, such that variations in fire may provide a link that tips the
oceans into anoxia (as described herein), as well
as later aiding recovery (Baker et al., 2017).
Could Increased Wildfire Activity
Have Aided in the Movement toward
Negative C-Isotope Values?
The rise in inferred wildfire activity during the
early stages of OAE2 appears to have occurred
coeval with a period of generally low C-isotope
values (Fig. 4; Barclay et al., 2010). Sustained
extensive biomass burning over thousand-year
time scales is hypothesized to have been capable
of producing pronounced negative excursions in
the δ13C record (e.g., Finkelstein et al., 2006).
Finkelstein et al. (2006) conducted model runs
of biomass burning under Cretaceous conditions
of 2× present atmospheric level CO2 and 20 °C
ocean temperatures, over varying time scales,
hypothesizing that sustained combustion of
0.08% of the global peat reservoir over ~1000 yr
could be capable of producing a negative excursion of up to –2.4‰ within the atmospheric
reservoir. Hence, one hypothesis could be that
the increase in inferred wildfire activity, and
hence biomass burning, may have also aided in
the movement toward negative C-isotope values
during this time.
However, the movement toward “peak”
negative C-isotope values occurred prior to the
first peak in charcoal abundances, occurring
ca. 94.474 Ma (with a δ13C value of –25.27‰)
and reaching –25.99‰ at ca. 94.449 Ma. The
first peak in charcoal abundances occurred at
ca. 94.436 Ma, remaining high until 94.417 Ma.
During this period of high charcoal, δ13C values moved toward more positive values, from
–25.99‰ at ca. 94.449 Ma to –25.5‰ at
ca. 94.417 Ma.
One explanation could be that the release of
isotopically light C from biomass burning may
have dampened the return to positive C-isotope
values, although not by enough to prevent the
δ13C values from rising. Owens et al. (2018)
estimated the amount of organic carbon burial
from known global distributions of organicrich facies deposited during OAE2. The model
results indicated that the known global deposits of organic matter would only account for
~40% of the recorded δ13C excursion observed.
Hence, it appears that even when expanded to

unknown portions of the world’s oceans, significant amounts of organic carbon must have been
buried in reservoirs not currently constrained. It
is possible that this “unaccounted” reservoir may
therefore have been larger than that predicted by
Owens et al. (2018) in order to be able to further
account for and buffer the influx of negative Cisotope values from biomass burning. However,
further study would be required to test the geographical extent of the inferred increase in wildfire, compared with the local-regional scale observed within the Naturita Formation, as such an
influence on the C-isotope record would likely
require a larger, more global signal of increased
wildfire occurrence that should be observable
within the fossil fire record.
CONCLUSION
Throughout the prelude to and early stages
of OAE2, fluctuations in volcanically derived
CO2 are hypothesized to have led to significant
changes in the global climate. The influx of CO2
from large igneous province activity during this
time was followed by a drawdown period occurring across the OAE initiation, which was
associated with increased C sequestration by
primary producers (Barclay et al., 2010) and
increased silicate weathering (Jenkyns et al.,
2017). Here, we find that the period leading up
to the OAE initiation, coeval with evidence of
rising CO2, was characterized by consistently
low charcoal abundances, while the inferred
CO2 drawdown appears to have been coeval
with increased abundances of charcoal and
therefore enhanced fire activity. A brief pulse
in CO2 is hypothesized to have occurred during
the overall drawdown phase, which occurred coeval with a brief decline in charcoal abundances,
before abundances then rose again as CO2 continued to decline. Published proxy data indicate
that during this phase of CO2 drawdown, a brief
period of global cooling, and thus drying of the
climate, may have occurred (Jarvis et al., 2011;
van Helmond et al., 2014). Hence, it appears
that CO2- and climate-related variations in inferred fire activity may be observable across the
onset of OAE2.
Our study highlights that climate-driven
changes in wildfire activity remain possible
even under the modeled high pO2 concentrations of the Cretaceous Period, and these results
implicate changes in wildfire activity as being
drivers of both OAE initiation and recovery (cf.
Baker et al., 2017). Our analysis provides strong
support for the occurrence of geologically rapid
climate shifts in the lead up to and during the
early stages of OAE2, where changes on land
(e.g., fire activity) likely contributed significantly to the onset of OAE2.

