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Supplementary Methods

Evaluating modeled carbon deposition

We quantified the discrepancies of each simulation and for the sites from the Wolbach records,
which are treated as reference values. For each site, the model-proxy residual is defined as di.
For each simulation, we calculated the mean squared error (MSE) and the root mean squared
error (RMSE). A negative bias (b) indicates underestimation of the model, whereas a positive bias
indicates overestimation. Following the decomposition of MSE, we define the irreducible error as e.
Calculations used in the model-proxy comparison are:

di = Xmodel,i −Xproxy,i

MSE =
1

n

n∑
i=1

d2i =
1

n

n∑
i=1

(Xmodel,i −Xproxy,i)
2

RMSE =
√
MSE

b =
1

n

n∑
i=1

di

e =
√
MSE − b2

For total carbon deposition, we calculated uncertainty-weighted metrics from the model–proxy
differences, di = Xmodel,i −Xproxy,i, in deposition units. The selected asymmetric error width was

σi =

{
σ+
i , di > 0,

σ−
i , di ≤ 0,

where σ+
i and σ−

i are the upper and lower error-bar widths relative to the proxy central value, in mg
cm−2. The upper and lower uncertainties in Supplementary Table 1 are reported as signed deviations
from the central value. The reported upper and lower uncertainty deviations were converted to
absolute widths before weighting. The upper width was selected when the model exceeded the proxy
central value, and the lower width otherwise. Thus, a nonzero selected uncertainty width refers to a
positive magnitude, irrespective of the sign used to report the deviation in Supplementary Table 1.

Let m denote the number of sites with nonzero selected uncertainty widths among the n = 7
comparison sites. The normalized weights were

αi =


m

n

σ−2
i∑

j:σj ̸=0 σ
−2
j

, σi ̸= 0,

1

n
, σi = 0,

n∑
i=1

αi = 1.

Sites with nonzero selected uncertainty widths were assigned relative inverse-square weights. At
El Kef, the lower uncertainty is omitted in Supplementary Table 1 due to the missing lower bound
error bar from Wolbach records.Therefore the unavailable lower uncertainty is encoded as zero in
the analysis inputs. When this side was selected, El Kef retained its unweighted site weight of 1/7,
while the other six sites shared the remaining weight of 6/7. No uncertainty floor was applied.
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The weighted metrics were

MSEw =
n∑

i=1

αid
2
i , RMSEw =

√
MSEw,

bw =
n∑

i=1

αidi,

ew =

√√√√ n∑
i=1

αi(di − bw)2 =
√

MSEw − b2w.

The weights are dimensionless, so weighted RMSE, bias, and centered residual scatter retain units
of mg cm−2.

For Supplementary Table 2, residuals for each proxy variable v were normalized by its across-site
sample standard deviation, calculated with n− 1 = 6 degrees of freedom for the seven proxy values.

sproxy,v =

√√√√ 1

n− 1

n∑
i=1

(
Xproxy,v,i −Xproxy,v

)2
.

The normalized residuals and metrics were

d∗v,i =
Xmodel,v,i −Xproxy,v,i

sproxy,v
,

NRMSEv =

√√√√ 1

n

n∑
i=1

(d∗v,i)
2, b∗v =

1

n

n∑
i=1

d∗v,i,

e∗v =

√
NRMSE2

v − (b∗v)
2, NMAEv =

1

n

n∑
i=1

|d∗v,i|.

These metrics are unweighted and dimensionless. The normalization enables the percentage
comparison between the proxy variable v: total carbon deposition and soot fraction.

For Table 2, unweighted and weighted total-carbon metrics were expressed as percentages of
the same unweighted mean Wolbach deposition across the seven sites,

Xproxy,TotC =
1

n

n∑
i=1

Xproxy,TotC,i.

For Q ∈ {RMSE, b, e},

QTotC,% = 100
QTotC

Xproxy,TotC

, Qw,TotC,% = 100
Qw,TotC

Xproxy,TotC

.

