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Abstract

Carbon particles released by the Chicxulub asteroid impact may have driven
climatic changes and extinction across the Cretaceous-Paleogene (K-Pg) boundary.
Geologic support for this possibility comes from globally distributed, carbon-
rich deposits at K-Pg boundary sites, but whether this carbon originated from
near-global wildfires, impact-site combustion, or both remains debated. Here, we
simulate K—Pg carbon-emission scenarios with a state-of-the-art Earth system
model and compare modeled carbon deposition with geologic records at K—Pg
boundary sites. The simulations show that soot from impact-site combustion
alone can produce severe cooling and darkness comparable to near-global wildfire
scenarios. However, geological records of carbon deposition at K—Pg sites are more
consistent with modeled carbon deposition in simulations that include near-global
wildfire emissions. Thus, results suggest that soot derived largely from widespread
wildfires was likely a primary driver of end-Cretaceous mass extinction.

Keywords: Chicxulub impact, Cretaceous—Paleogene boundary, soot, wildfire, CESM,
carbon deposition

1 Introduction

The Chicxulub asteroid impact is widely believed to be the cause of the Cretaceous-
Paleogene (K—Pg) mass extinction [1-3]. However, the primary kill mechanism(s)
remains debated. One potential kill mechanism is reduced sunlight transmission and
resulting global cooling due to suspended soot particles, a hypothesis consistent with
anomalously high soot concentrations within the iridium-rich K—Pg boundary layer
clay [4]. Modeling studies agree that soot could have played a central role in the climate
responses and extinction across the K—Pg boundary by absorbing shortwave radiation,
leading to surface darkness and cooling [5-7]. Previous studies, though, did not explore
the climatic consequences of different potential soot sources, let alone consider which
soot, sources are most consistent with K—Pg sedimentary records.

The source(s) of soot found in K-Pg boundary sediments is controversial. Based on
geologic evidence, Wolbach, Gilmour, and Anders [4] argued that the soot originated
from near-global wildfires. In support of this idea, Melosh et al. [8] used modeling to
show that global wildfires could have been ignited by an infrared pulse due to the
reentry of material from the impactor and impact site. Subsequent ballistic-ejecta
modeling suggested a widespread but spatially heterogeneous pattern of wildfires, with
wildfires likely near the impact site and its antipode, but the distribution elsewhere
dependent on the trajectory of the projectile and angle of impact [9]. Similarly, the
modeling work of Morgan, Artemieva, and Goldin [10] showed that infrared radiation
from the reentry of ejecta after impact could start wildfires, but their distribution was
more likely to occur in distal locations. Furthermore, a follow-up on [8] found that
self-shielding of the reentry spherules may have made widespread ignition of wildfires
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unlikely [11]. However, more recently Johnson et al. [12], using a similar model, found
that the abundant fine dust condensed from rock vapor could promote radiative flux
at the surface, making ignition of widespread wildfires more likely.

Studies that examined charcoal records from across North America contended
that the deposits at the K—Pg boundary do not support widespread, impact-induced
wildfires. They noted that the boundary deposits lack the charcoal signal expected
from extensive wildfires [13, 14]. Additional geochemical evidence suggested that the
combustion of fossil organic matter and hydrocarbons was necessary to explain the
soot and polycyclic aromatic hydrocarbons present in the boundary layer[15, 16]. This
interpretation that combustion of fossil organic carbon in the target rocks was a
significant source of soot in K-Pg deposits was challenged by Robertson et al. [17],
who contended that the previous work had failed to properly adjust for sedimentation
rates, and when corrected, the data show that charcoal was present at concentrations
expected from global wildfires. Robertson et al. [17] also suggested that the mass
of soot coming from the impact site could not account for the amount found in the
sedimentary records. More recently, Lyons et al. [18] proposed a release of soot from
the impact site followed by wildfires. Their upper limit for the mass injection of soot
from the impact site is 17% of the total soot estimated from Wolbach’s data [6]. Finally,
a new review article, concluded that most of the soot was likely emitted at the time of
the impact or shortly thereafter from wildfires [19].

Key uncertainties remain regarding K—Pg soot emissions, and this uncertainty adds
complexity to interpretations of both their origin and climatic effects. For example,
the vertical distribution and the amount of soot and charcoal produced by wildfires
are poorly constrained and may be strongly influenced atmospheric transport and
deposition [20]; pyrocumulus can directly inject smoke into the stratosphere [21],
whereas weaker wildfires under strong winds may confine emissions to lower atmospheric
levels [22]. Here, we use an Earth system model to investigate uncertainties associated
with soot emission and its climate effects at the K—Pg boundary.