Geological Society of America Bulletin, v. 132, no. 1/2

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/1-2/321/4907382/321.pdf
by guest

CO2-driven climate forcing on fire
ACKNOWLEDGMENTS

This work was supported by the Natural Environment Research Council, through funding a studentship grant (grant number NE/L 501669/1) to Baker.
Belcher acknowledges funding through a European
Research Council (ERC) Started Grant (grant ERC2013-StG-335891-ECOFLAM). Laurin acknowledges funding from the Czech Science Foundation,
project 17-10982S. Barclay acknowledges a National
Science Foundation (NSF) grant EAR-0643290 to
B. Sageman and J. McElwain that supported his dissertation work, during which the samples that were
analyzed in this study were collected, and the Field
Museum, where the samples are curated. Barclay also
acknowledges support from The Peter Buck Foundation and the department at the Smithsonian’s National
Museum of Natural History. We thank Mark Gros
venor for his assistance in the laboratory. We also
thank one anonymous reviewer and J. Owens for their
useful comments on the manuscript.
REFERENCES CITED
Baker, S.J., Hesselbo, S.P., Lenton, T.M., Duarte, L.V., and
Belcher, C.M., 2017, Charcoal evidence that rising
atmospheric oxygen terminated Early Jurassic ocean
anoxia: Nature Communications, v. 8, p. 15018, https://
doi.org/10.1038/ncomms15018.
Barclay, R.S., McElwain, J.C., and Sageman, B.B., 2010,
Carbon sequestration activated by a volcanic CO2 pulse
during ocean anoxic event 2: Nature Geoscience, v. 3,
p. 205–208, https://doi.org/10.1038/ngeo757.
Barclay, R.S., Rioux, M., Meyer, L.B., Bowring, S.A., Johnson, K.R., and Miller, I.M., 2015, High precision U-Pb
zircon geochronology for Cenomanian Dakota Formation floras in Utah: Cretaceous Research, v. 52, p. 213–
237, https://doi.org/10.1016/j.cretres.2014.08.006.
Bazzaz, F.A., 1990, The response of natural ecosystems to
the rising global CO2 levels: Annual Review of Ecology and Systematics, v. 21, p. 167–196, https://doi.org
/10.1146/annurev.es.21.110190.001123.
Belcher, C.M., and Hudspith, V.A., 2016, Changes to Cretaceous surface fire behavior influenced the spread of
the early angiosperms: The New Phytologist, v. 213,
p. 1521–1532, https://doi.org/10.1111/nph.14264.
Belcher, C.M., and McElwain, J.C., 2008, Limits for combustion in low O2 redefine paleoatmospheric predictions for the Mesozoic: Science, v. 321, p. 1197–1200,
https://doi.org/10.1126/science.1160978.
Belcher, C.M., Yearsley, J.M., Hadden, R.M., McElwain,
J.C., and Rein, G., 2010, Baseline intrinsic flammability of Earth’s ecosystems estimated from paleoatmospheric oxygen over the past 350 million years:
Proceedings of the National Academy of Sciences of
the United States of America, v. 107, p. 22,448–22,453,
https://doi.org/10.1073/pnas.1011974107.
Berger, A., Loutre, M.-F., and Tricot, C., 1993, Insolation
and Earth’s orbital periods: Journal of Geophysical Research, v. 98, no. D6, p. 10,341–10,362.
Bergman, N.M., Lenton, T.M., and Watson, A.J., 2004,
COPSE: A new model of biogeochemical cycling
over Phanerozoic time: American Journal of Science,
v. 304, p. 397–437, https://doi.org/10.2475/ajs.304.5
.397.
Berner, R.A., Beerling, D.J., Dudley, R., Robinson, J.M.,
and Wildman, R.A., Jr., 2003, Phanerozoic atmospheric oxygen: Earth and Planetary Science Letters,
v. 31, p. 105–134, https://doi.org/10.1146/annurev
.earth.31.100901.141329.
Bjerrum, C.J., Bendtsen, J., and Legarth, J.J.F., 2006, Modeling organic carbon burial during sea level rise with
reference to the Cretaceous: Geochemistry Geophysics Geosystems, v. 7, no. 5, Q05008, https://doi.org/10
.1029/2005GC001032.
Bowman, D.M.J.S., Balch, J.K., Artaxo, P., Bond, W.J.,
Carlson, J.M., Cochrane, M.A., D’Antonio, C.M., DeFries, R.S., Doyle, J.C., Harrison, S.P., Johnston, F.H.,
Keeley, J.E., Krawchuk, M.A., Kull, C.A., Marston,

