SCIENTIFIC REPLIRTS

Global climate change driven by
soot at the K-Pg boundary as the
cause of the mass extinction
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 The mass extinction of life 66 million years ago at the Cretaceous/Paleogene boundary, marked
by the extinctions of dinosaurs and shallow marine organisms, is important because it led to the
macroevolution of mammals and appearance of humans. The current hypothesis for the extinction
is that an asteroid impact in present-day Mexico formed condensed aerosols in the stratosphere,
which caused the cessation of photosynthesis and global near-freezing conditions. Here, we show
that the stratospheric aerosols did not induce darkness that resulted in milder cooling than previously
thought. We propose a new hypothesis that latitude-dependent climate changes caused by massive
stratospheric soot explain the known mortality and survival on land and in oceans at the Cretaceous/
Paleogene boundary. The stratospheric soot was ejected from the oil-rich area by the asteroid impact
and was spread globally. The soot aerosols caused sufficiently colder climates at mid-high latitudes
and drought with milder cooling at low latitudes on land, in addition to causing limited cessation of
photosynthesis in global oceans within a few months to two years after the impact, followed by surface-
water cooling in global oceans in a few years. The rapid climate change induced terrestrial extinctions
followed by marine extinctions over several years.

The Chicxulub impact crater in the Yucatan Peninsula, Mexico, is the third largest known impact crater (ca.
180km in diameter) on Earth. The crater was formed by the impact of an asteroid (ca. 10km in diameter) at the
Cretaceous/Paleogene (K/Pg) boundary 66 million years ago, which is marked by a layer of enhanced levels of
iridium (Ir)!-. The extinction of the dinosaurs probably occurred at the K/Pg boundary based on the statistics
of their biostratigraphic distribution®. Only 12% of the land-dwelling forms survived, but 90% of species in the
freshwater assemblage survived, because land-dwelling forms were dependent on primary productivity while the
fresh water assemblage relied on detritus®. In the oceans, the extinction of the ammonites probably occurred just
above the K/Pg boundary”®. Marine plankton diversity and marine productivity decreased significantly, accom-
panied by a biogeochemical collapse, but 90% of benthic foraminiferal species survived the impact, because while
there were significant environmental changes in the surface waters, there was little change in the deep sea’!%.

The globally intense infrared radiation from ballistically reentering ejecta may have killed unsheltered organ-
isms directly and ignited fires in locations where adequate fuel was available'®. However, the self-shielding from
thermal radiation by an impact-ejecta curtain may have prevented widespread wildfire ignition!®. The current
hypothesis for their extinction is that an asteroid impact formed condensed sulfuric acid aerosols in the strat-
osphere, which reflected sunlight, causing global darkness and inducing cessation of photosynthesis, global
near-freezing conditions (impact winter), and acid rain™”-'°. However, if this had occurred, crocodilians and
various other animals would have also gone extinct. Recent impact experiments and model calculations have
demonstrated that condensed sulfuric acid aerosols cannot form and persist over long periods following asteroid
impacts®. The process leading to the extinction of the dinosaurs and various marine groups such as the ammo-
nites and most planktonic foraminifera, accompanied by the survival of mammals, birds, crocodilians, and other
species, is therefore unknown.

Soot is a strong light-absorbing aerosol that can have a significant climatic influence?"??, and the atmospheric
lifetime of soot particles is longer (on the scale of years) in the stratosphere, although they are efficiently removed
from the atmosphere by precipitation (about a week) in the troposphere?>*. However, the amount of soot in the
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Figure 1. Stratigraphic variation in organic molecules derived from combustion and land plants, the
Carbon Preference Index (CPI), and stable carbon isotope ratios. Cadalene and long-chain n-alkanes are
according to Mizukami et al.”®. The map shows the paleolocations of the impact site and the sections evaluated.
The base map is according to Courtillot ef al.*”.

stratosphere, the coincidence of the extinction and stratospheric soot, and the climatic influence are unknown. To
clarify these points, we examined organic molecules and their isotopes in a proximal K/Pg section in Haiti accom-
panied by coarse-ejecta beds containing microspherules overlain by marlstone, including an iridium (Ir) accumu-
lation layer®* (Supplementary Information and Supplemental Fig. 1), and a distal site without coarse-ejecta beds
in Spain?® and then performed climate model calculations. Soot contains polyaromatic hydrocarbons (PAHs),
such as coronene®, which form from the incomplete combustion of hydrocarbons. We estimated the total amount
of soot ejected by the impact using the combusted five- to six-ring PAHs [coronene (Cor), benzo(e)pyrene (BeP),
benzo(g,h,i)perylene (Bpery)] that remained in the stratosphere. There are two possible origins for the soot at
the K/Pg boundary: wildfires*»*” and impact target rock?®*%. The amount of the stratospheric soot estimated here
includes the soot from both wild fires and impact target rock. We postulate that all of the stratospheric soot was
sourced from the target rock in Chicxulub, Mexico in the model calculation, because (1) most soot particles from
present-day wildfire emissions are injected in the troposphere but not into the stratosphere®, and (2) the sedi-
mentary organic molecule composition indicates the same source for the PAHs from the troposphere and strat-
osphere, suggesting an enormous cloud of smoke from the Chicxulub crater (see “Origin of soot” in Discussion).

Results

Combusted PAHs. Coronene, a six-ring PAH, is a hydrocarbon-derived geochemical diagnostic for com-
bustion. Coronene levels (g/g TOC) were high in the coarse deposits and the Ir layer relative to other strata, and
peaked in the fine-grained sediments in the sandstone and Ir layers (Fig. 1). The presence of both coronene and
glass spherules in the coarse deposits implies that the impact induced extensive combustion. The coronene con-
tent in combusted five- to six-ring PAHs is defined by the coronene/(coronene + benzo(e)pyrene + benzo(g,h,i)
perylene) [Cor/(Cor + BeP + Bpery)] ratio. The Cor/(Cor + BeP + Bpery)] ratio is extremely high in the K/Pg
ejecta, that is, the upper 40 cm of the coarse-ejecta sediments (average: 0.69; Fig. 1), the Ir layer at Beloc, Haiti
(0.73), and the Ir layer (0.88) and in the vicinity of the Ir layer (—2 to 4 4 cm) at Caravaca, Spain (0.87 average;
Fig. 1). By contrast, low coronene content (0.2-0.4) was found in the Maastrichtian deposits at Beloc. The high
Cor/(Cor + BeP + Bpery) values at the K/Pg boundary are likely due to an impact with the formation of coronene
as the final product, with low values more typical of wildfires®!. The similar values of Cor/(Cor + BeP + Bpery)
in the coarse-ejecta sediments, Ir layer, and at Caravaca imply the same source of coronene for the coarse-ejecta
sediments and the Ir layer for the proximal and distal sites.

