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Supplementary Fig. 1 Marine sediment compilation indicating the number of sites available per 
time interval (substages except for the “Boundary”) in (A) total, (B) by latitude and (C) by 
lithology. 
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Supplementary Fig. 2 Simulation 1 (degassing + fixed carbon recycling) results (n=10,000). 
Color bar indicates frequency (normalized) of the results, 68% of values are within the dashed 
lines. The panels describe; (A) Carbon released from solid earth (volcanic) and sedimentary 
metamorphic degassing (Tmol/yr). Model time of 5 Myrs marks the initiation of volcanic carbon 
release and onset of extinction. Range of parameters explored: carbon release = 30,000–55,000 
Pg; release duration = 0.8×105–0.24×106 years; and climate sensitivity = 2–5 °C (Supplementary 
Table  2-3); (B) temperature anomaly, (C) pCO2 (times preindustrial atmospheric level (×PIAL)); 
(D) surface pH; (E) surface dissolved Si (mM); and (F) biogenic (G) inorganic and (H) authigenic 
clay silica burial fluxes (Tmol/yr); (I) frw; (J) residence time of carbon normalized to background 
value.  
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Supplementary Fig. 3  Unfiltered (raw) model results from Simulation 1 (carbon cycle) including 
(A) carbon release flux (Tmol/yr); (B) surface temperature anomaly (°C); (C) atmospheric pCO2 
(×PIAL); (D) surface DIC (mM); (E) surface TA (mM); (F) surface pH; (G) deep DIC (mM); (H) 
deep TA (mM); (I) deep pH; (J) calcite omega (top-surface, bottom-deep); (K) carbonate 
weathering (Tmol/yr); (L) total calcite burial (organic + inorganic) (Tmol/yr). Color bars indicates 
frequency (normalized) of the results, 68% of values are within the dashed lines.   
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Supplementary Fig. 4  Unfiltered (raw) model results from Simulation 1 (silica cycle) including 
(A) silicate weathering (mol/yr); (B) surface dissolved silica (mM); (C) deep dissolved silica 
(mM); (D) biogenic silica burial (Tmol/yr); (E) inorganic silica burial (Tmol/yr); (F) total silica 
burial (Tmol/yr); (G) reverse weathering burial (Tmol/yr); (H) frw (fraction reverse weathering 
output of total silica output); (I) residence time of carbon (normalized to background) in the ocean-
atmosphere system (years). Color bars indicates frequency (normalized) of the results, 68% of 
values are within the dashed lines. 
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Supplementary Fig. 5  Unfiltered (raw) model results from Simulation 2 (carbon cycle) including 
(A) carbon release flux (Tmol/yr); (B) surface temperature anomaly (°C); (C) atmospheric pCO2 
(×PIAL); (D) surface DIC (mM); (E) surface TA (mM); (F) surface pH; (G) deep DIC (mM); (H) 
deep TA (mM); (I) deep pH; (J) calcite omega (top-surface, bottom-deep); (K) carbonate 
weathering (Tmol/yr); (L) total calcite burial (organic + inorganic) (Tmol/yr). Color bars indicates 
frequency (normalized) of the results, 68% of values are within the dashed lines. 
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Supplementary Fig. 6  Unfiltered (raw) model results from Simulation 2 (silica cycle) including 
(A) silicate weathering (Tmol/yr); (B) surface dissolved silica (mM); (C) deep dissolved silica 
(mM); (D) biogenic silica burial (Tmol/yr); (E) inorganic silica burial (Tmol/yr); (F) total silica 
burial (Tmol/yr); (G) reverse weathering export (Tmol/yr); (H) frw (fraction reverse weathering 
export of total silica output); (I) residence time of carbon (normalized to background) in the ocean-
atmosphere system (years). Color bars indicates frequency (normalized) of the results, 68% of 
values are within the dashed lines. 
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Supplementary Fig. 7  Filtered model results from Simulation 2 (carbon cycle) including (A) 
carbon release flux (Tmol/yr); (B) surface temperature anomaly (°C); (C) atmospheric pCO2 
(×PIAL); (D) surface DIC (mM); (E) surface TA (mM); (F) surface pH; (G) deep DIC (mM); (H) 
deep TA (mM); (I) deep pH; (J) calcite omega (top-surface, bottom-deep); (K) carbonate 
weathering (Tmol/yr); (L) total calcite burial (organic + inorganic) (Tmol/yr). Color bars indicates 
frequency (normalized) of the results, 68% of values are within the dashed lines. 
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Supplementary Fig. 8  Filtered model results from Simulation 2 (silica cycle) including (A) 
silicate weathering (Tmol/yr); (B) surface dissolved silica (mM); (C) deep dissolved silica (mM); 
(D) biogenic silica burial (Tmol/yr); (E) inorganic silica burial (Tmol/yr); (F) total silica burial 
(Tmol/yr); (G) reverse weathering burial (Tmol/yr); (H) frw (fraction reverse weathering export of 
total silica output); (I) residence time of carbon (normalized to background) in the ocean-
atmosphere system (years). Color bars indicates frequency (normalized) of the results, 68% of 
values are within the dashed lines. 
  

