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The end of the Palaeozoic Era was marked by the largest 
mass extinction of the Phanerozoic Eon, the end-Permian 
mass extinction (EPME). This event, immediately preced-

ing the Permian/Triassic boundary (PTB, ~252 million years ago 
(Ma)), was characterized by the loss of ~90% of all marine spe-
cies1–3. Identifying the environmental conditions and mechanisms 
underlying this major biocrisis is important for understand-
ing the Earth-system feedbacks that operated during this event. 
The primary extinction mechanism is hypothesized to have been 
emplacement of the Siberian Traps large igneous province (LIP)1,4–8, 
releasing volatiles such as CO2, CH4 and SO2 (refs. 5,7,9), which led 
to a cascade of detrimental environmental effects4,6–8. These effects 
include short-term cooling9,10, long-term warming8–13, ocean acidi-
fication14,15, acid rain16, oceanic anoxia17–22, widespread euxinia 
(anoxic and sulfidic water column)17,18,20,23,24, heavy metal toxicity25 
and ozone depletion7,26.

Recent studies suggest that major fluctuations in global tempera-
tures occurred during the EPME, most notably a hyperwarming 
driven by volcanogenic greenhouse gases5,9,10,12,13, which caused a 
variety of environmental responses at different timescales6,8. Marine 
faunas suffered from the direct effects of global warming6,11 and 
from more indirect effects of high temperature, which included 
increased weathering8,19,27, enhanced marine primary productivity 
from riverine nutrient fluxes27, slowed thermohaline circulation due 
to a reduced meridional temperature gradient9,19,21,22, and decreased 
gas solubility9,22; these effects likely led to large-scale disruption of 
the marine food web8,28. In addition, short-term cooling may have 
occurred via increased volcanic SO2 emissions5,9.

Expansion of oceanic anoxia due to several warming-related 
effects8,9,19,22 was likely an important mechanism driving the 
marine mass extinction4,6,8,17,18,21–23. A shift towards more reduc-
ing conditions at the EPME has been inferred in multiple oceanic 

regions based on biomarkers23, trace-metal concentrations18,19, 
pyrite framboid size distributions17,18 and iron speciation data20,23, 
as well as the global ocean uranium isotope proxy21,29. However, 
most geochemical redox proxies have modern seawater residence 
times that are either too short relative to oceanic mixing time 
(~1–2 kyr) to record global changes (for example, ~100 yr for 
Fe)20,23, or too long to capture rapid shifts in oceanic redox condi-
tions (for example, ~400 kyr for Mo or U)29,30. Furthermore, most 
of these proxies are activated at relatively low redox potentials31,32, 
limiting their ability to capture the initial onset of gradual deoxy-
genation events.

The use of thallium isotopes as a palaeoredox proxy is new33–35, 
but the global Tl isotope mass balance framework is well estab-
lished32. Importantly, Tl isotopes have the potential to track global 
rates of manganese oxide reduction and burial31,32, which is one of 
the first redox half-reactions following oxygen depletion on the 
redox ladder32,36. In well-oxygenated marine systems, Mn(IV) forms 
Mn oxides that are readily buried in sediments36. Under anoxic con-
ditions, Mn oxides are rapidly remineralized, releasing dissolved 
Mn2+ back to the water column36. As Mn reduction potential is only 
slightly less than that of oxygen but greater than that of nearly all 
other redox-sensitive elements32,36, it is one of the first elements to 
respond to changes in (de)oxygenation, making the Mn cycle highly 
sensitive to redox variation. However, tracking the global Mn cycle 
in the sedimentary record is difficult31 because Mn has an extremely 
short modern oceanic residence time (~60 yr) and has only a single 
long-lived stable isotope (55Mn)32.

Recent work has shown that the Tl isotopic composition of sea-
water is largely controlled by the global Mn oxide burial flux at short 
timescales (that is, less than a few million years)31–35. With a sea-
water residence time of 18.5 kyr, Tl is globally well mixed but still 
responds rapidly (from a stratigraphic perspective) to changes in 
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marine oxygenation31,32. Thallium isotopic compositions are com-
pared to the NIST 997 thallium metal standard and reported as:

ε205Tl =
( 205Tl/ 203Tlsample −

205Tl/ 203TlNIST 997
)

/
( 205Tl/ 203TlNIST 997

)

× 10,000.