Carbon preference index. The carbon preference index (CPI)**-* values of n-alkanes were used to distin-
guish between crude oil and dead organisms. The CPI of mature n-alkanes is 1 (oil is mature)*>*, and the CPI of
immature n-alkanes derived from plants is high®2. The CPI values from the ejecta beds at Beloc decreased from
7 in the first unit to 1 to 2 in the second and third units, increased to 5 in the lower part of the Danian marlstone,
decreased to a minimum of 3 in the Ir layer, and then increased to 5 in the Danian limestone (Fig. 1). These values
show that the primary source of n-alkanes in the second and third units of the coarse ejecta deposits was crude
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Figure 2. Climate changes caused by the black carbon (BC) injection. (a-d) Changes in the global averages
of the amount of BC in the atmosphere (a), downward shortwave (SW) radiation at the surface (b), surface air
temperature over the land (c), and precipitation over the land (d) for the 500-Tg (blue), 1500-Tg (black), and
2600-Tg (red) BC scenarios calculated by the climate model. Monthly anomalies from the control experiment
(no ejection case) are shown on the left axis with filled circles (a-d), and the ratios relative to the control
experiment are shown for shortwave radiation and precipitation on the right axis with open squares (b,d).
The 30-year global averages of the amount of BC, downward shortwave radiation at the surface, surface air
temperature over the land, and precipitation over the land in the control experiment were 41 Gg, 200 W m ™2,
281K, and 2.2mmday !, respectively.

oil, and that the n-alkanes in the Ir layer were sourced from both crude oil and dead organisms. The low CPI val-
ues suggest that the organisms from which the oil was derived were older than the plants at the time of the impact.
This is consistent with >80% of the recovered Cantarell oil being derived from the Late Jurassic®.

Carbon isotope ratios of n-alkanes and a land plant biomarker. The §*C Vienna Pee Dee Belemnite
(VPDB) standard of C16 short n-alkanes in Haiti decreased significantly (by 4%o) in the marlstone, reaching a
minimum in the Ir layer (Fig. 1 and Supplemental Table 1), which implies that a significant devastation of marine
organisms occurred after the deposition of coarse ejecta and ended with the deposition of the Ir layer.

The 5'*C VPDB values for C29 and C31 long-chain n-alkanes decreased (by 3%o) from just above the coarse
deposits to just above the Ir layer, with high values in the Ir layer and its vicinity (Fig. 1). The high values are
considered to be derived from reworked Cretaceous plants, because the §1*C VPDB values were the same as
those in the Maastrichtian deposits. The rebound of 6"3C values coincided with a high coronene ratio (Fig. 1),
implying that the devastation of land vegetation occurred during the marine extinction period at low latitudes.
The land plant biomarker cadalene is concentrated within and just below the Ir layer, with levels four-fold higher
than those in the Maastrichtian deposits, also implying that land vegetation was devastated (Fig. 1)?*. The peak
in cadalene was also recognized at the K-Pg boundary in Caravaca, Spain®®, implying semiglobal devastation of
land plants.

Amount of soot in the stratosphere. Because the proportion of soot ejected into the troposphere
and stratosphere by the impact is unknown?’, the amount of soot ejected into the stratosphere has not been
determined previously. We estimated the amount of soot in the stratosphere based on the amount of soluble
Cor + BeP + Bpery, which are components of soot®®, in fine sediments containing Ir at a proximal site. We esti-
mated 500, 1500, and 2600 Tg black carbon (BC) as the total soot ejecta (Supplementary Information). These
estimates did not include rapid removal processes (within several days) in the stratosphere, probably due to coag-
ulation between BC and other larger-sized materials (e.g., dust), and therefore, the actual BC emission from the
impact could be greater. However, because we estimated the mass of the BC ejecta from soluble five- to six-ring
PAH:s falling from the stratosphere during the few years after the impact, the amount of stratospheric BC, which

SCIENTIFICREPORTS | 6:28427 | DOI: 10.1038/srep28427 3



www.nature.com/scientificreports/

No Ejection 500-TgBC ¢ 1500-Tg BC 2600-Tg BC

Latitude

v. 0. 0.0V 0
: R B . B

)

Buipeot 0g

[

0o 1 2 3 4 5 6 7 8 9 10

01 2 3 4 5 6 7 8 9 10

0o 1 2 3 4 5 6 7 8 9 10

Latitude

10

«

WWWWW

o

Latitude

(pueT) (M) Alewouy
ainjesadwsa |

3

&
3

01 2 3 45 6 7 8 9 10 Y220 01 2 3 45 6 7 8 9 10

~

%
1081d

nd

Latitude
uopeydioald
oney uone:

S 9o o
o &

ue)

oo

Latitude
aINJsIo [I0S

Prm @ S ¥ =

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10

1.2 3 4 5 6 7 8 9 10

Time (years) Time (years) Time (years) Time (years)

Figure 3. Meridional distributions of pre-industrial climate conditions and climate changes caused by the
black carbon (BC) injection. (a-t) Time-latitude cross-sections of zonal mean changes in BC loading in the
atmosphere (a-d), downward shortwave (SW) radiation at the surface (e-h), surface air temperature over land
(i-1), precipitation over land (m-p), and degree of saturation of soil moisture averaged for a depth of 0-50 cm
(q-t) for the no ejection (control) (a,e,i,m,q), 500-Tg (b,f,j,n,r), 1500-Tg (c,g,k,0,s), and 2600-Tg (d,h,L,p,t)
BC scenarios calculated by the climate model. Monthly anomalies from the control experiment are shown

for the amount of BC (b-d) and temperature (j-1). The ratios relative to the control experiment are shown for
shortwave radiation (f-h), precipitation (n-p), and soil moisture (r-t). For comparison, the absolute values of
the control experiment are shown (a,e,i,m,q). Regions without data correspond to those with no sunlight or the
ocean. The scale for the no ejection case is different from the others. The BC emission in the no ejection case is
mainly from biomass burning.

could have caused climate change over several years, did not change. The amount of burned carbon at Chicxulub
was estimated to be 1800-6000 Tg*, which may have decreased due to removal associated with coagulation
between BC and other larger-sized materials, and is consistent with our estimate of the BC amount.