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

model time (Myrs)

0 5 10 15 20 25

model time (Myrs)

0 5 10 15 20 25

model time (Myrs)

0 5 10 15 20 25

B
io

.
 
S

i 
e

x
p

.
 
(
T

m
o

l/
y
r
)

I
n

o
r
g

.
 
S

i 
e

x
p

.
 
(
T

m
o

l/
y
r
)

S
u

r
f
.
 
[
S

i]
 
(
m

M
)

D
e

e
p

 
[
S

i]
 
(
m

M
)

S
il
ic

a
t
e

 
W

.
 
(
T

m
o

l/
y
r
)

T
.
S

iO
2
 
b

u
r
ia

l 
(
T

m
o

l/
y
r
)

R
W

 
t
o

t
a

l 
b

u
r
ia

l 
(
T

m
o

l/
y
r
)

f rw
_
m

-
a

C
a

r
b

o
n

 
R

T
 
(
n

o
r
m

)

0

10

20

30

40

50

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0

10

20

30

40

0

10

20

30

40

0

10

20

30

40

0

0.2

0.4

0.6

0.8

1

0

2

4

6

8

10

0

10

20

30

40



 
 

 
 

10 

  
 
Supplementary Fig. 9  Distribution of results from Simulation 2 unfiltered/raw (left column) and 
filtered (based on temperature) / successful (right column) results as frequency (normalized). 
Distribution of (A-B) post-extinction Alk:Si, (C-D) extinction duration, (E-F) extinction recovery, 
(G-H) climate sensitivity, (I-J) nsi and (K-L) nc.  



 
 

 
 

11 

 
 

 
Supplementary Table 1 | Compilation of Late Permian to Middle Triassic marine sections including paleolatitude, lithology 
(clastic/carbonate) and the presence or absence of biogenic (radiolarian, sponge) and authigenic silica. ‘Partial’ denotes the observed 
presence of silica limited to one or a few fossil grains, clasts, or nodules, whereas ‘pervasive’ denotes the observed pervasive presence 
of silica on the bed-scale. 

Location Paleo- 
latitude Env. 

LATE PERMIAN EARLY TRIASSIC M. TR. 
Ref. 

    

Wuch. Chang. Induan Olenekian Anisian  Key 
boundary Gries. Dienerian Smithian Spathian  