2 Results

2.1 Carbon Emission Scenarios

We performed seven soot emission experiments, including wildfire-only, impact-site-only,
and combined source scenarios (Table 1). All simulations emit some combination of
soot and charcoal from wildfire and/or impact sources, with wildfire emissions released
at the surface or tropopause and impact-source emissions released at 50 km altitude.
Total carbon emission includes 15 petagrams (Pg) of soot and 41 Pg of charcoal based
on studies by Wolbach et al. [4] and the compilation by Bardeen et al. [6]. Here,
soot refers to submicron, fractal chain aggregates of elemental carbon monomers and
charcoal refers to larger supermicron carbon particles that are not chain aggregates.
Soot particles are small and can stay in the atmosphere for years, resulting in significant
climate perturbation. In contrast, charcoal particles are relatively large and deposit
within weeks, indicating a more local source. As a result, the climatic responses to
charcoal are negligible but their deposition is vital for interpreting the sedimentary
records at the K-Pg boundary. Below, total carbon refers to the total elemental carbon
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preserved in the boundary clay, defined as the sum of soot and charcoal, and the soot
fraction is the mass fraction of soot relative to total carbon (see Methods for additional
details).

Table 1 Summary of model simulations.

Fire  Fire Fire Fire Impact Impact Impact Impact

Soot Charcoal Soot Charcoal Soot Charcoal Soot Charcoal
Case Name Pg Pg Altitude Altitude Pg Pg Altitude Altitude
Fire-56 15 41 trop trop 0 0 - -
Fire-Surface-56 15 41 trop ground 0 0 - -
Impact-56 0 0 0 0 15 41 Strato  Strato
Impact-2.5 0 0 0 0 2.5 0 Strato -
Impact-0.75 0 0 0 0 0.75 0 Strato -
Fire-Impact-56/2.5 12.5 41 trop trop 2.5 0 Strato -
Fire-Impact-56/1.6 12.5 41 trop trop 1.625 0 Strato -

Pg denotes petagrams; Trop denotes tropopause; and Strato denotes stratopause.

2.2 Simulated Climate Responses

Soot emission from the Chicxulub asteroid impact leads to extreme changes in surface
light, temperature, and precipitation that last for more than a decade. Here, we compare
the first decade of climate responses from four emission scenarios: Fire-56, Impact-
0.75, Impact-2.5, and Fire-Impact-56/1.6 (Table 1 1). Despite substantial differences
in the source of soot and the magnitude of emission, three emission scenarios (Fire-
56, Fire-Impact-56/1.6, and Impact-2.5) produce similar global climate perturbations,
including initial surface light reduction of over 99%, maximum surface cooling of ~15
°C, and maximum precipitation loss of over 80% (Fig. 1; Supplementary Figs. 1-3).
Furthermore, although Impact-0.75 only emits 5% as much soot as the best estimate
from the Wolbach records, the global surface temperature and precipitation responses
are comparable in magnitude to Fire-56 and Fire-Impact-56/1.6 (Fig. 1). However,
regionally, Impact-0.75 produces a bit less cooling over land, primarily in the high
latitudes, which is offset globally by slightly greater cooling over much of the ocean.
In addition, regarding the extent and duration of the darkness caused by the soot
among simulations, Impact-0.75 produces by far the fewest months with light below
the threshold for photosynthesis (1% of the pre-impact climate based on [23]), with
less than 18 months at the poles and low latitudes (Fig. 1). In contrast, Fire-56 and
Impact-2.5 show strong spatial similarity, with most locations reaching 18-30 months
with light below 1% of the control. Fire-Impact-56/1.6 produces the most extensive and
persistent low-light response, with mid- and low-latitudes experiencing 24-36 months of
light below 1%. Although there are some differences between emission scenarios with
regard to the ability to photosynthesize, they do not translate into large temperature
and precipitation differences because the overall magnitude of surface shortwave energy
reduction is similar (Fig. 1).
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Fig. 1 Climate response to soot-emission scenarios. Panels a—c show the Fire-56 mean surface-
temperature anomaly of year 3 (K), cumulative months during the nine years after impact with
downwelling surface shortwave radiation below 1% of the control, and mean precipitation anomaly
of years 4-6 (mm day~1). Note, surface shortwave radiation below 1% of the control is used as the
threshold for photosynthesis based on the work of Morel et al., (1988) [23], who defined the euphotic
depth using 1% of surface downwelling solar flux. Panels d—f show Impact-0.75 minus Fire-56 for the
same variables as a—c. Panels g—i show global-mean surface-temperature anomaly (K), downwelling
surface shortwave radiation (W m™2; logarithmic scale), and precipitation change relative to the
control (%).

The timing of surface light, temperature, and precipitation recovery among all
simulations is similar (panel g, h, and i in Fig. 1). Nine years after impact, the global
surface temperature anomaly remains approximately 5 °C below the control values,
and the precipitation is about 20% less than the control in all four emission scenarios
(panel g, h, and i in Fig. 1). In contrast, surface shortwave radiation recovers relatively
rapidly in all emission scenarios, returning to control levels approximately 7 years
after the impact. This abrupt recovery of surface light is the result of saturation of the
atmospheric column and rapid removal of soot due to scavenging [6].