J.B., Moritz, M.A., Prentice, I.C., Roos, C.I., Scott,
A.C., Swetnam, T.W., van der Werf, G.R., and Pyne,
S.J., 2009, Fire in the Earth system: Science, v. 324,
p. 481–484, https://doi.org/10.1126/science.1163886.
Carpenter, K., 2014, Where the sea meets the land: The unresolved Dakota problem in Utah, in MacLean, J.S.,
Biek R.F., and Huntoon J.E., eds., Geology of Utah’s
Far South: Utah Geological Association Publication
43, p. 357–372.
Charbonnier, G., Boulila, S., Spangenberg, J.E., Adatte, T.,
Föllmi, K.B., and Laskar, J., 2018, Obliquity pacing of
the hydrological cycle during the oceanic anoxic event
2: Earth and Planetary Science Letters, v. 499, p. 266–
277, https://doi.org/10.1016/j.epsl.2018.07.029.
Collins, B.M., Kelly, M., van Wagtendonk, J.W., and Stephens, S.L., 2007, Spatial patterns of large natural fires
in Sierra Nevada wilderness areas: Landscape Ecology,
v. 22, p. 545–557, https://doi.org/10.1007/s10980-006
-9047-5.
Daniau, A.L., Sanchez Goni, M.F., Beaufort, D., LaggounDéfarge, F., Loutre, M.F., and Duprat, J., 2007, Dans
gaard-Oeschger climatic variability revealed by fire
emissions in southwestern Iberia: Quaternary Science
Reviews, v. 26, p. 1369–1383, https://doi.org/10.1016/j
.quascirev.2007.02.005.
Daniau, A.L., Sanchez Goni, M.F., Martinez, P., Urrego,
D.H., Bout-Roumazeilles, V., Desprat, S., and Marlon,
J.R., 2013, Orbital-scale climate forcing of grassland
burning in southern Africa: Proceedings of the National Academy of Sciences of the United States of
America, v. 110, p. 5069–5073, https://doi.org/10.1073
/pnas.1214292110.
Dickson, A.J., Jenkyns, H.C., Porcelli, D., van den Boorn,
S., and Idiz, E., 2016, Basin-scale controls on the
molybdenum-isotope composition of seawater during
oceanic anoxic event 2 (Late Cretaceous): Geochimica
et Cosmochimica Acta, v. 178, p. 291–306, https://doi
.org/10.1016/j.gca.2015.12.036.
Du Vivier, A.D.C., Selby, D., Sageman, B.B., Jarvis, I.,
Gröcke, D.R., and Voigt, S., 2014, Marine 187Os/188Os
isotope stratigraphy reveals the interaction of volcanism and ocean circulation during oceanic anoxic
event 2: Earth and Planetary Science Letters, v. 389,
p. 23–33, https://doi.org/10.1016/j.epsl.2013.12.024.
Du Vivier, A.D.C., Jacobson, A.D., Lehn, G.O., Selby, D.,
Hurtgen, M.T., and Sageman, B.B., 2015, Ca isotope
stratigraphy across the Cenomanian–Turonian OAE 2:
Links between volcanism, seawater geochemistry, and
the carbonate fractionation factor: Earth and Planetary
Science Letters, v. 416, p. 121–131, https://doi.org/10
.1016/j.epsl.2015.02.001.
Elder, W.P., 1985, Biotic patterns across the CenomanianTuronian extinction boundary near Pueblo, Colorado,
in Pratt, L.M., Kauffman, E.G., and Zelt, B., eds.,
Fine-Grained Deposits and Biofacies of the Cretaceous
Western Interior Seaway: Evidence of Cyclic Sedimentary Processes: Society of Economic Paleontologists
and Mineralogists (SEPM) Field Trip Guidebook 4,
p. 157–169, https://doi.org/10.2110/sepmfg.04.157.
Elder, W.P., 1989, Molluscan extinction patterns across
the Cenomanian-Turonian Stage boundary in the
Western Interior of the United States: Paleobiology, v. 15, no. 3, p. 299–320, https://doi.org/10.1017
/S0094837300009465.
Elder, W.P., 1991, Molluscan paleoecology and sedimentation patterns of the Cenomanian-Turonian extinction
interval in the southern Colorado plateau region, in Nations, J.D., and Eaton, J.G., eds., Stratigraphy, Depositional Environments, and Sedimentary Tectonics of the
Western Margin, Cretaceous Western Interior Seaway:
Geological Society of America Special Paper 260,
p. 113–138, https://doi.org/10.1130/SPE260-p113.
Elder, W.P., and Kirkland, J.I., 1985, Stratigraphy and depositional environments of the Bridge Creek Limestone
Member of the Greenhorn Limestone at Rock Canyon
anticline near Pueblo, Colorado, in Pratt, L.A., Kauffman, E.G., and Zelt, F.B., eds., Fine-Grained Deposits
and Biofacies of the Cretaceous Western Interior Seaway: Evidence of Cyclic Sedimentary Processes: Society of Economic Paleontologists and Mineralogists
(SEPM) Field Trip Guidebook 4, p. 122–134, https://
doi.org/10.2110/sepmfg.04.122.