The modern seawater Tl isotope composition (ε205Tlsw) is ~ −6.0 
(refs. 32,37 and references therein), with no major isotopic variation 
beyond analytical error. With little average isotopic variation in 
the sources of Tl to the ocean (all near ε205Tl ~ −2.0) (ref. 37 and 
references therein), changes in source fluxes, including weather-
ing mechanisms, have minor isotopic leverage on the marine res-
ervoir. Thus, changes in Tl sinks are the primary driver of secular 
variation in ε205Tlsw. One major sink is adsorption of Tl onto the 
low-temperature Mn oxide birnessite (estimated at ~32% of total 
Tl burial from observations and isotopic mass balance), a process 
that yields the largest known Tl isotopic fractionation from seawater 
(+16.0 ε units) (refs. 32,37 and references therein). The second major 
sink is low-temperature alteration of oceanic crust (AOC, estimated 
at ~63% of total Tl burial), which imparts a smaller negative isoto-
pic fractionation from seawater (−1.2 ε units) (ref. 37 and references 
therein). Critically, only Mn oxide perturbations are implicated 
for short-term climatic events because changes in AOC require 
multi-million-year timescales and have limited isotopic leverage31. 
Thus, AOC is not considered as a potential driver of the Tl isotopic 
fluctuations in the present study sections given the short timescale 
and large magnitude of the observed perturbations. A minor sink 
is Tl adsorption by syngenetic pyrite in the water column or diage-
netic pyrite in anoxic to sulfidic sediments (~4% of total Tl burial)32. 
With no isotopic fractionation31, this sink provides a mechanism to 
faithfully capture the global ε205Tlsw value31,32,38. Therefore, analy-
sis of the ε205Tl of sedimentary pyrites has the potential to provide 
a more detailed and nuanced understanding of changes in ocean 
redox conditions in relation to the timing and pace of the EPME.

Warming and anoxia before EPME
Thallium isotopes from three widely separated Panthalassic sections 
(Fig. 1) were analysed. Both the Gujo-Hachiman and Ubara sec-
tions in Japan represent abyssal settings at peri-equatorial latitudes 

during the Permian–Triassic transition18,39. These sections have 
been dated based on radiolarian biostratigraphy and carbon isotopic 
chemostratigraphy, and tentatively correlated with shallow-marine 
Tethyan carbonate sections, which employ conodont biostratigra-
phy18,39. The third study section at Opal Creek, Alberta, Canada rep-
resents a mid-latitude deep-shelf setting that has been dated using 
conodonts and carbon isotopic chemostratigraphy19,40. It consists of 
a thin Middle Permian unit unconformably overlain by stratigraphi-
cally condensed uppermost Permian beds (including the EPME 
interval) and a relatively thick Lower Triassic succession19,40 (Fig. 1). 
Importantly, these sites all record local anoxic to euxinic conditions 
based on previous trace-metal studies18,19 (Extended Data Fig. 1 and 
Supplementary Data), thus having the potential to record the global Tl 
isotope seawater value in pyrite31.

An unconformity in the Opal Creek section limits analysis of 
geochemical changes in the Upper Permian, but the section does 
provide a record from the underlying Middle Permian. Beds near 
the base of the section dated to the Capitanian (265 to 259 Ma)40 
have ε205Tl values ~ −6.5 (Fig. 2a), within the range of modern 
oxic seawater values. This suggests that Mn oxide burial rates were 
roughly similar to the modern rates, and indicates that seawater 
redox conditions were predominantly oxic (Fig. 3a), provided that 
other fluxes (for example, AOC) had near-modern values32,41,42.