Here, QTotC and Qw,TotC denote the unweighted and uncertainty-weighted metrics in deposition
units, respectively, before normalization by the proxy standard deviation. Unweighted soot-fraction
RMSE, bias, and centered residual scatter were similarly divided by the mean proxy soot fraction
and multiplied by 100. Calculations used unrounded proxy means. These mean-relative percentages
are distinct from the proxy-standard-deviation-normalized metrics in Supplementary Table 2.
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Supplementary Figure 1. Year-3 surface-temperature anomalies. Mean surface-temperature
anomaly in simulation year 3 for Fire-56 (a), Impact-0.75 (b), Impact-2.5 (c), and Fire-Impact-56/1.6 (d).
Units are K.
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Supplementary Figure 2. Duration of strongly reduced surface light. Cumulative months during the
first nine post-impact years when downwelling surface shortwave radiation is below 1% of the corresponding
control value for Fire-56 (a), Impact-0.75 (b), Impact-2.5 (c), and Fire-Impact-56/1.6 (d).
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Supplementary Figure 3. Years 4–6 precipitation anomalies. Mean total-precipitation anomaly over
post-impact years 4–6 for Fire-56 (a), Impact-0.75 (b), Impact-2.5 (c), and Fire-Impact-56/1.6 (d). Units
are mm day−1.
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Supplementary Figure 4. Maastrichtian vegetation carbon. Initial vegetation carbon simulated by
the Community Land Model version 4 (CLM4) after conversion from g C m−2 to g C cm−2. Units are g C
cm−2.
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Supplementary Tables

Supplementary Table 1. Processed and raw carbon records at the Cretaceous–Paleogene (K–Pg) boundary.

Site Total carbon (mg cm−2) Soot fraction (%)

Raw data
Woodside Creek, NZ 4.8 +5

−5 69
Chancet Rocks, NZ 35 +5

−20 68
Stevns Klint 11 +11

−1 21
Caravaca 10 +10

−1 14
Gubbio 13 +13

−1 17
Agost1 3.6 +3.8

−0 2
Raton1 4.0 +6.5 1
El Kef 15 +15 19
Flaxbourne River, NZ 1.3 +0

−0.6 55
Elendgraben2 0.8 +8

−0 12
Sumbar 13 +3

−3 15
DSDP 4653 3.6 +0.4

−0.4 50

Processed data
NZ average 13.7 64
Stevns Klint 11 21
Caravaca 10 14
Gubbio 13 17
El Kef 15 19
Sumbar 13 15
DSDP 465 3.6 50

NZ average is the mean of Woodside Creek, Chancet Rocks, and Flaxbourne River. DSDP denotes Deep Sea
Drilling Project. Raw data are from Wolbach et al. (1990), except DSDP Site 465 from Wolbach et al. (2003).
Agost, Raton, and Elendgraben were excluded from model comparison. 1Etched for 600 h to remove resistant
kerogen (Agost); Raton contains abundant local coal. 2H2O2 procedure. 3Wolbach et al. (2003).
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Supplementary Table 2. Scale-normalized model–proxy misfit metrics for total carbon deposition and
soot fraction.

Variable Case Proxy SD Norm. RMSE Norm. bias Norm. MAE

Total carbon deposition Fire-56 3.791 1.135 -0.508 1.046
Total carbon deposition Impact-56 3.791 1.348 -0.607 1.277
Total carbon deposition Fire-Impact-56/2.5 3.791 1.083 -0.513 1.027
Total carbon deposition Fire-Surface-56 3.791 1.750 -0.939 1.523
Soot fraction Fire-56 0.200 0.865 -0.270 0.670
Soot fraction Impact-56 0.200 0.787 -0.258 0.561
Soot fraction Fire-Impact-56/2.5 0.200 0.841 -0.159 0.671
Soot fraction Fire-Surface-56 0.200 0.753 0.119 0.671

Residuals were normalized by the across-site standard deviation (SD) of each proxy variable. RMSE denotes
root mean squared error; MAE, mean absolute error; and Norm., normalized. The normalized metric columns
are dimensionless. Proxy SD is expressed in mg cm−2 for total carbon deposition and in fractional units for
soot fraction. Negative bias indicates model underprediction relative to the Wolbach record. All metrics are
unweighted; the uncertainty weights αi were not used in this table.
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