Elder, W.P., Gustason, E.R., and Sageman, B.B., 1994,
Correlation of basinal carbonate cycles to nearshore
parasequences in the Late Cretaceous Greenhorn Seaway, Western Interior, U.S.: Geological Society of
America Bulletin, v. 106, p. 892–902, https://doi.org
/10.1130/0016-7606(1994)106<0892:COBCCT>2.3
.CO;2.
Eldrett, J.S., Ma, C., Bergman, S.C., Ozkan, A., Minisini, D.,
Lutz, B., Jackett, S.-J., Macaulay, C., and Kelly, A.E.,
2015, Origin of limestone-marlstone cycles: Astronomic forcing of organic-rich sedimentary rocks from
the Cenomanian to early Coniacian of the Cretaceous
Western Interior Seaway, USA: Earth and Planetary
Science Letters, v. 423, p. 98–113, https://doi.org/10
.1016/j.epsl.2015.04.026.
Finkelstein, D.B., Pratt, L.M., and Brassell, S.C., 2006, Can
biomass burning produce a globally significant carbonisotope excursion in the sedimentary record?: Earth
and Planetary Science Letters, v. 250, p. 501–510,
https://doi.org/10.1016/j.epsl.2006.08.010.
Flaum, J.A., 2008, Investigation of Phosphorus Cycle Dynamics Associated with Organic Carbon Burial in
Modern (North Pacific) and Ancient (Devonian and
Cretaceous) Marine Systems; Strengths and Limitations of Sequentially Extracted (SEDEX) Phosphorus
Data [Ph.D. dissertation]: Evanston, Illinois, Earth and
Planetary Sciences, Northwestern University, 197 p.
Flögel, S., 2002, On the influence of Precessional Milankovitch Cycles on the Late Cretaceous Climate System:
Comparison of GCM-Results, Geochemical, and Sedimentary Proxies for the Western Interior Seaway of
North America [Ph.D. thesis]: Kiel, Germany, University of Kiel, 236 p., http://e-diss.uni-kiel.de/diss_552/.
Forbes, M.S., Raison, R.J., and Skjemstad, J.O., 2006, Formation, transformation and transport of black carbon
(charcoal) in terrestrial and aquatic ecosystems: The
Science of the Total Environment, v. 370, p. 190–206,
https://doi.org/10.1016/j.scitotenv.2006.06.007.
Forster, A., Schouten, S., Moriya, K., Wilson, P.A., and
Damsté, J.S.S., 2007, Tropical warming and intermittent cooling during the Cenomanian/Turonian oceanic
anoxic event 2: Sea surface temperature records from
the equatorial Atlantic: Paleoceanography and Paleoclimatology, v. 22, PA1219, https://doi.org/10.1029
/2006PA001349.
Frijia, G., and Parente, M., 2008, Strontium isotope stratigraphy in the Upper Cenomanian shallow-water
carbonates of the Southern Apennines: Short-term perturbations of marine 87Sr/86Sr during the oceanic anoxic
event 2: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 261, p. 15–29, https://doi.org/10.1016/j
.palaeo.2008.01.003.
Glasspool, I.J., and Scott, A.C., 2010, Phanerozoic concentrations of atmospheric oxygen constructed from
sedimentary charcoal: Nature Geoscience, v. 3, p. 627–
630, https://doi.org/10.1038/ngeo923.
Handoh, I.C., and Lenton, T.M., 2003, Periodic mid-Cretaceous oceanic anoxic events linked by oscillations of
the phosphorous and oxygen biogeochemical cycles:
Global Biogeochemical Cycles, v. 17, 1092, https://doi
.org/10.1029/2003GB002039.
Huybers, P.J., 2006, Early Pleistocene glacial cycles and the
integrated summer insolation forcing: Science, v. 313,
p. 508–511, https://doi.org/10.1126/science.1125249.
Jarvis, I., Lignum, J.S., Gröcke, D.R., and Jenkyns, H.C.,
2011, Black shale deposition, atmospheric CO2 drawdown, and cooling during the Cenomanian-Turonian
oceanic anoxic event: Paleoceanography, v. 26,
PA3201, https://doi.org/10.1029/2010PA002081.
Jenkyns, H.C., 2010, Geochemistry of oceanic anoxic
events: Geochemistry Geophysics Geosystems, v. 11,
Q03004, https://doi.org/10.1029/2009GC002788.
Jenkyns, H.C., Dickson, A.J., Ruhl, M., and Van Den Boorn,
S.H.J.M., 2017, Basalt-seawater interaction, the Plenus cold event, enhanced weathering and geochemical
change: Deconstructing oceanic anoxic event 2 (Cenomanian-Turonian, Late Cretaceous): Sedimentology,
v. 64, p. 16–43, https://doi.org/10.1111/sed.12305.
Jones, M.M., Sageman, B.B., Oakes, R.L., Bralower, T.J.,
Leckie, R.M., Parker, A.L., Sepúlveda, J., and Fortiz,
V., 2019, Astronomical pacing of relative sea level
during oceanic anoxic event 2: Preliminary studies of

Geological Society of America Bulletin, v. 132, no. 1/2
Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/1-2/321/4907382/321.pdf
by guest