The Gujo-Hachiman section yields Changhsingian (254–252 Ma) 
ε205Tl values of ~ −4.0 (Fig. 2b), which are slightly more positive 
than the older values from Opal Creek and indicate a decrease in 
the Mn oxide burial flux from the Capitanian to the Changhsingian. 
The reduction of Mn oxide burial suggests an expansion of seafloor 
anoxia by at least 1.0 Myr (based on a published astrochronologi-
cal age model18) prior to the redox shift recorded by δ238U near the 
EPME horizon21,29, and possibly even earlier due to the large strati-
graphic gap at Opal Creek (the entire Wuchiapingian stage, ≥5 Myr). 
From the base of the Gujo-Hachiman section to 685 cm, the ε205Tl 
profile exhibits a trend to more positive values, reaching −2.0 just 
before the EPME (Fig. 2b).

A similar pattern is observed in the Ubara section despite its 
greater stratigraphic condensation18, in which an ε205Tl of ~ −2.0 
was maintained from the base of the section (roughly correlative to 
~500 cm at Gujo-Hachiman) to 90 cm (Fig. 2c). These values suggest 
that there was limited global burial of Mn oxides due to widespread 
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Fig. 1 | Site locations during the EPME. a, Location of the three study sections in the Late Permian to Early Triassic (~252 Ma). Major landmasses and 
oceans are labelled, as well as the location of the Siberian Traps (modified from ref. 50). b, Approximate correlation of the stratigraphic intervals of the three 
study sections, including Opal Creek (OC) from Middle Permian to Lower Triassic with Upper Permian unconformity40, Gujo-Hachiman (GH) representing 
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oceanic anoxia during the latest Permian. Thus, globally extensive 
deoxygenation occurred well before the EPME (Fig. 3b) and was 
possibly related to early marine ecosystem deterioration43.

The observed temporal offset between shifts in ε205Tl compared 
to those of δ238U (Fig. 4) are not likely to be explained by differences 
in oceanic residence times and was most likely due to the sensitivity 
of ε205Tl to changes in rates of Mn oxide reduction31,32, whereas δ238U 
responds to changes in Fe oxide reduction29,32. This suggests that 
average global ocean redox conditions were closer to the Mn(IV)–
Mn(III) threshold than to that of Fe(III)–Fe(II) for much of the 
Changhsingian. A similar high sensitivity of the Tl isotope proxy 
has been reported for other major Phanerozoic oceanic anoxic 
events (OAEs)33–35. The Changhsingian at Gujo-Hachiman is not 
characterized by a positive shift in carbonate carbon isotopes11,39,44, 
providing no indirect geochemical evidence for an increase in global 
organic carbon burial preceding the EPME. Although increased 
organic carbon burial is a recognized feature of many Phanerozoic 
OAEs33–35, such a record may have been obscured by inputs of isoto-
pically light carbon from volcanic sources or weathering of organic 
carbon5. In addition, the expansion of oceanic anoxia during the 
pre-EPME Changhsingian may have been due to some mechanism 
other than organic matter burial (for example, climatic warm-
ing10,12,13, inducing slowed global ocean circulation and reduced 
oxygen solubility in seawater9,22). Body size decreases and morpho-
logical simplification among ammonoids and possibly other marine 
clades15,43 during the Changhsingian may have been driven by the 
limited shift towards more reducing conditions indicated by this Tl 
isotope record, which coincided with high-latitude environmental 
deterioration15 and temperature increases12,13 and overlapped with 
early intrusive activity of the Siberian Traps LIP5.

Rapid redox changes during EPME
The most striking feature observed in all three study sections is 
a large negative ε205Tl excursion near the EPME. At Ubara, ε205Tl 

shifts from −2.0 at 90 cm to −6.5 at 92 cm and then returns to −1.0 
by 110 cm and stabilizes (Fig. 2c). At Gujo-Hachiman, ε205Tl is −2.0 
at 715 cm, declines to −4.0 at 720 cm and then returns to −2.0 by 
725 cm and stabilizes (Fig. 2b). At Opal Creek, a negative excursion 
is observed just prior to the EPME. However, its exact stratigraphic 
range is somewhat uncertain due to the Upper Permian unconfor-
mity possibly truncating the beginning of this excursion and due 
to a condensing of the latest Permian beds40. There, ε205Tl is −4.5 
immediately above the unconformity (~0 cm), becomes highly neg-
ative (−6.5) at 10 cm and then returns to −5.0 at 25 cm (Fig. 2a).  
Above 40 cm at Opal Creek, ε205Tl shifts rapidly to more positive 
values (−4.0) by 80 cm, trends to −2.0 by 500 cm (Fig. 2a) and 
stabilizes near this value for the next ~40 m of the Lower Triassic 
(Extended Data Fig. 1).

