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Supplementary Methods:

Geochemical box model

A forward geochemical box model using the modern marine TI isotope mass balance
(Extended Data Figure 2) was employed to recreate the major isotopic excursions observed but
specifically the short-lived negative excursion, during the Permo-Triassic transition (see Figures
2 and 4). The model duration is 2 million years (Myr), with an integration time of 1 thousand
years. As all the sources have nearly the same isotopic composition, this box model is primarily
controlled by the alteration of oceanic crust (AOC) and Mn-oxide burial fluxes which follows
previously published Tl models'. However, given the long timescales of AOC, only Mn-oxide
burial changes are perturbed to drive short-term changes observed in the data, which is utilized in
this geochemical box model. The following equation is used to determine the change isotope
composition of T1 in the ocean from an initial steady-state, here 67 is the seawater Tl isotopic
composition at a given time, F''s,, indicates the size of a certain flux (in moles per year), 6"/ is
the isotopic composition of the flux, and M is the mass of TI in the oceanic reservoir (in
moles):
SToldt = (F™source(0source — 070)) — (F™a0c/M™0) (0™ a0c/ M 9) + ((F st/ M 0) (6™t MT0))) | M™g

Initial parameters used were based on the modern marine isotopic mass balance' and are
summarized in Supplementary Table 1. This creates a steady-state oceanic reservoir at £2%T1 = -
6.0. Starting at 0.2 Myr, Mn-oxide burial flux is steadily decreased over ~1.3 Myr to 20% of the
starting Mn-oxide burial flux (30.3 x 10* moles/year), causing a perturbation in the marine TI
isotopic value to ~-2.0 by 1.5 Myr. It should be noted that due to analytical error and the
sensitivity of the Tl proxy there could be less Mn-oxide burial, but this represents a conservative

estimation of burial flux change. This resulting steady increase in £?°°T1 values is approximately
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equivalent to the rate of change seen in the data (see Figure 2). At 1.5 Myr, a range of increases
in Mn-oxide burial flux is induced that result in an £?%Tl excursion back to ~ -6.0 as the
observed magnitude of T1 perturbation (see Figure 2), compared to an initial run without an
induced increase in oxic seafloor. These sensitivity tests examine the large and rapid perturbation
using a range of Mn oxide fluxes from 1400% to 100% of the modern values over a respective
duration of 0.001 to 0.050 Myr (1,000 to 50,000 years; see Extended Data Figure 2). Each test
results in an isotopic perturbation of ~4 epsilon units. Following the oxygenation interval, all
model runs the Mn-oxide burial flux returns to the pre-event value of 20% modern flux to
maintain a steady-state near £?Tl = -2.0. The minimum value and duration of the Tl excursion
can also be determined using this model. The duration was found using the length of time from
1.5 Myr to when Tl isotopic values return to less negative than -2.3 (the average isotopic values

of sources minus the instrument’s analytical error).
Supplementary Discussion:

Duration of Tl excursion at Japanese sections

The approximate duration of the oxygenation interval was determined to be ~60 kyr
based on previous astrochronologic data for the Japanese sections®. An age-depth relationship
was determined in the original publication through the comparison of lithology and total organic
carbon deposition with orbital cycles, which was then compared using two different age-depth
models®. The amount of time that passed between the bottom and top of the excursion at both
Gujo-Hachiman and Ubara was then determined. Only a rough estimate of the duration of the
excursion was taken at both sections due to the uncertainties intrinsic with astrochronologic
dating and generally slow sedimentation rates making age estimates more difficult. Additionally,

a few tens of thousands of years difference between models at Gujo-Hachiman during this
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interval as well as the excursion being a smaller portion of the entire section cause the estimates
to be weighted more favorably to the Ubara. Importantly, though, both sections using either
model indicate the approximate passage of ~60 + 20 kyr during the excursion interval. The Gujo-
Hachiman age model was also utilized to determine the extent of time prior to the EPME at this
section, which can be roughly estimated at 1 million years.
Interpretations of geochemical model

Using a geochemical Tl isotope mass balance box model across the EPME shows that it
is possible to recreate the notable trends, especially the short duration event, observed for Tl
isotopes during this interval through influencing the burial of Mn-oxides alone (Extended Data
Figure 2). Importantly, across all excursion tests, an increase in Mn-oxide burial at or above
modern fluxes can induce a negative T1 isotopic excursion of the observed magnitude in the data
(see Figure 2) over relatively short timescales. The duration of the oxidation event and degree of
Mn-oxide burial is modulated across the different tests so that all excursions have the same
magnitude, with longer durations of oxidation associated with lower Mn-oxide burial fluxes and
vice versa. It should be noted that the duration of the Tl excursion across all tests is ~57 kyr
longer than the duration of the oxic seafloor event that initiates the excursion, as can be expected
for renewal time of Tl to the new baseline (¢2°°T1 = -2.0) compared to its residence time (~18.5
kyr), indicating that only a short interval of oxic seafloor is necessary to drive a much longer TI
excursion. Additionally, this information indicates that most modeled excursions, except the
longest duration test, are within the range of the estimated duration of the negative Tl excursion
in the geologic record (~60 £ 20 kyr).