331

Baker et al.
the expanded SH#1 core, Utah: Geological Society of
America Bulletin, https://doi.org/10.1130/B32057.1.
Jones, T.P., and Chaloner, W.G., 1991, Fossil charcoal,
its recognition and palaeoatmospheric significance:
Global and Planetary Change, v. 5, no. 1-2, p. 39–50,
https://doi.org/10.1016/0921-8181(91)90125-G.
Kennedy, W.J., Walaszczyk, I., and Cobban, W.A., 2005, The
global boundary stratotype section and point for the
base of the Turonian Stage of the Cretaceous: Pueblo,
Colorado, USA: Episodes, v. 28, no. 2, p. 93–104.
Kump, L.R., 1988, Terrestrial feedback in atmospheric oxygen regulation by fire and phosphorous: Nature, v. 335,
p. 152–154, https://doi.org/10.1038/335152a0.
Kutzbach, J.E., and Gailimore, R.G., 1994, Idealized Pangean climates: Sensitivity to orbital change, in Klein,
G.D., ed., Pangea: Paleoclimate, Tectonics, and Sedimentation During Accretion, Zenith, and Breakup of
a Supercontinent: Geological Society of America Special Paper 288, p. 41–55.
Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia,
A.C.M., and Levrard, B., 2004, A long-term numerical solution for the insolation quantities of the Earth:
Astronomy & Astrophysics, v. 428, no. 1, p. 261–285,
https://doi.org/10.1051/0004-6361:20041335.
Laurin, J., and Sageman, B.B., 2007, Cenomanian-Turonian
coastal record in SW Utah, U.S.A.: Orbital-Scale
Transgressive-Regressive Events during Oceanic Anoxic Event II: Journal of Sedimentary Research, v. 77,
p. 731–756, https://doi.org/10.2110/jsr.2007.076.
Laurin, J., Meyers, S.R., Galeotti, S., and Lanci, L., 2016,
Frequency modulation reveals the phasing of orbital
eccentricity during Cretaceous oceanic anoxic event
II and the Eocene hyperthermals: Earth and Planetary
Science Letters, v. 442, p. 143–156, https://doi.org/10
.1016/j.epsl.2016.02.047.
Laurin, J., Barclay, R.S., Sageman, B.B., Dawson, R.,
Pagani, M., Schmitz, M., Eaton, J., McElwain, J.C.,
and McInerney, F.A., 2019, Terrestrial and marginalmarine record of the mid-Cretaceous Oceanic Anoxic
Event 2 (OAE 2): High-resolution framework, carbon
isotopes, CO2 and sea-level change: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 524, p. 118–136,
https://doi.org/10.1016/j.palaeo.2019.03.019.
Leckie, R.M., 1985, Foraminifera of the CenomanianTuronian boundary interval, Greenhorn Formation,
Rock Canyon anticline, Pueblo, Colorado, in Pratt,
L.M., Kauffman, E.G., and Zelt, F.B., eds., FineGrained Deposits and Biofacies of the Cretaceous
Western Interior Seaway: Evidence of Cyclic Sedimentary Processes: Society of Economic Paleontologists
and Mineralogists (SEPM) Field Trip Guidebook 4,
p. 122–134, https://doi.org/10.2110/xepmfg.04.139.
Leckie, R.M., Schmidt, M.G., Finkelstein, D., and Yuretich,
R., 1991, Paleoceanographic and paleoclimatic interpretations of the Mancos Shale (Upper Cretaceous),
Black Mesa Basin, Arizona, in Nations, J.D., and
Eaton, J.G., eds., Stratigraphy, Depositional Environments, and Sedimentary Tectonics of the Western Margin, Cretaceous Western Interior Seaway: Geological
Society of America Special Paper 260, p. 139–152,
https://doi.org/10.1130/SPE260-p139.
Leckie, R.M., Yuretrich, R.F., West, O.L.O., Finkelstein,
D., and Schmidt, M., 1998, Paleoceanography of the
southwestern Western Interior Sea during the time of
the Cenomanian-Turonian boundary (Late Cretaceous),
in Dean, W., and Arthur, M.A., eds., Stratigraphy and
Paleoenvironments of the Cretaceous Western Interior
Seaway: Society for Sedimentary Geology (SEPM)
Concepts in Sedimentology and Paleontology 6,
p. 101–126, https://doi.org/10.2110/csp.98.06.0101.
Lenton, T.M., 2013, Fire feedbacks on atmospheric oxygen
in Belcher, C.M., ed., Fire Phenomena and the Earth
System: Chichester, UK, Wiley-Blackwell Press,
p. 289–308, https://doi.org/10.1002/9781118529539
.ch15.
Lenton, T.M., and Watson, A.J., 2000, Redfield revisited 2:
What regulates the oxygen content of the atmosphere?:
Global Biogeochemical Cycles, v. 14, p. 249–268,
https://doi.org/10.1029/1999GB900076.
Lenton, T.M., Daines, S.J., and Mills, B.W., 2017, COPSE
reloaded: An improved model of biogeochemical cycling over Phanerozoic time: Earth-Science Reviews,