Climate change. We performed global climate model calculations to quantify the climate change caused by
BC (equivalent to soot) injection for three quantities of BC (see Methods). The BC ejected into the stratosphere
spread around the globe within a few months and was gradually deposited on the surface over the following five
years (Fig. 2). BC in the stratosphere efficiently absorbs solar radiation and reduces the sunlight reaching the
Earth’s surface, which leads to heating of the stratospheric atmosphere and cooling of the tropospheric atmos-
phere (Supplemental Fig. 2). The sudden cooling of the surface temperature weakened the hydrologic cycle,
resulting in an abrupt and significant decrease in precipitation (Fig. 2). In the 500-Tg BC ejection scenario, the
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Temperature (°C) and precipitation (mm/day)
0 Tg BC 500 Tg BC 1500 Tg BC 2600 Tg BC
Latitude Temp Preci’/ Temp  Preci'| Temp'  Preci’| Temp Preci’
60°N-75°N January | -25—--15 0.5-1.2 | -39—-29 0.7| -44—-34 0.5| -44—-34 0.5
60°N-75°N July 12-15 0.8-1.8 -1-1 0.3 -74 0.1 -8—-5 0.1
45°N—60°N January -15--0 1.2-1.7 -24—-9 0.7| -28--13 0.6 -29--14 0.6
45°N-60°N July 15-18 1.8-2.4 3-6 0.5 -5--2 0.2 -7--4 0.2
30°N—45°N January 0-10 1.2-1.8 -7-3 0.7 -10-0 0.4 -12—-2 04
30°N—45°N July 1825 2.4-2.8 5-12 0.7 -2-5 0.5 -6—1 0.5
15°N-30°N January 1025 04-1.2 3-18 0.4 -2-13 0.5 -3-12 0.5
15°N-30°N July 25 2.8-6.0 15 0.4 6 0.2 3 0.2
0-15°N January 25-28 04-7.2 21-24 0.2 13-16 0.13 10-13 0.13
0-15°N July 25 52-84 19 0.6 13 0.12 9 0.12
0-15°S January 25-28 6.0-7.2 23-26 2.6 15-18 0.2 13-16 0.2
0-15°S July 20-25 0.54.5 13-18 0.2 6-11 0.13 3-8 0.13
15°S-30°S January 25-28 1.0-6.0 20-23 2.1 12-15 0.8 10-13 0.7
15°S-30°S July 1520 0.8-1.7 7-12 0.7 2-7 0.4 0-5 04
30°S—45°S January 1825 0.8-3.2 10-17 1.3 5-12 1 3-10 0.8
30°S-45°S July 5-15 1.7-4.1 -1-9 1.3 -4-6 0.9 -64 0.6
45°S—-60°S January 15-18 1.2-3.0 10-13 1.7 8—11 1 7-10 1.2
45°S-60°S July 05 2.04.1 -3-2 1.8 94 0.7 -9--4 0.9
60°S—75°S January 13-15  0.5-1.5 13-15 0.1 12-14 0.08 11-13 0.1
60°S-75°S July -15-0  0.7-2.0 -23—-8 0.5| -25--10 0.7 -26—-11 0.6

Table 1. Monthly averaged surface air temperatures and precipitation over land in January and July at

15° latitude intervals before and after the soot ejection from the impact accompanied by the estimated
latitudinal areas and seasons of survival and extinction of the dinosaurs and crocodilians. "Latest
Cretaceous monthly mean land surface air temperature after average values from the BESTGUESS and
BARESOIL simulations®. “Late Cretaceous monthly mean land precipitation from the GENESIS (v2.0) data®!.
*Estimates by subtracting the maximum decreasing land surface air temperatures and land precipitation of the
climate model calculations of this study (Fig. 3) from the latest Cretaceous land surface air temperature and the
late Cretaceous land precipitation (average within the range), respectively. The areas of survival of most of the
dinosaurs are shown in green (>15°C, >1.0 mm/day). The areas of survival of the crocodilians are shown in
green and blue (>15°C). Pale green and blue areas indicate the areas of survival considering a 2°C error
(>13°C). Low precipitation (<0.1 mm/day) during half year corresponds to areas of survival. Gray areas
indicate those where the dinosaurs and crocodilians did not survive.

global-averaged model results indicated an abrupt decrease (by 50-60%) in sunlight just after the impact, with
shortwave radiation gradually recovering over the following 10 years (Fig. 2). The blocking of sunlight resulted
in a decrease in temperature at Earth’s surface, a 6-9 °C cooling that lasted for two years on land, and a 45-70%
decrease in precipitation on land over the same period (Fig. 2). In the 1500- and 2600-Tg BC ejection cases,
abrupt decreases (by 80-85% and 85-90%) in sunlight led to 10-16°C and 10-18°C cooling that lasted for three
and five years on land and 55-80% and 60-85% decreases in precipitation on land over the same periods, respec-
tively (Fig. 2). The temperature and precipitation gradually recovered within 10 years after the impact and the
recoveries decreased over the following years. We found that these climate changes strongly depended on latitude
in every BC ejection scenario (Fig. 3). The temperature cooling was dominant in the mid-high latitude regions
due to the presence of large amounts of BC in the stratosphere in those regions. On the other hand, the cooling
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Figure 4. Global distributions of precipitation before and after the black carbon (BC) injection. (a-d)

The 30-year average precipitation for the no ejection case (the pre-industrial climate conditions in the control
experiment) (a), mean precipitation for 2 years from 6 months after the impact for the 500-Tg (b), 1500-Tg (c),
and 2600-Tg (d) BC scenarios calculated by the climate model. The precipitation substantially decreased due to
the impact in the 15°N to 15°S region on land, resulting in desert-like climates. The figure was created using the
Grid Analysis and Display System (GrADS) Version 2.0 (http://www.iges.org/grads/).

was milder in the low latitude regions. However, precipitation substantially decreased on land in those regions
over several years after the impact (Figs 2-4). Table 1 lists the averaged lowest monthly paleotemperature and pre-
cipitation over land at 15° latitude intervals for January and July after the impact in the 500-, 1500-, and 2600-Tg
BC ejection scenarios. We estimated the paleotemperature from the Maastrichtian land surface air temperature
using BESTGUESS and BARESOIL by Upchurch et al.*° and the cooling temperatures from the impact estimated
in the climate model calculations. We also estimated the precipitation from the late Cretaceous land precipitation
using the GENESIS (v2.0) data*! and the decreasing land precipitation from the impact estimated in the climate
model calculations. Based on the simulations of modern and Cretaceous climates by Bush and Philander*, we
assumed that the geographical setting and presence of an ice sheet in the modern climate would not have signifi-
cant effects relevant to the cooling temperatures between 60°N and 60°S.

Seawater temperature change. The reductions in surface shortwave radiation due to the BC ejection
led to cooling of the ocean on a global scale (Fig. 5). Although the response time of the seawater cooling after
the impact was slower than that of the surface air temperature and precipitation over land (Fig. 2), the seawater
temperature largely decreased in the surface waters (0-100 m depths, e.g., up to 4°C, 7°C, and 9 °C cooling for the
500-, 1500-, and 2600-Tg BC ejection scenarios, respectively, at 2-m water depth in 2-4 years). The temperature
reductions at deeper water depths (>200m) were much slower and smaller than those at surface water depths
(e.g., within 1°C cooling at a 600-m water depth for the three cases in >15 years). The maximum cooling of sur-
face waters appeared 2-6 years after the impact, and the cooling recovered gradually, taking more than a decade.
Table 2 lists the monthly averaged lowest seawater temperatures at each water depth at 15° latitude intervals for
January and July after the impact in the 500-, 1500-, and 2600-Tg BC ejection scenarios using the Maastrichtian
ocean surface air temperature*’ and the model calculations (Fig. 6).

Discussion

Origin of soot. We assumed that the combusted PAHs in the coarse-ejected sediments were transported from
the troposphere, and those in the superjacent fine sediments were sourced from the stratosphere and land. The
high coronene/TOC, high Cor/(Cor + BeP + Bpery), and low CPI values of the n-alkanes in the coarse-ejecta
beds and the Ir layer in Haiti and the similar Cor/(Cor + BeP + Bpery) values in Haiti and Spain (Fig. 1 and
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Figure 5. Seawater temperature changes caused by the black carbon (BC) injection. (a-c) Changes in the
global averages of seawater temperature at 2-m, 50-m, 100-m, 200-m, 400-m, and 600-m water depths for the
500-Tg (a), 1500-Tg (b), and 2600-Tg (c) BC scenarios calculated by the climate model. Monthly anomalies
from the control experiment (no ejection scenario) are shown. The 30-year global averages of seawater
temperature at 2-m, 50-m, 100-m, 200-m, 400-m, and 600-m water depths in the control experiment were 293,
292,290, 287, 283, and 280K, respectively. The regions with seawater temperatures below zero at the 2-m water
depth in the control experiment were excluded for the estimation of the anomalies and the 30-year averages to
exclude the sea ice area.