Croatia 0 carbonate    N N     3  Auth./diag. silica Partial Pervasive 
Iran -1 carbonate    N N N N N  4-7  Radiolarian silica Partial Pervasive 
Slovenia 2 carbonate    N N     8  Sponge spicule silica Partial Pervasive 
Vietnam 2 carbonate    N      9  Radiolarian & sponge Partial Pervasive 
Italy – Dolomites  2 carbonate    N N N N   10-15  No silica     
Italy – Sicily 2 mixed     N N N     16  Not observed   
Hungary -3 carbonate     N N N N   17     
S. Tibet 5 carbonate    N N N N N  18     
China – Nanpanjiang Basin 5 carbonate    N N N N N N 19-22     
China – Shangsi 11 clastic     N N N N N   16,23     
Turkey – Taurides -11 carbonate    N N N N N N 5,24-27     
Turkey – Bursa -11 carbonate           16     
W. USA – NV, Eastern CA 12 mixed     N N   N     28     
W. USA – Union Wash 12 mixed      N    27,29,30     
Thailand -15 clastic    N N         31,32     
China – Meishan 16 carbonate    N N N    33-35     
Canada – BC 22 clastic    N N       12,36,37     
Japan – Akkamori -24 clastic    N N N     38,39     
Japan – Takachiho 28 carbonate     N N N N N N 40     
Greenland/Norway 29 clastic    N N     41,42     
UAE -29 carbonate    N N     43     
Japan – Ubara 30 clastic     N       44,45     
Japan – Gujo-Hachiman 30 clastic     N        44,46     
Japan – Tenjinmaru  30 clastic    N N N     45      
Japan – Ryugadake 30 clastic           45     
Japan – Sasayama & Kinkazan 30 clastic    N N      47     
Oman – Wadi Maqam -31 mixed       N N   6,48     
Oman – Wadi Aday -31 carbonate     N N    48     
Oman – Wadi Sahtan -31 carbonate    N N     48     
Oman – Wadi Wasit -31 carbonate    N   N     49,50     
Canada – Sverdrup 39 clastic     N N       51-55     
Norway – Spitsbergen 41 clastic    N N N N N   12,56,57     
Norway –  Spitsbergen 42 clastic            58     
Pakistan -43 mixed    N N N N N N  59     
India -44 mixed    N N      11,60     
New Zealand -72 mixed     N            61,62     
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Supplementary Table  2 |  Constant Model Parameters  

 

Parameter Symbol Value Unit Ref. 

Volcanic CO2 degassing (background)  !"# 5×1012  mol yr-1 63-67 

CaSiO3 weathering flux constant !$%&'
(  = !*+ mol yr-1 63  

CaCO3 weathering flux constant !#,-.'
(  12×1012 mol yr-1 63 

SiO2 weathering flux !/%01' = !23445 × 0.19 mol yr-1 68 

Dust Si input flux !;<$= 0.5×1012 mol yr-1 68 

Hydrothermal Si input flux !>?; 1.7×1012 mol yr-1 68 

Marine sediment silicate weathering !@225 1.9×1012 mol yr-1 68 

Groundwater Si input flux !A5 3.1×1012 mol yr-1 68 

Organic biomass surface export !B-C 7.5×1014 mol yr-1 69 

Organic biomass burial efficiency forg_b 0.031 - 69 

Organic matter terrestrial weathering flux !B-C' = !B-C × forg_b  mol yr-1  

Vertical mixing coefficient Vmix 8 m yr-1 63,70,71 

Authigenic clay solubility constants 

(calibrated to reproduce modern flux) 

[EF]B 

[HI]B 

0.123 

1.9 ×10-5 

mM 

mM 

68,72 

Volcanic δ13C δ13Cvc - 4 ‰ 63 

Terrestrial weathering δ13C δ13Cw + 2 ‰ 63 

Terrestrial organic matter  δ13C δ13Corgw - 23 ‰ 66,73 

Carbonate-DIC δ13C offset Δ13Ccarb-DIC + 0.5 ‰ 74 

Organic biomass–DIC δ13C fraction Δ13Corg-DIC - 27.7 ‰ 63 

Seawater Ca [JK]$' 15 mM 75,76 

Temperature filter (from mean) - 

- 

temp: ± 4 

age: ± 0.4  

°C 

Myr 

77 
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Supplementary Table  3 |  Monte Carlo Model Parameters  

  

Parameter Symbol 
Value 

Lower 

Value 

Upper 
Unit Ref. 