In terms of Mn-oxide burial flux increases, there is a large range of values, between

modern flux rates and 1400% of the modern fluxes. As there is little previous work to derive
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global Mn fluxes under rapidly altering oceanic redox conditions**. Thus, we explore a range of
values in modeling space as there are limited constraints but not all may be realistic as discussed
below. The higher fluxes, especially 1400%, are extremely high and would require both a large
marine Mn reservoir that accumulated due to the lack of Mn-oxide burial in the previous 1 Myr
and/or was delivered during weathering events as well as rapidly precipitate high burial flux of
Mn-oxides in the oxic portions of the seafloor. As discussed in the text, Mn is likely
accumulating within the marine realm, but the oxygenation of the seafloor may not be sufficient
to match such a large increase in Mn-oxide burial fluxes. Other modeled fluxes of Mn-oxide
burial, from 325% to 100%, are far more reasonable with Mn enriched seawater, becoming more
amenable as these fluxes get closer to modern values. However, these lower Mn-oxide burial
fluxes also require greater durations of oxic seafloor, which is also less tenable.

As a result of the above considerations, it seems likely that a moderately increased Mn-
oxide burial rate from increased oxic seafloor over an intermediate amount of time (325% to
130% increase in Mn-oxide burial for 5,000 to 20,000 years, respectively) is reasonable. These
moderate Mn-oxide burial and moderate duration models also require an increased Mn reservoir
in the oceans due to anoxia and weathering, but not nearly to the degree expected from the far
greater flux model®’. Additionally, they show a relatively short interval of Mn-oxide burial can
induce a large negative T1 excursion that lasts several times longer than the initial oxygenation
event. Therefore, short intervals of oxygenation via volcanism-induced cooling®” is viable for
many of these modeled scenarios and could explain the Tl record. However, the duration of

oxygenation for most of these models is still longer than individual eruptive phases!®!!

and may
indicate a more cumulative effect on the ocean redox state across several eruptive phases and its

effects on global temperature, ocean circulation, and gas solubility?®.
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Supplementary Tables:

Supplementary Table 1: Initial parameters for Tl geochemical box model.
Initial parameters used in the TI model (Extended Data Figure 2) based on previously published
Tl geochemical box models**. Mn-oxide burial flux is the only parameter that is modulated in

this box model to account for changes observed in the geochemical record across the EPME.

Initial Parameters

TI (moles) £205T1

Marine reservoir 8.6 x 100 -6.00
T1 flux (moles/year) £205T1

All Sources 484.3 x 10* -1.77
Mn-oxide burial 151.7 x 10* 16.00

(range of tested values) 30.3 x 10% t0 2,123.8 x 10* -

Altered oceanic crust 332.7 x 10* -7.14

Supplementary References:

1. Owens, J. D., Nielsen, S. G., Horner, T. J., Ostrander, C. M. & Peterson, L. C. Thallium-
isotopic compositions of euxinic sediments as a proxy for global manganese-oxide burial.
Geochim. Cosmochim. Acta 213, 291-307 (2017).

2. Owens, J. D. Application of Thallium Isotopes: Tracking Marine Oxygenation through
Manganese Oxide Burial. in Elements in Geochemical Tracers in Earth System Science 1—
12 (Cambridge University Press, 2019).

3. Algeo, T. J. et al. Spatial variation in sediment fluxes, redox conditions, and productivity
in the Permian-Triassic Panthalassic Ocean. Palaeogeogr. Palaeoclimatol. Palaeoecol.
308, 65-83 (2011).

4, Rue, E. L., Smith, G. J., Cutter, G. A. & Bruland, K. W. The response of trace-element

S6 of S7



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

10.

11.

redox couples to suboxic conditions in the water column. Deep. Res. Part I Oceanogr.
Res. Pap. 44, 113134 (1994).

Nielsen, S. G., Rehkdmper, M. & Prytulak, J. Investigation and application of thallium
isotope fractionation. Rev. Mineral. Geochemistry 82, 759—798 (2017).

Schoepfer, S. D. ef al. Termination of a continent-margin upwelling system at the
Permian-Triassic boundary (Opal Creek, Alberta, Canada). Glob. Planet. Change 105, 21—
35 (2013).

Algeo, T. J. & Twitchett, R. J. Anomalous early Triassic sediment fluxes due to elevated
weathering rates and their biological consequences. Geology 38, 1023—-1026 (2010).
Black, B. A. et al. Systemic swings in end-Permian climate from Siberian Traps carbon
and sulfur outgassing. Nat. Geosci. 11, 949-954 (2018).

Broadley, M. W., Barry, P. H., Ballentine, C. J., Taylor, L. A. & Burgess, R. End-Permian
extinction amplified by plume-induced release of recycled lithospheric volatiles. Nat.
Geosci. 11, 682—-687 (2018).

Burgess, S. D. & Bowring, S. A. High-precision geochronology confirms voluminous
magmatism before, during, and after Earth’s most severe extinction. Sci. Adv. 1, (2015).
Burgess, S. D., Muirhead, J. D. & Bowring, S. A. Initial pulse of Siberian Traps sills as

the trigger of the end-Permian mass extinction. Nat. Commun. 8, 164 (2017).

S7 of S7