Supplemental Tables 2 and 3) indicate the high temperature combustion of oil and the same source for the PAHs
from the troposphere and stratosphere, suggesting that the impact of the asteroid into the oil field launched an
enormous cloud of smoke into the stratosphere from the Chicxulub crater.

Dead organisms and crude oil present at the end of the Cretaceous were mixed in the ejecta. Cretaceous car-
bonate rocks and K/Pg impact breccia from a borehole in the Chicxulub crater contain oil shales*?, but most of
the crude oil in the target rocks at Chicxulub was lost during the impact, leaving no direct evidence and no infor-
mation on the original amounts of crude oil and other organic matter. The K/Pg impact breccias in the Cantarell
Field, which is the largest oil field in Mexico and located in the vicinity of the crater, contain massive amounts of
crude oil derived from the Late Jurassic (i.e., 90 million years older than the asteroid impact)*. This is indirect
evidence of the presence of very large amounts of crude oil in the target rocks at the end of the Cretaceous. The
crude oil was combusted during the impact, as evidenced by carbon cenospheres from Canada, Denmark, and
New Zealand?.

Consistency between the geological record and the model results.  There was consistency between
the geological record and the model results on two events: 1) decreasing temperature for the same area assuming
ejections of 500-2600 Tg BC by the impact and 2) drought-devastation of land plants at low latitudes. The consist-
ency supports the use of the model results. The geological sea surface temperature (SST) record in the marlstone
just above the coarse ejecta at a proximal site on the Gulf Coast showed a rapid 7 °C cooling followed by a gradual
increase in SST coinciding with the second input of Ir from the stratosphere (the first Ir concentration at the top
of the coarse sedimentary rocks is thought to have been derived from the troposphere)*. The 7°C SST cooling
is within the ranges of the model results, that is, 7°C and 5 °C average SST cooling at the site and over the Gulf
of Mexico, respectively, during the three years after the impact, followed by a gradual increase in the 500-Tg BC
ejection scenario (Fig. 7). In the 1500- and 2600-Tg BC ejection scenarios, the corresponding SST coolings were
10°C, 8°C, 11°C and 9°C, respectively (Fig. 7). Land plant devastation in the 15°N to 15°S region estimated using
the model calculation (see “Drought and extinction or survival on land”) was observed in the increase of §"*C of
C29 and C31 long-chain n-alkanes during the minima of §'*C of C16 short-chain n-alkanes in Haiti located at
15°N (Fig. 1).
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10-15 10-15 8-13 6-11 10-15 7-12 7-12 6-11 4-9 7-12 5-10 6-11 4-9 4-9 6-11 4-9 4-9 3-8 3-8
17-24 17-24 1320 8-15 13-20 13-20 14-21 11-18 | 7-14 10-17 10-17 ;TI—TS _; 9-16 7-14 8-15 8-15 9-16 7-14 6-13
18-23 16-21 13-18 8-13 16-21 14-19 13-18 11-16 7-12 12-17 11-16 T‘}TS - 9-14 6-11 10-16 9-14 8-13 7-12 6-11
23-28 20-25 14-19  8-13 20-25 | 21-26 18-23 13-18 | 7-12 16-21 16-21 :T(r;l _: 11-16  7-12 13-18 14-19 : ;; -: 11-16  7-12
25-27 22-24 16-18 10-17 | 23-25 : 23-25 | 20-22 15-17 | 9-16 18-20  18-20 : 18-20 : 13-15  9-16 16-18 16-18 : 15-17 : 13-15  8-15
25-27 22-24 15-17  9-11 24-26 12325 |20-22 14-16 | 8-10 19-21 1820 11820 113-15 810 16-18 16-18 116-18 112-14  8-10
24-26 21-23 14-16 9-11 21-23 : 22-24 19-21 13-15 8-10 17-19 17-19 : 17-19 : 12-14 8-10 14-16 15-17 : 15-17 : 11-13 8-10
18-23 16-21 13-18  7-12 16-21 _1;19_ 13-18 11-16 | 7-12 12-17 11-16 T(%TS - 10-15  6-11 10-15  9-14 . ;14_ - 8-13 6-11
18-21 17-20 14-17  8-11 14-17 14-17 14-17 12-15 811 11-14 11-14 11-14 11-14  7-10 10-13 10-13 10-13 9-12 7-10
11-16 11-16  9-14 8-13 10-15  7-12 8-13 6-11 6-11 7-12 5-10 6-11 5-10 5-10 5-10 4-9 5-10 49 5-10
14-16 14-16 14-16 10-12 11-13 10-12 11-13 11-13 8-10 9-11 8-10 8-10 10-12 79 8-10 79 79 9-11 79

Table 2. Monthly averaged lowest seawater temperatures at 2- to 400-m water depths in January and
July at 15° latitude intervals before and after soot ejection from the impact and habitable latitudinal and
water-depth areas and seasons of the extinct marine cephalopoda, ammonites. *Estimates by subtracting
the difference between surface air temperature and seawater temperatures at each water depth of the monthly
climatological temperature of the control experiment (30-year mean in the pre-industrial condition) from
the latest Cretaceous monthly mean surface air temperature over the ocean after average values from the
BESTGUESS and BARESOIL simulations*. “Estimates by subtracting the maximum decreasing seawater
temperatures at each water depth in each BC ejection scenario of the climate model calculations of this study
(Supplemental Table 4) from the latest Cretaceous monthly mean seawater temperature at each water depth
(see 0 Tg BC column). Seawater temperature data where late Cretaceous ammonites (Campanian-
Maastrichtian) inhabited can be divided into three groups: 16-20°C (cool water type: green), 21-25°C (mild
water type: pale orange), and 26-32 °C (warm water type: orange) (see text). Solid-framed areas show the
survival area estimated. Broken-framed areas show that migration was required for survival. The seawater
temperatures at 200-m and 400-m water depths should be slightly higher, because the latest Cretaceous deep
water (>1000-m water depths) temperature was ~10 °C higher than that of the present day.

Cooling and extinction or survival on land. For the estimated land surface air temperatures, dinosaurs
and tropical plants* could have survived only at the low latitudes in the 500-Tg ejection case, may have survived
only in the equatorial area in the 1500-Tg ejection case, and could not survive at any location in the 2600-Tg
ejection case on land (Table 1; survival only in summer means extinction). For dinosaurs, this assumes a seasonal
migration and a 15°C monthly average temperature as the lower limit for survival based on correlations of the
diversity of dinosaurs vs. paleolatitude*® and the summer land surface air temperature vs. paleolatitude*’. For
example, the postulated 15°C monthly average temperature with a seasonal migration can account for dinosaur
bones found in the North Slope of Alaska?, because the average paleotemperature was 12-15°C in July (Table 1).
The temperature limit is consistent with the distribution of recent crocodilians, which are taxonomically and
ecologically related to dinosaurs*, and survive only in areas where the winter temperature in January or July is
>15°C without seasonal migration®. Although small mammals and reptiles could have lived underground where
it is warmer, the dinosaurs did not. The different habitats of the dinosaurs and small mammals and reptiles would
also have been key factors in determining their extinction or survival®.