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

2.3 Carbon Deposition Comparison

We evaluate the plausibility of simulated carbon deposition by comparing the sedimen-
tary records of Wolbach et al. [4] with four emission scenarios: Fire-56, Fire-Surface-56,
Impact-56, and Fire-Impact-56/2.5. Among these scenarios, Fire-Surface-56 produces
the strongest localized charcoal deposition signal because charcoal is only emitted in
the boundary layer, not at the tropopause (panel d, h, and 1 in Fig. 2). As a result,
charcoal is deposited soon after its formation in regions adjacent to the fire sources
(Fig. 2). Consequently, charcoal deposition and total carbon deposition, which is dom-
inated by charcoal, are more than twice as large as in the other emission scenarios
across low- and mid-latitude regions.

Carbon deposition in Fire-Impact-56/2.5 (panel ¢, g, and k in Fig. 2) broadly
resembles Fire-56 (panel a, e, and i in Fig. 2), which is expected because only 17%
of soot comes from the impact site in Fire-Impact-56/2.5. Total carbon deposition
maxima occur at high latitudes and equatorial continents, reflecting the vegetation
carbon used to estimate the magnitude and spatial distribution of the wildfire emissions
(Supplementary Fig. 4). The subtle differences in carbon deposition between Fire-
Impact-56/2.5 and Fire-56 might be a result of the longer atmospheric residence time
of impact-site soot in Fire-Impact-56/2.5.

Impact-56 shows a pronounced divergence from the other emission scenarios in terms
of the geospatial pattern of soot and charcoal deposition. As expected, emission of char-
coal near the stratopause instead of at the tropopause extends its atmospheric residence
time and allows transport over greater distances. However, the resulting geospatial
pattern of charcoal deposition is not globally uniform; instead, it is concentrated
primarily at mid- to high-latitudes associated with transport by the brewer-dobson
circulation (panel j in Fig. 2). Similarly, soot emitted in Impact-56 is deposited mainly
over high-latitude oceans.

Model-proxy agreement varies between sites and is better constrained for total
carbon deposition than for soot fraction (Figure 3). In terms of total carbon deposition,
the modeled range is in agreement with the records at New Zealand, Caravaca, and
Stevns Klint. At New Zealand, most emission scenarios fall within or close to the
uncertainty range, although their upper bound is 12 mg cm ™2, which is slightly below
the proxy central value of about 14 mg cm™2. At Caravaca, the Fire-56 and Fire-
Impact-56/2.5 cases are the closest scenarios to the record, largely overlapping between
6-10 mg cm~2. At Stevns Klint, the modeled spread is large, but several emission
scenarios fall within the range of the record.

Across all sites, the discrepancies in the simulated soot fraction between emission
scenarios are statistically indistinguishable, and the missing error bars make direct
comparison more challenging. At Stevns Klint, Impact-56 is centered closest to the
soot fraction of 0.21. Fire-56 and Fire-Impact-56/2.5 over predict the records, while the
broader Fire-Surface-56 distribution spans the record. The agreement in soot faction
between the emission scenarios and the sedimentary records is closest at Gubbio and
El Kef, whereas the simulations overestimate the soot fraction at Sumbar.

Wildfire emission scenarios better correlate with the Wolbach total carbon deposition
records than the impact-only scenario. In order to account for the uncertainty in the
sedimentary records, the differences between the model and geologic data were weighted
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Fig. 2 Spatial patterns of modeled carbon deposition. Rows show total carbon (a—d), soot
(e-h) and charcoal (i-1) deposition in mg cm~2. Columns show Fire-56 (a, e, i), Impact-56 (b, f,
j), Fire-Impact-56/2.5 (c, g, k) and Fire-Surface-56 (d, h, 1). Open white circles mark the Wolbach
boundary sites used for comparison [4].

Table 2 Model-proxy misfit metrics for total carbon deposition and soot fraction.

Case Total carbon (%) Soot fraction (%)
RMSE Bias Error RMSE Bias Error
Fire-56 38.0 (33.7)  -17.0 (2.1) 34.0 (33.6)  60.5 -189  57.5
Impact-56 45.1 (52.0)  -20.3 (15.9) 40.3 (49.5) 55.0 -18.0 52.0
Fire-Tmpact-56/2.5 36.2 (35.6)  -17.2 (8.4) 31.9 (34.6)  58.8 -11.1  57.7
Fire-Surface-56 58.6 (41.8) -31.4 (-23.0) 49.4 (35.0) 52.7 83  52.0

Metrics are expressed as percentages of the corresponding mean Wolbach value across the seven sites:
11.327 mg cm ™2 for total carbon deposition and 0.286 for soot fraction. Calculations use unrounded
means. RMSE denotes root mean squared error; error denotes centered residual scatter after removing
the mean bias. Total-carbon entries give unweighted values and uncertainty-weighted values in
parentheses. Soot-fraction metrics are unweighted because proxy uncertainty estimates are unavailable.
Weight definitions are provided in Supplementary Methods.