Extinction duration  LMN= 2×106 7×106 years 77-80 
77-80 Extinction recovery L-M# 1×106 6×106 years 

CaSiO3 weathering exponent O$% 0.2 0.5 - 63,81 

CaCO3 weathering exponent O#,-. 0.1 0.3 - 63,81 

Authigenic clay Si exponent P/%  1 6 (1) - 
64,72,82-92 Authigenic clay H+ exponent PQ 1 6 (2) - 

Authigenic clay Alk:Si consumption ratio Alk:Si 0.17 (1) 6 (2) - 

Inorganic silica solubility constant R 0.6 0.9 mol m-3 93,94 

Carbon injection total mass S%TU 30000 55000 Pg 95-97 

Carbon injection duration V%TU  0.08×106 0.24×106 years  95-97 

Carbon injection δ13C δ13Cw -40 -5 ‰ 63,66,97 

Initial steady state temperature W( 17 19 °C 98-100 

Weathering CO2 constant JX1
# 60 800 ppm 63 

Pre-extinction steady state CO2 - 300 1000 ppm 98,99,101 

Climate sensitivity Tsens 2 5 °C 102 

 
* pre-extinction values in parentheses  
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Supplementary Table 4 |  XRD results from Ubara (% rock) 

depth (cm) qtz (% rock) pyr (% rock) bth (% rock) Fe-illite (% rock) frw_sed 

105 37 3 3 35 0.29 
91 37 0 0 63 0.41 
82 51 1 2 46 0.28 
77 49 1 0 43 0.27 
72 70 0 0 10 0.06 
63 46 1 2 51 0.32 
58 50 1 0 46 0.28 
45 48 5 4 43 0.28 
27 61 4 2 27 0.16 
24 30 1 3 66 0.48 
14 28 1 5 64 0.50 
8 35 6 6 48 0.38 
0 38 0 3 58 0.39 
-1.5 27 1 3 69 0.52 
-3 48 4 4 44 0.29 
-4.5 34 1 5 60 0.43 
-5 79 3 2 16 0.08 
-7 62 5 2 31 0.18 
-7.5 26 2 9 55 0.49 
-9 36 3 12 49 0.39 
-11 33 2 12 53 0.43 
-13.5 35 3 8 52 0.40 
-15 42 5 7 38 0.29 
-17 25 1 7 61 0.52 
-17.5 42 5 4 25 0.21 
-18 56 1 4 35 0.22 
-17.3 31 2 7 53 0.43 
-20 35 1 4 29 0.27 
-18.5 24 2 6 68 0.55 
-19 34 1 2 32 0.29 
-24 46 2 2 50 0.32 
-21 43 1 2 54 0.35 
-20 38 0 0 62 0.40 
-23 44 2 2 52 0.33 
-25 28 

 
3 69 0.51 

-26 66 2 0 26 0.14 
-28 25 1 3 71 0.55 
-32 40 0 1 55 0.37 
-31 77 2 1 17 0.09 
-33 79 1 1 17 0.08 
-38 48 1 1 47 0.29 
-34 56 4 2 38 0.22 
-40 38 0 1 58 0.39 
-54 42 2 1 52 0.34 
-56 66 1 1 32 0.17 
-64 81 0 0 17 0.08 
-75 77 3 1 12 0.06 
-101 77 0 0 19 0.09 
-130 77 1 0 22 0.11 

 

* Quartz (qtz); pyrite (pyr); berthierine (bth) 

 

 



 
 

 
 

15 

Supplementary Table 5 |  XRD results from Akkamori 

depth 
(cm) 

qtz  
(% rock) 

pyr  
(% rock) 

cela  
(% rock) 

bth  
(% rock) 

Fe-smec 
(% rock) 

glauc  
(% rock) 