Cooling and extinction or survival in oceans. Late Cretaceous (Campanian-Maastrichtian) ammonites
inhabited 16-32°C annual mean temperature seawater based on oxygen isotopes (6'%0) of ammonite shells®'->4.
These ammonites should have inhabited between 200-100-m and 0-m water depths. Inoceramid bivalves were
shallow dwellers®? and became extinct at the K/Pg boundary. Both shallow- and deep-dwelling planktonic
foraminifera inhabited the surface water (<~100-m water depths) during at least a portion of their lifetimes (<1
year). These extinct marine organisms in the surface water likely suffered from low seawater temperatures result-
ing from cooling of 2-7°C, 3-10°C, and 3-11 °C for the 500-, 1500-, and 2600-Tg BC ejection cases, respectively,
within 2-5 years after the impact (Supplemental Table 4). The habitat depths of ammonites changed with ontoge-
netic stage (juveniles, middle phase, and adults)*. The highest temperature during ontogeny may be used to clas-
sify ammonites into three groups: cool water type (16-20 °C), mild water type (21-25°C), and warm water type
(26-32°C). These temperatures are supported by oxygen isotope data of late Cretaceous ammonite shells®->*. The
warm water ammonites could not survive after the impact (Table 2). The mild water ammonites could not survive
after the impact in the 1500-Tg and 2600-Tg BC cases. The cool water ammonites survived upon migration to
shallower parts in these cases. This is consistent with evidence that those ammonites that survived briefly into
the Paleocene, and the nautilids that survive to the present day, were significantly more widely distributed than
were those that disappeared at the end of the Cretaceous®. The cooling of seawater could have disturbed the phys-
iology and food web of the shallow marine dwellers, such as planktonic foraminifera, ammonites, inoceramids,
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Figure 6. Meridional distributions of pre-industrial seawater temperature and seawater temperature
changes caused by the black carbon (BC) injection. (a-x), Time-latitude cross-sections of zonal mean changes
in seawater temperature at 2-m (a-d), 50-m (e-h), 100-m (i-1), 200-m (m-p), 400-m (q-t), and 600-m (u-x)
water depths for the no ejection (control) (a,e,i,m,q,u), 500-Tg (b.f,j,n,r,v), 1500-Tg (c,g,k,0,5,w), and 2600-Tg
(d,h,L,p,t,x) BC scenarios calculated by the climate model. Monthly anomalies from the control experiment are
shown for the three BC scenarios (b-d,f-h,j-1,n-p,r-t,v—x). The regions with seawater temperatures below zero
at the 2-m water depth in the no ejection (control) scenario were excluded for the estimation of the anomalies to
exclude the sea ice area. For comparison, the absolute values of the control experiment are shown (a,e,i,m,q,u).
Regions without data correspond to the sea ice area. The scale for the no ejection scenario is different from the
others.

and marine reptiles, which could have led to their extinction. Deep dwellers such as nautilids, sepia, and benthic
foraminifera survived the K/Pg crisis®**~ likely because of the smaller changes in seawater temperature in inter-
mediate and deep waters (Figs 5 and 6). Cooling due to stratospheric soot aerosols could have caused the extinc-
tion of shallow dwellers that inhabited 100-0-m water depths (Table 2). Temperature minima occurred within
3-6 years after the impact in 100-m water depths in oceans but within 1-3 years on land. Extinctions in oceans
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Figure 7. Changes in sea surface temperature (SST) caused by the black carbon (BC) injection. (a,b) Changes
in the average SST values at the proximal site in the Gulf Coast (94-96°W, 27-29°N) (a) and over the Gulf

of Mexico (83-97°W, 23-30°N) (b) for the 500-Tg (blue), 1500-Tg (black), and 2600-Tg (red) BC scenarios
calculated by the climate model. Monthly anomalies from the control experiment (no ejection scenario) are
shown. The 30-year global averages of the corresponding SST in the control experiment were 295K and 297 K,
respectively.

should have followed land plant devastation and extinction of the dinosaurs. In fact, fossil records show that the
widely distributed ammonites briefly survived after the fall of Ir”.

Sunlight and extinction/survival. The global weak sunlight within 1 month to 2 years after the impact
(Figs 2 and 3) was sufficient for photosynthesis to occur on land and the sea surface® for the three BC scenarios
but insufficient in oceans at >~50-m water depths (the 50-m water depth received 0.2-1% of the sunlight on sea
surface before the asteroid impact, which corresponds to the limit for photosynthesis)®, which caused a cessation
of photosynthesis and a decrease in marine productivity evidenced by calcareous nannofloral assemblages®! and
resulted in a decrease in marine animal species. The deep-dwelling cool-water ammonites first suffered from the
cessation of photosynthesis and then from the decrease in seawater temperature. They may have survived the tem-
perature change but not the lack of photosynthesis and resulting lack of a food source. Furthermore, soot from
wild fires (~70,000 Tg BC)?*” and from impact ejecta (~1500 Tg BC) fell into the oceans near the impact site and
in high precipitation areas and was then carried by ocean currents, which may have induced an additional reduc-
tion in sunlight leading to the cessation of photosynthesis in shallower waters at <50-m water depths. Sulfuric
acid rain may have also contributed to the marine extinction®. Sulfuric acid rain near the impact site was carried
by ocean currents, which may have resulted in a global decrease in pH in the surface waters within several years
after the impact.

Drought and extinction or survival on land. The abrupt, significant decrease in precipitation obtained
by the model calculations could apply to the paleoclimate because the distribution and amounts of precipitation
in the late Cretaceous do not differ substantially from those of the present day*"*? (Fig. 3). In the 15°N to 15°S
region for the 500-Tg, 1500-Tg, and 2600-Tg ejection cases, annual mean precipitation over the land decreased by
75% (to 1.1 mm/day), 93% (0.3 mm/day), and 94% (0.3 mm/day), which lasted for 1.5, 2.5, and 3.5 years, respec-
tively (Fig. 3, Table 1). The low precipitation, similar to that of the Sahara Desert, occurred in all areas over the
land in the 15°N to 15°S region for the 1500-Tg and 2600-Tg BC ejection scenarios (Fig. 4), suggesting desert-like
precipitation conditions over those areas after the impact. Soil moisture near the surface decreased by up to
40% for the 500-Tg ejection scenario and 50% for the 1500-Tg and 2600-Tg ejection scenarios in the equatorial
zone (Fig. 3), which may have caused significant damage to the tropical herbaceous and broad-leaved vegetation,
except for tropical broad-leaved evergreens®, leading to further loss of soil moisture and vegetation. The decreas-
ing cover and size of vegetation patches resulted in further losses of soil and water, which led to further vegetation
loss®2. The herbivorous dinosaurs ate the decreased number of plants, resulting in the disappearance of vegetal
food, similar to overgrazing leading to desertification today®>*4, which could have led to the extinction of the
dinosaurs. Survival of freshwater-dwelling vertebrates such as crocodilians is dependent the availability of food,
such as birds, mammals, fish, reptiles (turtles, snakes), amphibians, and macroinvertebrates and the base of the
food webs being plant detritus®®. The riverine communities could have survived because their organic carbon
was derived from detritus®®® and water sourced from the middle latitudes had sufficient precipitation.