us by the selected asymmetric uncertainty widths. Both unweighted and weighted (in
1o parentheses in Table 2) total-carbon metrics indicate that the wildfire-related emission
150 scenarios, except for Fire-Surface-56 in the unweighted result, reproduce the Wolbach
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Fig. 3 Model-proxy comparison across seven K—Pg boundary sites. Panels a—g show
total-carbon deposition (mg cm~2), and panels i—o show soot fraction, for Fire-56 (red), Impact-56
(blue), Fire-Impact-56/2.5 (purple) and Fire-Surface-56 (yellow). Violin distributions contain the
central model grid cell at each site and its eight adjacent cells; black points show Wolbach central
values [4]. Total-carbon error bars are the reported asymmetric measurement uncertainties; proxy
uncertainty is unavailable for soot fraction. Panels h and p compare each simulated grid-cell value
with the corresponding proxy value; dashed lines show 1:1 agreement. WACCM/CARMA denotes the
coupled Whole Atmosphere Community Climate Model-Community Aerosol and Radiation Model for
Atmosphere simulation; DSDP denotes the Deep Sea Drilling Project.

deposition record better than Impact-56 (Supplementary Methods; Supplementary
Table 1). For unweighted results, Fire-Impact-56/2.5 has the lowest total carbon
deposition RMSE and error, closely followed by Fire-56. In comparison, Impact-56 has
a larger total carbon deposition RMSE and a more negative bias along with a larger
error. Fire-Surface-56 performs the worst for unweighted total carbon, mainly due to
mismatch at several shallow coastal sites. For the more robust weighted comparisons,
all fire emission scenarios perform better than Impact-56. Here, Fire-56 has the lowest
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RMSE, followed by Fire-Impact-56/2.5, Fire-Surface-56, and Impact-56. Regardless of
metric, Fire-56 and Fire-Impact-56/2.5 clearly perform the best.

Soot fraction differentiates the emission scenarios less clearly than total carbon
deposition despite overall lower normalized RMSEs. Fire-Surface-56 has the smallest
soot fraction RMSE, followed by Impact-56, Fire-Impact-56/2.5, and Fire-56. However,
the lack of error bars for soot fraction greatly limits the interpretation of uncertainties,
and the RMSE differences between simulations are minimal relative to total carbon.
Likewise, both the biases and the errors of the soot fraction comparisons fall in a
smaller envelope compared to total carbon deposition.

We also calculated the normalized error and bias for total carbon deposition and
soot fraction, allowing the two metrics to be directly compared (Supplementary Table
2). We find that soot fraction has lower normalized RMSE than total carbon deposition
in all cases (0.753-0.865 versus 1.083-1.750), indicating smaller residuals relative to
the spread of the records. However, the soot fraction remains tightly clustered, whereas
total carbon deposition gives stronger scenario separation, with Fire-Impact-56/2.5
and Fire-56 greatly outperforming Impact-56 and Fire-Surface-56.

The soot and charcoal deposition data compiled from the Wolbach records [4]
and from each emission scenario show varying correlations with distance from the
Chicxulub impact crater and distance from vegetation (Figs. 4 and 5). Soot deposition
(Fig. 4, panels a, c, e and g), for the sedimentary records and all simulated cases, is
weakly correlated with distance from the crater. However, wildfire emission simulations
show modest negative correlations between soot and distance to nearest vegetation
with a fuel load greater than 2.0 g C cm™?2 whereas soot from sedimentary records is
essentially uncorrelated with vegetation distance (a value typical of modern tropical
forests is 1.45 + 0.5 g C cm™2; [24]). In the wildfire emission simulations, charcoal
deposition increases with distance from the crater. The Wolbach data similarly show
that the deposition of charcoal increases with distance from the crater (Fig. 5, panel
d). Charcoal from sedimentary records also has a strong negative relationship with
vegetation distance (R = -0.74; Fig. 5, panels a and b). Charcoal deposition in the
wildfire cases is also negatively correlated with distance to the nearest vegetation, with
the strongest relationship in Fire-56. In contrast, in the Impact-56 case, charcoal is
only weakly correlated with distance from the crater or vegetation.