Fe-illite 
(% rock) 

kaol  
(% rock) frw_sed 

170.5 67 0 0 2.2 0.0 0 31 0 0.17 
158.5 38 0 0 1.8 2.5 0 52 0 0.37 
156.5 39 0 47 1.6 2.3 0 0 0 0.03 
151.5 40 0 0 3.5 2.9 0 41 0 0.32 
148.5 48 0 30 4.0 3.0 0 0 0 0.04 
139.5 62 0 26 0.2 0.7 0 0 0 0.00 
132.5 64 0 0 0.0 1.4 0 28 0 0.16 
127 31 0 62 1.3 2.8 0 0 0 0.04 
122.5 72 0 12 1.2 0.6 0 11 0 0.06 
114.5 37 1 0 4.3 1.8 0 53 0 0.39 
103.5 41 4 28 4.8 2.3 0 17 0 0.18 
100 45 2 0 6.4 1.8 0 43 0 0.31 
92.5 31 1 31 9.5 2.3 0 24 0 0.30 
86.5 46 1 0 4.0 3.8 0 44 1 0.31 
82 50 1 0 4.0 1.9 0 39 0 0.26 
77 42 3 29 6.6 1.3 0 18 0 0.18 
70 49 4 0 6.1 1.1 0 39 1 0.27 
64 29 0 0 12.0 2.2 0 53 0 0.47 
51.5 39 2 6 0.6 0.3 0 4 46 0.04 
43.5 43 2 28 5.4 2.0 0 19 0 0.19 
40 81 0 8 1.5 0.4 0 6 0 0.03 
20 39 3 26 4.8 1.5 0 26 0 0.24 
16.5 52 1 0 6.7 1.1 0 38 2 0.25 
12 44 3 0 5.0 1.5 2 45 0 0.32 
9.5 41 3 27 4.6 2.0 0 21 1 0.21 
6 49 0 44 2.3 2.9 0 0 1 0.03 
5 56 0 23 2.6 1.2 0 16 1 0.12 
4 39 3 30 4.9 1.4 0 21 0 0.21 
2.25 47 1 46 4.5 1.2 0 0 1 0.03 
0.75 38 1 43 4.7 2.7 0 10 0 0.14 
0 37 1 53 3.6 1.9 0 1 2 0.05 
-2 63 1 33 1.8 1.4 0 0 0 0.01 
-8 38 1 55 3.9 2.4 0 0 0 0.04 
-9.8 41 0 55 0.8 2.4 1 0 0 0.04 
-12 35 0 0 0.0 0.6 0 10 55 0.11 
-14.5 46 0 48 3.1 1.4 0 0 1 0.03 
-17 76 0 10 0.3 0.7 0 11 1 0.06 
-20 30 1 36 4.3 2.0 0 27 0 0.30 
-22 82 0 13 0.4 0.5 0 0 0 0.00 
-26 39 2 28 4.5 1.9 0 17 0 0.19 
-29 64 0 31 0.0 0.7 0 0 4 0.01 
-32 28 3 63 4.3 2.0 0 0 0 0.06 
-36 53 0 38 1.8 2.0 0 0 0 0.02 
-40 28 0 0 2.5 3.0 0 50 1 0.45 
-43 81 1 6 4.7 3.6 0 0 4 0.03 
-49 30 0 63 2.6 3.0 0 0 2 0.05 
-54 32 0 50 2.7 3.3 3 0 10 0.09 
-59 40 0 18 2.1 6.9 7 0 26 0.14 
-62 89 0 7 0.0 0.0 3 0 2 0.02 
-65 63 0 37 0.0 0.0 0 0 0 0.00 
-71 89 0 11 0.0 0.0 0 0 0 0.00 
-74 29 0 66 0.0 4.1 0 0 0 0.05 
-78 77 0 20 0.0 0.0 0 0 3 0.00 
-89 30 0 66 0.0 0.0 0 0 0 0.00 
-94 56 0 42 0.0 0.0 0 0 0 0.00 
-100 43 0 35 0.0 0.0 0 0 0 0.00 

 

* Quartz (qtz); pyrite (pyr); celadonite (cela); berthierine (bth); glauconite (glauc); kaolinite (kaol) 
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