Summary. A soot ejection of 500 Tg could not have caused extinction of the dinosaurs and ammonites, while
an ejection of 2600 Tg could have induced extinction of the dinosaurs, crocodilians, and warm-mild water ammo-
nites. Dinosaurs and warm-mild water ammonites could have become extinct, while the crocodilians survived
in the 1500-Tg soot ejection case (Tables 1 and 2). The diminishing photosynthesis and food-web collapse in
oceans may have killed the cool-water deep-dwelling ammonites. Therefore, a soot ejection of ~1500 Tg seems
to be sufficient for the mass extinction and survival that occurred at the K-Pg boundary, as supported by the
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correspondence between the model results and the geological record. Our results show that the stratospheric
aerosols did not induce darkness, in contrast to previous assumptions. The surface cooling was milder than previ-
ously thought. Sufficiently colder climates at mid-high latitudes caused extinction of the dinosaurs and crocodil-
ians at mid-high latitudes; the drought accompanied by mild cooling at low latitudes on land led to extinction of
the dinosaurs and allowed survival of the crocodilians at low latitudes. The mild cooling with diminishing photo-
synthesis in the oceans could have caused extinctions of marine organisms such as ammonites, inoceramids, and
most planktonic foraminifera, while allowing the survival of deep-sea organisms. The sufficiently colder climates
at mid-high latitudes and drought with milder cooling at low latitudes on land, as well as the limited cessation
of photosynthesis in global oceans occurred a few months to 2 years after the impact, followed by surface water
cooling in global oceans within 2 to 6 years after the impact. The climate change could have led to the terrestrial
extinctions within a few years, followed by the marine extinctions over several years. If darkness (no sunlight)
had occurred for a few years after the impact, the resulting low temperatures would have caused extinction of the
crocodilians, birds, and mammals. The cooling would have been mild to allow their survival on land. The strato-
spheric soot-aerosol can explain the extinction and survival pattern at the K/Pg boundary. Our results show that
rapid global climate change can play a major role in driving extinction.

Methods
Sedimentary organic molecule analyses. Approximately 50-100-g hand-sized rock specimens were
powdered for each sample after the removal of any apparent surface contamination. The powdered samples were
extracted for 48 h using a Soxhlet apparatus and a dichloromethane:methanol mixture (7:1v/v). The extracts were
dried over Na,SO, and concentrated by evaporation under reduced pressure. The concentrated extracts were
separated into nine fractions on a silica gel column (0.6 g silica, 63-200 pm) by elution using the following sol-
vents: 2mL n-hexane (Fla), 4mL n-hexane (F1b), and 3 mL n-hexane/toluene 3:1v/v (F2). The aromatic hydro-
carbon fraction (combination of F1b and F2) from each extract was analyzed by gas chromatography (GS)-mass
spectrometry. Identification of the organic compounds was performed using a gas chromatograph (model 6893;
Agilent, Santa Clara, CA, USA) interfaced to a mass-selective detector (model 5973; Agilent).

The stable carbon isotope ratios of each compound in the F1b and F2 fractions were also determined using
a GC-isotope ratio mass spectrometer system (Trace GC Ultra, Delta-V advantage; Thermo Fisher Scientific,
Waltham, MA, USA). Detailed descriptions of the stable carbon isotope ratio are given in the Supplementary
Information.

Model calculation. We used a coupled atmosphere-ocean global climate model developed at the
Meteorological Research Institute, MRI- CGCM3%, which consists of the atmospheric general circulation model
coupled with the land surface model, the ocean general circulation model using the sea ice calculation, and the
aerosol chemical transport model. The model can estimate the climate changes caused by aerosols based on the
pre-industrial modern climate conditions and current geographical settings. We performed three 15-year exper-
iments using BC ejection due to the asteroid impact (500-Tg, 1500-Tg, and 2600-Tg BC cases) and a 30-year
control experiment with no ejection. We evaluated the climate response due to the BC ejection by subtracting
the monthly climatology (30-year mean) of the control experiment from the monthly mean results of the other
experiments. Detailed descriptions and evaluations of the model calculations are given in the Supplementary
Information.

References
1. Alvarez, L. W,, Alvarez, W,, Asaro, F. & Michel, H. V. Extraterrestrial cause for the Cretaceous-Tertiary extinction. Science 208,
1095-1108 (1980).
2. Smit, J. & Hertogen, J. An extraterrestrial event at the Cretaceous-Tertiary boundary. Nature 285, 198-200 (1980).
3. Hildebrand, A. R. et al. Chicxulub crater: A possible Cretaceous-Tertiary boundary impact crater on the Yucatan Peninsula, Mexico.
Geology 19, 867-871 (1991).
4. Schulte, P. et al. The Chicxulub Asteroid Impact and Mass Extinction at the Cretaceous-Paleogene Boundary. Science 327,
1214-1218 (2010).
5. Sheehan, P. M, Fastovsky, D. E., Barreto, C. & Hoffmann, R. G. Dinosaur abundance was not declining in a “3 m gap” at the top of
the Hell Creek Formation, Montana and North Dakota. Geology 28, 523-526 (2000).
6. Sheehan, P. M. & Fastovsky, D. E. Major extinction of land-dwelling vertebrates at the Cretaceous-Tertiary boundary, eastern
Montana. Geology 20, 556560 (1992).
7. Landman, N. H., Garb, M. P, Rovelli, R., Ebel, D. S. & Edwards, L. E. Short-term survival of ammonites in New Jersey after the
end-Cretaceous bolide impact. Acta Palaeontologica Polonica 57, 703-715 (2012).
8. Landman, N. H., Goolaerts, S., Jagt, ]. W. M., Jagt-Yazykova, E. A., Marcin Machalski, M. & Yacobucci, M. M. Ammonite extinction
and nautilid survival at the end of the Cretaceous. Geology 42, 707-710 (2014).
9. Zachos, J. C., Arthur, M. A. & Dean, W. E. Geochemical evidence for suppression of pelagic marine productivity at the Cretaceous/
Tertiary boundary. Nature 337, 61-64 (1989).
10. Kaiho, K. & Lamolda, M. A. Catastrophic extinction of planktonic forminifera at the Cretaceous-Tertiary boundary evidenced by
stable isotopes and foraminiferal abundance at Caravaca, Spain. Geology 27, 355-358 (1999).
11. Norris, R. D., Huber, B. T. & Self-Trail, J. Synchroneity of the K-T oceanic mass extinction and meteorite impact: Blake Nose,
western North Atlantic. Geology 27, 419-422 (1999).
12. Kaiho, K. et al. Oceanic primary productivity and dissolved oxygen levels at the Cretaceous/Tertiary boundary: their decrease,
subsequent warming, and recovery. Paleoceanography 14, 511 -524 (1999).
13. D’Hondt, S. Consequences of the Cretaceous/Paleogene mass extinction for marine ecosystems. Annu. Rev. Ecol. Syst. 36, 295-317
(2005).
14. Kaiho, K. Planktonic and benthic foraminiferal extinction events during the last 100 m.y. Palaeogeography Palaeoclimatology,
Palaeoecology 111, 45-71 (1994).
15. Robertson, D. S., McKenna, M. C., Toon, O. B., Hope, S. & Lillegraven, J. A. Survival in the first hours of the Cenozoic. Geol. Soc. Am.
Bull. 116, 760-768, doi: 10.1120/B25402.1. (2004).