3 Discussion

3.1 Climate Responses

Our simulations show that impact-generated soot alone can reproduce the severity
of the post-impact climate perturbation, even when the total carbon burden is much
smaller than the values measured by Wolbach et al. [4]. Both Impact-2.5 and Impact-
0.75 produce spatial and temporal patterns of cooling and precipitation reduction like
those in the near-global wildfire emission scenarios (Fig. 1; Supplementary Figs. 1-3).
Particularly, Impact-0.75, which only emits 0.75 Pg of soot, still prevents 90% of the
light from reaching the surface during the first year after impact, causes a maximum
global mean surface cooling of 15°C, and a reduction in total precipitation by more than
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Fig. 4 Relationships between simulated deposition and source distance. Panels a-h show
simulated soot deposition and panels i—p show simulated charcoal deposition (mg cm™2). Within each
deposition block, adjacent panel pairs show Fire-56 (a, b; i, j), Impact-56 (c, d; k, 1), Fire-Impact-56/2.5
(e, f; m, n) and Fire-Surface-56 (g, h; o, p). Odd-numbered panels (a,c,e,g,i,k,m,0) use distance from
the Chicxulub crater; even-numbered panels (b,d,f,h,j,I,;n,p) use distance to the nearest vegetation
grid cell with biomass fuel above 2.0 g C cm~2. Points denote the seven comparison sites, lines are
ordinary least-squares fits, and R is the Pearson correlation coefficient; distances are km. DSDP 465
denotes Deep Sea Drilling Project Site 465; NZ_avg is the mean of the Woodside Creek, Chancet
Rocks and Flaxbourne River sites in New Zealand.

80% during year 4 after impact. This result suggests that soot is of great importance
to the climate response after the K-Pg boundary, even if wildfires did not occur.
While the overall climate responses are similar, simulated emission scenarios differ
in the number of months with a surface light level below 1% of normal, which we
use as a threshold for the ability of organisms to photosynthesize [23]. Impact-0.75
produces the weakest low-light response (Fig. 1; Supplementary Fig. 2). Its limited
cumulative low-light duration indicates that this lower-bound impact-site soot case is
unlikely to produce a sustained global shutdown of photosynthesis. If light reduction is
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Fig. 5 Relationships between sedimentary record deposition and source distance. Wolbach
soot (a, ¢) and charcoal (b, d) deposition [4] (mg cm~2) are compared with distance to the nearest
vegetation grid cell with biomass fuel above 2.0 g C cm™2 (a, b) and distance from the Chicxulub
crater (c, d). Points denote the seven comparison sites, lines are ordinary least-squares fits, and R is
the Pearson correlation coefficient; distances are km. DSDP 465 denotes Deep Sea Drilling Project

Site 465; NZ_avg is the mean of the Woodside Creek, Chancet Rocks and Flaxbourne River sites in
New Zealand.

assumed to be the primary kill mechanism, Impact-0.75 would therefore represent the
least severe emission scenario relevant to extinction among those examined. Increasing
the impact-site soot burden from 0.75 Pg to 2.5 Pg greatly expands the area and
duration of low-light conditions, producing patterns broadly comparable to Fire-56
across tropical and subtropical regions. This contrast indicates that within the range
of modeled soot input, the magnitude of impact-site soot emissions exerts a strong
control on the persistence and spatial extent of post-impact darkness.

Although the magnitude of the soot based on Wolbach et al. [4] requires a significant
fraction of the Earth to burn, our results also suggest that there may be a similar
post-impact climate response from regional burn scenarios such as those proposed in
Morgan, Artemieva, and Goldin [10] and Arinobu et al.[25]. Indeed, Bardeen et al.[6]
and Tabor et al.[7] showed that significantly smaller wildfire emission scenarios were
still capable of producing a similar climate response. However, simulations of partial
burn scenarios would be unlikely to match the geologic records of carbon deposition as
well as the global burn scenarios presented here.
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3.2 Model-Data Comparisons

Regarding the model-data comparison, we find that near-global wildfires are necessary
to capture the spatial pattern of measured total carbon deposition; the impact emission
scenarios do not produce enough soot nor charcoal, and lead to a poorer spatial
distribution of total carbon deposition when compared with the sedimentary records.
Although none of our proposed simulations agree exceptionally well with the Wolbach et
al. [4] records, especially at low-latitude shallow-marine sites, the overall correspondence
between the simulated carbon deposition in our wildfire experiments and the Wolbach
records is notable, given the large uncertainties that could influence carbon deposition
at the K-Pg boundary. Fire-56 and Fire-Impact-56/2.5 perform best in terms of total
carbon deposition, comparing better to the geologic data than Impact-56 across six
of the seven sites and five of the seven sites, respectively. In contrast, Fire-Surface-
56 performs best when comparing modeled and geologic soot fraction. However, the
simulated soot fraction error and bias are quite similar among emission scenarios.
Furthermore, the lack of error bars in the soot fraction data makes comparisons
challenging, as the clustered biases and errors make it difficult to differentiate each
emission scenario.