332

v. 178, p. 1–28, https://doi.org/10.1016/j.earscirev
.2017.12.004.
Li, F., Bond-Lamberty, B., and Levis, S., 2014, Quantifying
the role of fire in the Earth system: Part 2. Impact on
the net carbon balance of global terrestrial ecosystems
for the 20th century: Biogeosciences, v. 11, p. 1345–
1360, https://doi.org/10.5194/bg-11-1345-2014.
Ma, C., Meyers, S.R., Sageman, B.B., Singer, B.S., and
Jicha, B.R., 2014, Testing the astronomical time scale
for oceanic anoxic event 2, and its extension into Cenomanian strata of the Western Interior Basin (USA):
Geological Society of America Bulletin, v. 126,
no. 7-8, p. 974–989, https://doi.org/10.1130/B30922.1.
Mackenzie, L., and Moss, P., 2017, Late Quaternary record of
vegetation and climate change from Hazards Lagoon,
eastern Tasmania: Quaternary International, v. 432,
p. 58–65, https://doi.org/10.1016/j.quaint.2014.11.051.
Mahowald, N.M., Artaxo, P., Baker, A.R., Jickells, T.D.,
Okin, G.S., Randerson, J.T., and Townsend, A.R.,
2005, Impact of biomass burning emissions and land
use change on Amazonian atmospheric cycling and
deposition of phosphorus: Global Biogeochemical Cycles, v. 19, p. 1–15, https://doi.org/10.1029
/2005GB002541.
Mahowald, N., Jickells, T.D., Baker, A.R., Artaxo, P.,
Benitez-Nelson, C.R., Bergametti, G., Bond, T.C.,
Chen, Y.C., Cohen, D.D., Herut, B., Kubilay, N., Losno,
R., Luo, C., Meanhaut, W., McGee, K.A., Okin, G.S.,
Siefert, R.L., and Tsukuda, S., 2008, Global distribution of atmospheric phosphorus sources, concentrations and deposition rates, and anthropogenic impacts:
Global Biogeochemical Cycles, v. 22, p. 1–19, https://
doi.org/10.1029/2008GB003240.
McElwain, J.C., Wade-Murphy, J., and Hesselbo, S.P., 2005,
Changes in carbon dioxide during an oceanic anoxic
event linked to intrusion into Gondwana coals: Letters
to Nature, v. 435, p. 479–482, https://doi.org/10.1038
/nature03618.
Meyers, S.R., Sageman, B.B., and Lyons, T.W., 2005, Organic carbon burial rate and the molybdenum proxy:
Theoretical framework and application to Cenomanian-Turonian oceanic anoxic event 2: Paleoceanography, v. 20, no. 2, PA2002, https://doi.org/10.1029
/2004PA001068.
Meyers, S.R., Sageman, B.B., and Arthur, M.A., 2012,
Obliquity forcing of organic matter accumulation
during oceanic anoxic event 2: Paleoceanography,
v. 27, PA3212, https://doi.org/10.1029/2012PA002286.
Mills, B.J.W., Belcher, C.M., Lenton, T.M., and Newton,
R.J., 2016, A modelling case for high atmospheric
oxygen concentrations during the Mesozoic and Cenozoic: Geology, p. 1023–1026, https://doi.org/10.1130
/G38231.1.
Monteiro, F.M., Pancost, R.D., Ridgwell, A., and Donnadieu, Y., 2012, Nutrients as the dominant control on
the spread of anoxia and euxinia across the Cenomanian-Turonian oceanic anoxic event (OAE2): Modeldata comparison: Palaeoceanography, v. 27, PA4209,
https://doi.org/10.1029/2012PA002351.
Mort, H.P., Adatte, T., Föllmi, K.B., Keller, G., Steinmann,
P., Matera, V., Berner, Z., and Stüben, D., 2007, Phosphorus and the roles of productivity and nutrient recycling during oceanic anoxic event 2: Geology, v. 35,
p. 483–486, https://doi.org/10.1130/G23475A.1.
Nichols, G.J., Cripps, J.A., Collinson, M.E., and Scott, A.C.,
2000, Experiments in waterlogging and sedimentology
of charcoal: Results and implications: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 164, p. 43–
56, https://doi.org/10.1016/S0031-0182(00)00174-7.
Ostrander, C.M., Owens, J.D., and Nielsen, S.G., 2017,
Constraining the rate of oceanic deoxygenation leading up to a Cretaceous oceanic anoxic event (OAE-2:~
94 Ma): Science Advances, v. 3, no. 8, p. e1701020,
https://doi.org/10.1126/sciadv.1701020.
Owens, J.D., Reinhard, C.T., Rohrssen, M., Love, G.D., and
Lyons, T.W., 2016, Empirical links between trace metal
cycling and marine microbial ecology during a large
perturbation to Earth’s carbon cycle: Earth and Planetary Science Letters, v. 449, p. 407–417, https://doi
.org/10.1016/j.epsl.2016.05.046.
Owens, J.D., Lyons, T.W., and Lowery, C.M., 2018, Quantifying the missing sink for global organic carbon burial