SCIENTIFICREPORTS | 6:28427 | DOI: 10.1038/srep28427 11



www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

53.

54.

55.

56.

57.

58.

Goldin, T. J. & Melosh, H. J. Self-shielding of thermal radiation by Chicxulub impact ejecta: Firestorm or fizzle? Geology 37,
1135-1138 (2009).

Pope, K. O,, Baines, K. H., Ocampo, A. C. & Ivanov, B. A. Energy, volatile production, and climatic effects of the Chicxulub
Cretaceous/Tertiary impact. J. Geophys. Res. 102(E9), 21645-21664 (1997).

Toon, O. B., Zahnle, K., Morrison, D., Turco, R. P. & Covey, C. Environmental perturbations caused by the impacts of asteroids and
comets. Rev Geophys 35, 41 (1997).

Pierazzo, E., Hahmann, A. N. & Sloan, L. C. Chicxulub and climate: radiative perturbations of impact-produced S-bearing gases.
Astrobiology 3, 99-118 (2003).

Ohno, S. et al. Production of sulphate-rich vapour during the Chicxulub impact and implications for ocean acidification. Nature
Geoscience 7,279-282 (2014).

Wolbach, W. S. Global fire at the Cretaceous-Tertiary boundary. Nature 334, 665-669 (1988).

Bond, T. C. ef al. Bounding the role of black carbon in the climate system: A scientific assessment. J. Geophys. Res. Atmos. 118,
5380-5552, doi: 10.1002/jgrd.50171 (2013).

Oshima, N. et al. Wet removal of black carbon in Asian outflow: Aerosol Radiative Forcing in East Asia (A-FORCE) aircraft
campaign. J. Geophys. Res. 117, D03204, doi: 10.1029/2011JD016552 (2012).

Maurasse, F. J.-M. R. & Sen, G. Impacts, Tsunamis, and the Haitian Cretaceous-Tertiary Boundary Layer. Science 252, 1690-1693
(1991).

Mizukami, T., Kaiho, K. & Oba, M. A spike of woody plant biomarkers in the deep-sea iridium layer at the Cretaceous/Paleogene
boundary. Palaeogeogr., Palaeoclimatol., Palaeoecol. 412, 241-248 (2014).

Richter, H. & Howard, J. B. Formation of polycyclic aromatic hydrocarbons and their growth to soot—a review of chemical reaction
pathways. Progress in Energy and Combustion Science 26, 565-608 (2000).

Wolbach, W. S. Cretaceous extinction: Evidence of wildfires and search for meteoritic material. Science 230, 160-170 (1985).
Harvey, M. C,, Brassell, S. C., Belcher, C. M. & Montanari, A. Combustion of fossil organic matter at the Cretaceous-Paleogene (K-P)
boundary. Geology 36, 355-358 (2008).

Belcher, C. M., Collinson, M. E., Sweet, A. R., Hildebrand, A. R. & Scott, A. C. “Fireball passes and nothing burns”—The role of
thermal radiation in the K-T event: Evidence from the charcoal record of North America. Geology 31, 1061-1064 (2003).

Sofiev, M., Vankevich, R., Ermakova, T. & Hakkarainen, J. Global mapping of maximum emission heights and resulting vertical
profiles of wildfire emissions. Atmos. Chem. Phys. 13, 7039-7052, doi: 10.5194/acp-13-7039-2013 (2013).

Wang, Y., Raj, A. & Chung, S. H. A PAH growth mechanism and synergistic effect on PAH formation in counter flow diffusion
flames. Combustion and Flame 160, 1667-1676 (2013).

Eglinton, G. & Hamilton, R. J. The distribution of n-alkanes. In Chemical Plant Taxonomy (ed. Swain, T.), 187-217 (Academic Press,
1963).

Simoneit, B. R. T. Organic matter of the troposphere-III. Characterization and sources of petroleum and pyrogenic residues in
aerosols over the western United States. Atmos. Environ. 18, 51-67 (1984).

Peters, K. E., Walters, C. C. & Moldowan, J. M. The Biomarker Guide. 473-1155 (Cambridge Univ. Press, 2005).

Guzman-Vega, M. A. & Mello, M. R. Origin of oil in the Sureste Basin, Mexico: Am. Assoc. Petroleum Geologists Bull. 83, 1068-1095
(1999).

Mizukami, T., Kaiho, K. & Oba, M. Significant changes in land vegetation and oceanic redox across the Cretaceous/Paleogene
boundary. Palaeogeogr., Palaeoclimatol., Palaeoecol. 369, 41-47 (2013).

Premovic, P. I. Soot in Cretaceous-Paleogene boundary clays worldwide: is it really derived from fossil fuel beds close to Chicxulub?
Central European Journal of Geosciences 4, 383-387 (2012).

Wang, H. Formation of nascent soot and other condensed-phase materials in flames. Proceedings of the Combustion Institute 33,
41-67 (2011).

Robertson, D. S., Lewis, W. M., Sheehan, P. M. & Toon, O. B. K-Pg extinction: Reevaluation of the heat-fire hypothesis. J. Geophys.
Res: Biogeosci. 118, 329-336, doi: 10.1002/jgrg.20018.41 (2013).

Upchurch, G. R, Jr, Otto-Bliesner, B. L. & Scotese, C. Vegetation+-atmosphere interactions and their role in global warming during
the latest Cretaceous. Phil. Trans. R. Soc. Lond. B 353, 97-112 (1998).

Floegel, S. & Wagner, T. Insolation-control on the Late Cretaceous hydrological cycle and tropical African climate—global climate
modelling linked to marine climate records. Palaeogeogr., Palaeoclimatol., Palaeoecol. 235, 288-304 (2006).

Bush, A. B. G. & Philander, S. G. H. The late Cretaceous: Simulation with a coupled atmosphere-ocean general circulation model.
Paleoceanography 12, 495-516 (1997).

Grajales-Nishimura, J. M. et al. Chicxulub impact: The origin of reservoir and seal facies in the southeastern Mexico oil fields.
Geology 28, 307-310 (2000).

Vellekoop, J. et al. Rapid short-term cooling following the Chicxulub impact at the Cretaceous-Paleogene boundary. Proc. Natl.
Acad. Sci. USA 111, 7537-7541 (2014).

Sitch, S. et al. Evaluation of ecosystem dynamics, plant geography and terrestrial carbon cycling in the LPJ dynamic global vegetation
model. Global Change Biology 9, 161-185 (2003).

Mannion, P. D. et al. Temperate palaeodiversity peak in Mesozoic dinosaurs and evidence for Late Cretaceous geographical
partitioning. Global Ecol. Biogeogr. 21, 898-908 (2012).

Watanabe, A., Erickson, G. M. & Druckenmiller, P. S. An ornithomimosaurian from the Upper Cretaceous Prince Creek Formation
of Alaska. J. Vertebrate Paleontol. 33, 1169-1175 (2013).