The brief negative ε205Tl excursion in the uppermost Permian 
and the subsequent long-term positive trend through the lowermost 
Triassic imply large and rapid oceanic redox fluctuations around 
the EPME. These redox fluctuations likely intensified stresses on 
marine organisms, especially given an estimated duration for the 
negative excursion of just ~60 kyr (based on published astrochro-
nological age models for the Japanese sections18; see Supplementary 
Discussion). The negative Tl excursion provides evidence of a tran-
sient increase in Mn oxide burial at the onset of the EPME, as no 
other process (including diagenesis) is known to be capable of gen-
erating a large-magnitude excursion at such a short timescale31,32. 
Such a negative seawater Tl isotope excursion has not previously 
been documented for any other Phanerozoic OAE33–35, nor has such 
a redox change been inferred from other palaeoredox records for 
the EPME18,19,21,29, possibly due to differences in their sensitivity to 
Mn oxide burial and/or their seawater residence times31,32.

Although an ε205Tlsw value of ~ −6 during the EPME excursion 
indicates an expansion of oxic seafloor and is similar to the mod-
ern seawater value, it may not directly compare. The modern global 
marine burial flux of Mn oxides is Mn-limited. Consequently, the 
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Fig. 2 | Thallium isotope stratigraphy of each section. a–c, Biostratigraphy, lithostratigraphy and chemostratigraphy for Opal Creek (a), Gujo-Hachiman  
(b) and Ubara (c), including organic carbon (δ13Corg, black line) and thallium (ε205Tl, blue line) isotopes. Biostratigraphy and lithostratigraphy are from 
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lines), with approximate colour of the rocks. The Tl isotope plots have a dashed vertical line indicating modern seawater values, with more positive values 
representing a greater extent of anoxia. All three sites are correlated with the EPME (red dashed line) and PTB (blue dashed line) using both biostratigraphy 
and carbon isotope chemostratigraphy. Thallium isotopes are plotted with error bars (2σ). All carbon isotope errors are smaller than the symbol 
(2σ < ±0.4‰). Opal Creek features an Upper Permian unconformity near the base of the described section (wavy line), below the EPME19,40.
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modern seawater Tl isotopic value is largely controlled by the avail-
ability of Mn, not the extent of oxic seafloor. During the EPME, 
the dissolved marine Mn reservoir may have been larger due to 
earlier remineralization of Mn oxides related to extensive oceanic 
anoxia (that is, decreased burial interpreted from higher ε205Tl; 
Fig. 3b) and/or increased Mn delivery related to enhanced conti-
nental weathering19,27. However, enhanced weathering could not 
have driven the ε205Tl signal on its own; the observed fractionation 
requires Mn oxide burial, which implies that the ocean became 
more oxygenated during the latest Changhsingian as the values of 
ε205Tl just prior to the excursion (Fig. 2) indicate a near-depletion of 
these depositional environments. The enlarged dissolved Mn pool 
would have permitted increased precipitation of Mn oxides during 
the brief oxygenation event associated with the EPME (Fig. 3c). Due 
to the short residence time of seawater Tl and its high sensitivity to 
changes in Mn oxide fluxes, this scenario can account for the brief 
perturbation in the ε205Tl record at the EPME (Extended Data Fig. 
2), especially if average global ocean redox conditions corresponded 
to the Mn reduction zone at the time.