during a Cretaceous oceanic anoxic event: Earth and
Planetary Science Letters, v. 499, p. 83–94, https://doi
.org/10.1016/j.epsl.2018.07.021.
Patterson, W.A., Edwards, K.J., and Maguire, D.J., 1987,
Microscopic charcoal as a fossil indicator of fire: Quaternary Science Reviews, v. 6, no. 1, p. 3–23, https://
doi.org/10.1016/0277-3791(87)90012-6.
Percival, L.M.E., Jenkyns, H.C., Mather, T.A., Dickson,
A.J., Batenburg, S.J., Ruhl, M., Hesselbo, S.P., Barclay, R., Jarvis, I., Robinson, S.A., and Woelders, L.,
2018, Does large igneous province volcanism always
perturb the mercury cycle? Comparing the records
of oceanic anoxic event 2 and the end-Cretaceous
to other Mesozoic events: American Journal of Science, v. 318, p. 799–860, https://doi.org/10.2475/08
.2018.01.
Pogge von Strandmann, P.A.E., Jenkyns, H.C., and Woodfine, R.G., 2013, Lithium isotope evidence for enhanced weathering during oceanic anoxic event 2:
Nature Geoscience, v. 6, p. 668–672, https://doi.org/10
.1038/ngeo1875.
Raymo, M.E., and Nisancioglu, K., 2003, The 41 kyr world:
Milankovitch’s other unsolved mystery: Paleoceanography, v. 18, no. 1, p. 1011, https://doi.org/10.1029
/2002PA000791.
Rhodes, A.N., 1998, A method for the preparation and quantification of microscopic charcoal from terrestrial and
lacustrine sediment cores: The Holocene, v. 8, p. 113–
117, https://doi.org/10.1191/095968398671104653.
Ribeiro, V., Guerra-Sommer, M., Gruber, N.L.S., Jasper, A.,
Barboza, E.G., Menegat, R., and Manzolli, R.P., 2016,
Charcoal peaks in the Quaternary of southern Brazil:
Climate, men and fire: Gravel, v. 14, p. 11–22.
Robinson, S.A., Dickson, A.J., Pain, A., Jenkyns, H.C.,
O’Brian, C.L., Farnsworth, A., and Lunt, D.J., 2019,
Southern Hemisphere sea-surface temperatures during the Cenomanian-Turonian: Implications for the
termination of oceanic anoxic event 2: Geology, v. 47,
p. 131–134, https://doi.org/10.1130/G45842.1.
Sageman, B.B., Rich, J., Arthur, M.A., Birchfield, G.E.,
and Dean, W.E., 1997, Evidence for Milankovitch
periodicities in Cenomanian-Turonian lithologic and
geochemical cycles, Western Interior Seaway: Journal
of Sedimentary Research, v. 67, no. 2, p. 286–302.
Sageman, B.B., Meyers, S.R., and Arthur, M.A., 2006, Orbital time scale and new C-isotope record for Cenomanian-Turonian boundary stratotype: Geology, v. 34,
p. 125–128, https://doi.org/10.1130/G22074.1.
Savrda, C.E., 1998, Ichnology of the Bridge Creek Limestone: Evidence for temporal and spatial variations in
paleo-oxygenation in the Western Interior Seaway, in
Dean, W.E., and Arthur, M.A., eds., Stratigraphy and
Paleoenvironments of the Cretaceous Western Interior Seaway, USA: Society for Sedimentary Geology
(SEPM) Concepts in Sedimentology and Paleontology
6, p. 127–136.
Scaife, J.D., Ruhl, M., Dickson, A.J., Mather, T.A., Jenkyns,
H.C., Percival, L.M.E., Hesselbo, S.P., Cartwright, J.,
Eldrett, J.S., Bergman, S.C., and Minisini, D., 2017,
Sedimentary mercury enrichments as a marker for submarine large igneous province volcanism? Evidence
From the mid-Cenomanian event and oceanic anoxic
event 2 (Late Cretaceous): Geochemistry Geophysics
Geosystems, v. 18, p. 4253–4275, https://doi.org/10
.1002/2017GC007153.
Schlanger, S.O., and Jenkyns, H.C., 1976, Cretaceous oceanic anoxic events: Causes and consequences: Geologie en Mijnbouw, v. 55, p. 179–184.
Scott, A.C., 2010, Charcoal recognition, taphonomy and
uses in palaeoenvironmental analysis: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 291, p. 11–
39, https://doi.org/10.1016/j.palaeo.2009.12.012.
Sinninghe Damsté, J.S., van Bentum, E.C., Reichart, G.-J.,
Pross, J., and Schouten, S., 2010, A CO2 decrease–
driven cooling and increased latitudinal temperature
gradient during the mid-Cretaceous oceanic anoxic
event 2: Earth and Planetary Science Letters, v. 293,
p. 97–103, https://doi.org/10.1016/j.epsl.2010.02.027.
Spencer, C.N., and Hauer, F.R., 1991, Phosphorus and nitrogen dynamics in streams during a wildfire: Journal of
the North American Benthological Society, v. 10, no. 1,
p. 24–30, https://doi.org/10.2307/1467761.