Looking further into the spatial distributions, we find that simulated soot deposition
is not correlated with distance from the Chicxulub impact crater. Simulated soot is
also not correlated with distance from vegetation in the impact case and is only weakly
correlated with distance from vegetation in the wildfire cases. Similarly, soot from
sedimentary records show weak correlation with distance to the impact-site and no
correlation with distance from vegetation. This lack of correlation is expected because
regardless of the source, soot could be transported for years due to its small particle
size. Soot is expected to be globally distributed if it is injected near the troposphere,
as has been observed for modern soot from large wildfires [26]. In contrast, simulated
charcoal deposition declines with distance from vegetation in the wildfire cases because
the charcoal is too large to be carried far by the wind [27]. This relationship also exists
in the Wolbach records. Moreover, charcoal content increases with the distance from
the crater in both the wildfire cases and the Wolbach records, probably because sites
away from the crater tend to be closer to dense vegetation. However, these correlations
do not exist in Impact-56. Therefore, the spatial relationships of soot and charcoal
deposition found in both model and sedimentary data favor widespread wildfires as
the dominant source of the carbon preserved at the K—Pg boundary.

4 Limitations

There are several limitations in our study associated with the inherent uncertainties of
geological data and modeling constraints. Most of the sample sites are thought to be
shallow marine locations at the time of the K-Pg boundary [4, 28], except for Deep
Sea Drilling Project (DSDP) Site 465 in the North Pacific. A portion of the carbon
deposition at sites near the coast might occur via river runoff and thus might not
be entirely from airfall deposition [4]. For instance, the three sites at New Zealand
(Woodside Creek, Chancet Rocks, and Flaxbourne River) show significant variation
in carbon deposition despite their proximity. In contrast, carbon at DSDP Site 465 is
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likely primarily of atmospheric origin, but might be influenced by currents as it settles
to the sea floor. While carbon transport by rivers and ocean currents is not simulated
by our model, the general agreement between our simulated carbon deposition and a
variety of depositional environments lends credence to our conclusions.

We acknowledge that model boundary conditions may impact our model outputs.
For instance, we did not adjust our paleogeographic reconstruction to explore the role
of sea level during the Maastrichtian, which may have varied by up to 75 m [29]. This
adjustment could lead to changes in the shorelines near where most of the records
originate, and therefore, the distance between the records and the nearest vegetation.
However, we attempted to account for this uncertainty by comparing with the grid
cells that surround the paleo-locations of the sample sites. Another uncertain model
boundary condition is vegetation, for which we used the Maastrichtian reconstruction
from Sewall et al. [30]. Their reconstruction is based on few data points, and large
uncertainties in the regional vegetation cover remain, which could affect the emission
and deposition of carbon in our simulations. That said, vegetation carbon is simulated
by the model, which informs our emission scenarios.

Our simulated emissions simplify the actual emissions associated with the Chicxulub
impact. Here, we only included soot, charcoal, and water, as water is the most likely
emission to significantly affect the rate of carbon deposition. Other impact emissions,
such as dust and sulfate, may have interacted with carbon. However, the different
elevations and timing of the carbon emissions from wildfires may have limited interaction
with other aerosols. Furthermore, our simulated carbon consists of pure black carbon.
Although the impact-triggered wildfires likely differ from modern wildfires in many
ways, there was still likely to be some amount of organic coating, which may have
influenced deposition [21]. However, the extreme heat from the global wildfires at the K-
Pg could potentially consume most of the organics, limiting their effect on atmospheric
residence time [31].

5 Conclusion

Our model simulations show that impact-only emission scenarios produce similar global
surface cooling, darkness, and precipitation reduction to wildfire emission scenarios with
significantly more soot emission. However, the minimum soot emission scenario, impact-
0.75, is not sufficient to reproduce the persistent near-total darkness seen in other
cases, which may have important implications for the extinction of photosynthesizers.
Nevertheless, our findings point to an important role for soot in the K-Pg boundary
mass extinction regardless of emission source.

By directly comparing our model results with soot and charcoal records, we find
that constraining the K-Pg carbon emissions is challenging due to uncertainties in
the model boundary conditions and the geologic records. Nevertheless, our modeled
total carbon deposition suggest that widespread wildfires at the K—Pg boundary
best explain the geologic records. Furthermore, both the sedimentary records and
simulated distribution of charcoal, but not soot, decline in proportion with distance
from vegetation sources, suggesting a wildfire origin. Together, these findings provide
robust support for widespread wildfires soon after the Chicxulub asteroid impact.
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6 Methods

6.1 Model

We utilize the Community Earth System Model Version 2 codebase (CESM2) [32],
in a fully coupled model configuration with dynamic atmosphere, ocean, land, sea
ice, and river runoff components. For the atmosphere component, we use the Whole
Atmosphere Community Climate Model version 4 (WACCM4) [33] paired with the
Community Aerosol and Radiation Model for Atmosphere (CARMA) [34]. WACCM4
has 66 levels in the vertical extending into the thermosphere and includes an interactive
chemistry module. CARMA is a sectional aerosol model; each aerosol type is tracked
using a set of 21 size bins, whose concentrations can evolve freely. Other changes made
for model stability are described in Bardeen et al. [6] and Tabor et al. [7]. We also use
the Community Land Model version 4 (CLM4) [35] with active carbon and nitrogen
cycling, the Parallel Ocean Model version 2 (POP2) [36] with Marine Biogeochemistry
Library (MARBL) [37], and the Community Sea Ice Model version 4 (CICE4) [38].
Atmosphere and land have a horizontal resolution of 1.9° x 2.5°. Ocean and sea ice
have a nominal horizontal resolution of 1°.