. Barazaitis, P. & Watanabe, M. E. Crocodilian behaviour: a window to dinosaur behaviour? Historical Biology 23, 73-90 (2011).

. Lance, V. A. Alligator physiology and life history: the importance of temperature. Exp Gerontol. 38, 801-805 (2003)

. Farlow, J., Dodson, P. & Chinsamy, A. Dinosaur Biology. Annual Review of Ecology and Systematics 26, 445-471 (1995).

. Sessa, J. A. et al. Ammonite habitat revealed via isotopic composition and comparisons with co-occurring benthic and planktonic

organisms. PNAS 112, 15562-15567 (2015).

. Henderson, R. A. & Price, G. D. Paleoenvironment and paleoecology inferred from oxygen and carbon isotopes of subtropical

mollusks from the late cretaceous (Cenomanian) of Bathurst Island, Australia. Palaios 27, 617-626 (2012).

Dennis, K. J., Cochran, J. K., Landman, N. H. & Schrag, D. P. The climate of the Late Cretaceous: New insights from the application
of the carbonate clumped isotope thermometer to Western Interior Seaway macrofossil. Earth and Planetary Science Letters 362,
51-65 (2013).

Kruta, I, Landman, N. H. & Cochran, J. K. A new approach for the determination of ammonite and nautilid habtats. PLoS ONE 9(1),
€87479. doi: 10.1371/journal.pone.0087479 (2014).

Lukeneder, A., Harzhauser, M., Miillegger, S. & Piller, W. E. Ontogeny and habitat change in Mesozoic cephalopods revealed by
stable isotopes (%0, §'°C). Earth and Planetary Science Letters 296, 103-114 (2010).

Stevens, K., Mutterlose, J. & Wiedenroth, K. Stable isotope data (§'%0, §"*C) of the ammonite genus Simbirskites — implications for
habitat reconstructions of extinct cephalopods. Palaeogeography, Palaeoclimatology, Palaeoecology 417, 164-175 (2015).

Kaiho, K. Planktonic and benthic foraminiferal extinction events during the last 100 m.y. Palaeogeogr. Palaeoclimatol., Palaeoecol.
111, 45-71 (1994).

Oba, T., Kai, M. & Tanabe, K. Early life history and habitat of Nautilus pompilius inferred from oxygen isotope examinations. Marine
Biology 113, 211-217 (1992).

SCIENTIFICREPORTS | 6:28427 | DOI: 10.1038/srep28427 12



www.nature.com/scientificreports/

59. Liu, N., Peng, C. L,, Lin, Z. E, Lin, G. Z. & Pan, X. P. Regulation of light energy utilization and distribution of photosynthesis in five
subtropical woody plants. J. Integr. Plant Biol. 49, 351-361 (2007).

60. Paulson, C. A. & Simpson, J. J. Irradiance measurements in the upper ocean, J. Phys. Oceanogr. 7, 952-956 (1977).

61. Lamolda, M. A., Melinte, M. C. & Kaiho, K. Nannofloral extinction and survivorship across the K/T boundary at Caravaca,
southeastern Spain. Palaeogeogr, Palaeoclimatol, Palaeoecol 224, 27-52 (2005).

62. Mayor, A. G. et al. Feedbacks between vegetation pattern and resource loss dramatically decrease ecosystem resilience and
restoration potential in a simple dryland model. Landscape Ecol. 28, 931-942 (2013).

63. Fuls, E. R. Ecosystem modification created by patch-overgrazing in semi-arid grassland. J. Arid Environments 23, 59-69 (1992).

64. D’Odorico, P. et al. Global desertification: Drivers and feedbacks. Advances in Water Resources 51, 326-344 (2013).

65. Mazzotti, E. J. et al. Alligators and crocodiles as indicators for restoration of Everglades ecosystems. Ecological Indicators 9s, s137-
$149 (2009).

66. Yukimoto, S. et al. A new global climate model of the Meteorological Research Institute: MRI-CGCM3 -Model description and basic
performance-. J. Meteor. Soc. Japan 90A, 23-64, doi: 10.2151/jmsj.2012-A02 (2012).

67. Courtillot, V., Jaupart, C., Manighetti, P. & Besse, J. On causal links between flood basalts and continental breakup. Earth and
Planetary Science Letters. 166, 177-195 (1999).

Acknowledgements

F. Maurasse and M. Deushi are acknowledged for field assistance and discussions regarding the model
calculations, respectively. This study was supported by the Japan Society for the Promotion of Science (JSPS)
KAKENHI (22403016, 25247084, 26701004, and 26241003), the Global Environment Research Fund (2-1403),
and the Environment Research and Technology Development Fund (S-12) of the Ministry of the Environment,
Japan.

Author Contributions

K.K. designed research and performed the fieldwork and collected samples; T.M., K.K. and R.S. performed the
organic geochemistry. M.E,, K.K. and R.S. conducted isotope measurements. K.K. calculated the amount of soot
ejected. N.O., K.A. and Y.A. conducted climate model calculation, after discussing with K.K. K.K. interpreted the
data and wrote the paper. N.O. wrote the methods and results of the model calculation and produced the Figures
of the model calculation.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kaiho, K. et al. Global climate change driven by soot at the K-Pg boundary as the cause
of the mass extinction. Sci. Rep. 6, 28427; doi: 10.1038/srep28427 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

S or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:28427 | DOI: 10.1038/srep28427 13


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Global climate change driven by soot at the K-Pg boundary as the cause of the mass extinction

	Results

	Combusted PAHs. 
	Carbon preference index. 
	Carbon isotope ratios of n-alkanes and a land plant biomarker. 
	Amount of soot in the stratosphere. 
	Climate change. 
	Seawater temperature change. 

	Discussion

	Origin of soot. 
	Consistency between the geological record and the model results. 
	Cooling and extinction or survival on land. 
	Cooling and extinction or survival in oceans. 
	Sunlight and extinction/survival. 
	Drought and extinction or survival on land. 
	Summary. 

	Methods

	Sedimentary organic molecule analyses. 
	Model calculation. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Stratigraphic variation in organic molecules derived from combustion and land plants, the Carbon Preference Index (CPI), and stable carbon isotope ratios.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Climate changes caused by the black carbon (BC) injection.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Meridional distributions of pre-industrial climate conditions and climate changes caused by the black carbon (BC) injection.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Global distributions of precipitation before and after the black carbon (BC) injection.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Seawater temperature changes caused by the black carbon (BC) injection.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Meridional distributions of pre-industrial seawater temperature and seawater temperature changes caused by the black carbon (BC) injection.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Changes in sea surface temperature (SST) caused by the black carbon (BC) injection.
	﻿Table 1﻿﻿. ﻿ Monthly averaged surface air temperatures and precipitation over land in January and July at 15° latitude intervals before and after the soot ejection from the impact accompanied by the estimated latitudinal areas and seasons of survival and
	﻿Table 2﻿﻿. ﻿ Monthly averaged lowest seawater temperatures at 2- to 400-m water depths in January and July at 15° latitude intervals before and after soot ejection from the impact and habitable latitudinal and water-depth areas and seasons of the extinct