Geological Society of America Bulletin, v. 132, no. 1/2

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/1-2/321/4907382/321.pdf
by guest

CO2-driven climate forcing on fire
Steinthorsdottir, M., Woodward, F.I., Surlyk, F., and McElwain, J.C., 2012, Deep-time evidence of a link between
elevated CO2 concentrations and perturbations in the
hydrological cycle via drop in plant transpiration:
Geology, v. 40, p. 815–818, https://doi.org/10.1130
/G33334.1.
Taylor, M.J., Shay, J.M., and Hamlin, S.N., 1993, Changes
in Water-Quality Conditions in Lexington Reservoir,
Santa Clara County, California, Following a Large
Fire in 1985 and Flood in 1986: U.S. Geological Survey Water-Resources Investigations Report 92-4172,
p. 1–23.
Tinner, W., Hu, F.S., Beer, R., Kaltenrieder, P., Scheurer, B.,
and Krähenbühl, U., 2006, Postglacial vegetational and
fire history: Pollen, plant macrofossil and charcoal rec
ords from two Alaskan lakes: Vegetation History and
Archaeobotany, v. 15, p. 279–293, https://doi.org/10
.1007/s00334-006-0052-z.
Tsikos, H., Jenkyns, H.C., Walsworth-Bell, B., Petrizzo,
M.R., Forster, A., Kolonic, S., Erba, E., Premoli Silva,
I., Baas, M., Wagner, T., and Sinninghe Damsté, J.S.,
2004, Carbon-isotope stratigraphy recorded by the
Cenomanian-Turonian oceanic anoxic event: Corre-

lation and implications based on three key localities:
Journal of the Geological Society [London], v. 161,
p. 711–719, https://d oi. org/ 10. 1144/ 0016- 764903
-077.
Turgeon, S.C., and Creaser, R.A., 2008, Cretaceous oceanic anoxic event 2 triggered by a massive magmatic
episode: Nature, v. 454, p. 323–326, https://doi.org/10
.1038/nature07076.
Uličný, D., 1999, Sequence stratigraphy of the Dakota Formation (Cenomanian), southern Utah: Interplay of eustasy and tectonics in a foreland basin: Sedimentology,
v. 46, p. 807–836, https://doi.org/10.1046/j.1365-3091
.1999.00252.x.
van Helmond, N.A.G.M., Sluijs, A., Reichart, G.-J., Sinninghe Damsté, J.S., Slomp, C.P., and Brinkhuis, H.,
2014, A perturbed hydrological cycle during oceanic
anoxic event 2: Geology, v. 42, p. 123–126, https://doi
.org/10.1130/G34929.1.
Viegas, D.X., Viegas, M.T.S.P., and Ferreira, A.D., 1992,
Moisture content of fine forest fuels and fire occurrence in central Portugal: International Journal of
Wildland Fire, v. 2, p. 69–86, https://doi.org/10.1071
/WF9920069.

Watson, A.J., 1978, Consequences for the Biosphere of Forest and Grassland Fires [Ph.D. thesis]: Reading, UK,
Department of Engineering and Cybernetics, University of Reading.
Watson, A.J., and Lovelock, J.E., 2013, The dependence
of flame spread and probability of ignition on atmospheric oxygen: An experimental investigation, in
Belcher, C.M., ed., Fire Phenomena and the Earth System, An Interdisciplinary Guide to Fire Science: West
Sussex, UK, John Wiley and Sons, p. 273–287, https://
doi.org/10.1002/9781118529539.ch14.
Wilson, P.A., and Norris, R.D., 2001, Warm tropical ocean
surface and global anoxia during the mid-Cretaceous
period: Letters to Nature, v. 412, p. 425–429, https://
doi.org/10.1038/35086553.
Science Editor: Bradley S. Singer
Associate Editor: Ganqing Jiang
Manuscript Received 27 November 2018
Revised Manuscript Received 1 March 2019
Manuscript Accepted 25 April 2019
Printed in the USA

Geological Society of America Bulletin, v. 132, no. 1/2
Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/1-2/321/4907382/321.pdf
by guest

333