6.2 Maastrichtian Boundary Conditon

Topography during the Maastrichtian is an updated version of Markwick and Valdes [39)].
The Maastrichtian vegetation comes from Sewall et al. [30] with plant phenology
calculated by carbon and nitrogen cycling within CLM4 [35].Specifically, we remapped
this reconstruction to our Maastrichtian topography, and the Plant Functional Types
(PFTs) from Sewall et al. [30] were converted to CLM4 PFTs. Atmospheric COq is 850
ppm to reflect late Maastrichtian geologic estimates [40]. Atmospheric CH4 and NoO
estimates are 2400 ppb and 375 ppb, respectively, and come from model simulations
[41]. A reduced solar constant (1357.07 W m~2) is applied based on the calculations of
Gough [42]. Prescribed aerosols are “paleotized” via preindustrial defaults from CESM
with the methods from Tabor et al. [7]. All simulations are initialized from a previously
equilibrated Maastrichtian simulation.

6.3 Carbon Particle Representation

Here, we use the term soot to refer to submicron, fractal chain aggregates of elemental
carbon monomers, typically less than 0.1 gm in diameter, which have been identified
in K-Pg boundary sediments. These aggregate particles are sometimes described as
aciniform carbon. Observations from modern wildfires indicate that aggregate soot is
predominantly submicron, with a mean diameter of ~0.13 pm [43], consistent with
measurements from K-Pg boundary samples [44]. This similarity suggests modern
wildfires are a plausible microphysical analogue for soot produced during the Chicxulub
impact event. Due to their small size, such particles have low settling velocities and
can be transported over long distances, although coagulation can increase particle size
and enhance deposition rates.

We use the term charcoal to denote larger supermicron carbon particles that are not
chain aggregates. As characterized by Wolbach, Gilmour, and Anders [4], these particles
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consist primarily of combustion-derived plant material, with smaller contributions from
detrital carbon and kerogen. In modern wildfire emissions, charcoal represents a second
particle size mode, with a mean volume radius of ~5 pum [43]. Owing to their larger
size, these particles settle more rapidly than soot and are less likely to be transported
far from their source; they too may grow through coagulation.

Our estimate of total (sum of soot and charcoal) elemental carbon emission at the K-
Pg boundary comes from the study of Bardeen et al. [6]. They estimated 15 petagrams
(Pg) of soot and 41 Pg of charcoal from studies by Wolbach et al. [4]. We emit this
carbon from both fire and impact-derived sources. For fire emissions, we input soot at
the tropopause and charcoal at surface or tropopause following the Gaussian vertical
distribution from Toon, Bardeen, and Garcia [20]. The spatial pattern of fire-derived
soot emission is based on the fraction of total vegetation carbon within each terrestrial
grid cell as simulated by CLM4. Impact-derived soot is considered a ballistic emission
and is injected globally, following a Gaussian vertical distribution centered at 50 km
[20]. The portion of soot derived from the impact site as noted in Table 1 comes from
the estimates in Lyons et al. [18]. All simulations also inject 7.21 x 103 Pg of water
vapor into the atmosphere, following the suggested amount and a source-dependent
distribution from Toon, Bardeen, and Garcia [20], as the source of the emission of
water vapor in the model is categorized into the wildfires, impact-site, and splashed
seawater. Based on the ranges of During et al. [45] and DePalma et al. [46], and the
palaeobotanical evidence by Wolfe [47], we inject all emissions on May 1st over 1 day.

Elemental carbon, principally in the form of soot, accounts for 2% of the emitted
smoke mass on a mass basis. Representing the soot morphology also requires specifying
the particle size distribution and microphysical structures of the carbon particles.
Following Bardeen et al. [6], we assume fractal soot particles with a monomer radius
of 30 nm. The fractal dimension for soot varies with particle mass from 1.5 to 3.0. The
charcoal particles are assumed to be fractal with a lognormal number size distribution
having an initial mode radius of 1.85 pm and sigma of 1.8, which produces a volume
mean radius of 5 um. For charcoal the fractal dimension we apply is 2.2, and the
packing coefficient is 1.0. The default observed mean soot radius value of 0.11 ym in a
lognormal size distribution with a width of 1.6 comes from Wolbach et al. [48].

6.4 Experiment design

We performed 7 emission experiments (Table 1) using the state-of-the-art Community
Earth System Model (CESM; see Methods) to explore the potential source of soot
and charcoal at the K—Pg boundary and their associated climate effects. We run two
near-global fire-only emission experiments: 1) Fire-56, which emits 15 Pg of soot and
41 Pg of charcoal at the tropopause, and 2) Fire-Surface-56, which emits 15 Pg of
soot at the tropopause and 41 Pg of charcoal at the surface, following the Gaussian
vertical distribution in the Eq.2 and 3 from Toon, Bardeen, and Garcia [20] and
assuming the local boundary layer is relatively shallow. Soot is injected at tropopause,
with its distribution completely falls in eq (2) because the globally distributed soot
particles could be lofted by the widespread intense wildfires into the upper troposphere
and stratosphere through strong convection. Kalashnikova et al. [49] found that the
micrometeorites entering the present-day atmosphere ablate at an altitude of near
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85 km, because the micrometeorites stop after encountering air of the same mass.
Therefore, the distribution is taken to be Gaussian distribution centered at 70 km.
From Toon, Bardeen, and Garcia [20], soot emissions is assumed to be injected at
lower altitudes but still using the Gaussian distribution. These simulations explore
the potential role of near-global fire soot emissions at the K-Pg boundary and the
uncertainty in the elevation reached by charcoal particles. We also run three impact-
only soot emission experiments. Impact-2.5 and Impact-0.75 ballistically emit 2.5
Pg and 0.75 Pg of soot, but no charcoal. Impact-2.5 and Impact-0.75 represent the
maximum and minimum impact-soot estimates from Lyons et al. [18] and serve to
isolate the effects of impact-derived soot on the climate. We also perform Impact-56,
in which we ballistically emits 15 Pg of soot and 41 Pg of charcoal, assuming all the
carbon originated from the impact site. Finally, we run two combined soot emission
experiments. Fire-Impact-56/2.5 includes 2.5 Pg of soot from the impact site at 50 km,
12.5 Pg of soot from near-global wildfires injected at the tropopause, and 41 Pg of
charcoal from near-global wildfires injected at the tropopause. Similarly, Fire-Impact-
56/1.6 includes 1.625 Pg of soot from the impact site at 50 km, 12.5 Pg of soot from
near-global wildfires injected at the tropopause, and 41 Pg of charcoal from near-global
wildfires injected at the tropopause.

6.5 Geologic Records

We considered soot data from 12 soot deposition sites published by Wolbach et al. [4,
48, 50] including Stevns Klint (Denmark), Gubbio (Italy), Caravaca (Spain), Agost
(Spain), Raton (US), Elendgraben (Austria), El Kef (Tunisia), Sumbar (Turkmenistan),
Woodside Creek (New Zealand), Chancet Rocks (New Zealand), Flaxbourne River
(New Zealand), and DSDP 465 (Pacific Ocean). After vetting, we were left with 7 data
sites for comparison with our model results. The record from Agost is not compared
with our simulation data due to use of the 600h dichromate etching technique, which
may have preferentially destroyed the organic part of the sample. Likewise, data at
site Elendgraben are excluded because the HyOo treatment may lead to the loss of
carbon from the sample. The samples collected at Raton are also not compared with
our simulation data due to large amounts of coal at the site, which makes it difficult
to identify the fine soot particles. Unlike the other sites, Raton was not a marine site,
but a swamp during the Maastrichtian. Finally, we averaged the three sites in New
Zealand (Woodside Creek, Chancet Rocks, and Flaxbourne River) since all three are
located within the same grid cell in our model simulations. More details on the sample
processing procedures are described in Wolbach et al. [4].

6.6 Evaluating Modeled Carbon Deposition

We evaluated each simulation by comparing modeled total carbon deposition and soot
fraction with the vetted Wolbach records. The model value at each site was the mean
of the central model grid cell and its eight adjacent cells. Model-proxy differences
were summarized using RMSE, bias, and centered residual scatter. For total carbon
deposition, we additionally calculated uncertainty-weighted metrics using the upper
or lower Wolbach error width according to the sign of the model-proxy difference.
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The selected upper or lower uncertainty deviation was converted to its absolute width,
and nonzero widths were assigned relative inverse-square weights. El Kef retains its
unweighted site weight of 1/7 when its unavailable lower uncertainty, encoded as zero
in the analysis inputs, is selected, since the El Kef from the provided error bar missed
the lower bound. Therefore, No uncertainty floor is applied. Weighted total-carbon
RMSE, bias, and error keep their deposition units before conversion to percentages.
Weighted and unweighted total-carbon metrics were expressed as percentages of the
mean Wolbach deposition. Soot-fraction metrics were unweighted and expressed as
percentages of the mean proxy soot fraction. Separately, residuals for both variables
were normalized by their across-site proxy standard deviations for Supplementary
Table 2. Further details are provided in Supplementary Methods.

Data availability

The post-processed NetCDF data required to reproduce all main-text and Supple-
mentary figures and tables are available in Zenodo at https://doi.org/10.5281/zenodo.
21609619.The deposited record includes figure and table-specific datasets and repro-
duced outputs. The published proxy records analyzed in this study are identified and
cited in the manuscript and repository documentation.

Code availability
All registered users can access the CESM/CARMA model through the CESM trunk
available at https://www.cesm.ucar.edu.
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