Strong constraints exist on the range of viable mechanisms for 
generating a Mn oxide burial event during the EPME, especially 
given its short timescale. One potential way to drive increased Mn 
oxide burial is through a major sea-level transgression that expanded 
the area of oxic seafloor through flooding of continental shelves45. 
A sea-level rise is inferred to have occurred during the EPME inter-
val, but the magnitude of the rise was modest compared to similar 
sea-level changes across the Late Permian45,46. Importantly, given the 

short transient nature of this oxygenation event, sea-level transgres-
sion is unlikely to be the controlling mechanism of Mn oxide burial 
fluxes, although it may have played a role.

An alternative cause is climatic cooling. Although a large nega-
tive excursion in oxygen isotope records documents hyperwarming 
during the EPME interval9–13,22, this event was preceded by a small 
positive oxygen isotope excursion at the start of the EPME10,12,13, sug-
gesting the possibility of a brief cooling event concurrent with the 
short-term negative Tl isotope perturbation in our records (Fig. 4). 
Cooling could have enhanced Mn oxide burial through invigoration 
of thermohaline circulation via a steepened meridional temperature 
gradient and/or increased oxygen solubility in seawater9, driving 
oxygenated waters into O2-depleted regions of the global ocean. 
Whereas the long-term warming trend has been linked to massive 
CO2 outgassing during LIP emplacement5, co-emitted volcanogenic 
SO2 could have triggered an initial brief cooling episode7,9. The 
massive release of volcanogenic SO2 by the Siberian Traps LIP has 
been predicted based on both general effects of explosive volcanism 
and documented magmatic intrusions into the West Siberian Coal 
Field5,9.

Modelling indicates that a Tl isotopic excursion of ~60–80 kyr 
duration could have been caused by a short-term oxygenation 
event (~5–20 kyr) induced by sulfate aerosol cooling, given an 
expected delayed response in oceanic circulation and gas solubility9 
and extended renewal time of a reservoir following a rapid isoto-
pic excursion (see Supplementary Discussion, Extended Data Fig. 
2 and Supplementary Data). Therefore, the Tl isotope records are 
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consistent with the hypothesis of short-term climatic cooling and 
oceanic oxygenation at the onset of the EPME. This hypothesis is 
further supported by a small negative δ13C excursion at the begin-
ning of the EPME10,47,48, due to either enhanced remineralization of 
organic carbon or release of 13C-depleted volcanic CO2.

Following the negative Tl isotope excursion at the EPME, all 
three study sections exhibit a shift towards more positive values, 
indicating a return to widespread anoxic conditions that per-
sisted well into the earliest Triassic (Fig. 3d), a redox pattern that 
is corroborated by δ238U studies21,29. Hyperwarming has been pos-
tulated as the cause for highly stratified and anoxic Early Triassic 
oceans11,21,24. This climatic warming and induced global anoxia fol-
lowing the EPME would have contributed to the protracted Early 
Triassic recovery5,11,24,27.

Our ε205Tl record suggests a more complex redox history dur-
ing the EPME than previously inferred. These perturbations in 
global climate10–13 and oceanic redox state indicate that the EPME 
was induced not merely by a transition to more anoxic seawater but, 
rather, by rapid redox fluctuations coupled with substantial temper-
ature variations9,10,12,13,22. Collectively, these stresses affected many 
marine clades6,15,43, including those adapted to the more reducing 
conditions that preceded the EPME49. The persistence of wide-
spread seafloor anoxia through part of the Early Triassic, as indi-
cated by previous Permian–Triassic δ238U studies21,29 and confirmed 
by this ε205Tl record, was likely a factor in the protracted post-EPME 
recovery interval5,11,24,27.
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Methods
Thallium isotope analysis. Powdered shale samples were dissolved using 
techniques modified from previous studies31–33,37,51. Samples were dissolved in 2 M 
HNO3 at 130 °C for 12 h to separate the leachable material that contains the Tl 
adsorbed to pyrite, followed by digestion of the leached fraction in concentrated 
HNO3-HCl to dissolve all organic compounds. After sample digestion, the Tl 
was purified through previously established column chemistry methods using 
micro-columns filled with Bio-Rad AG 1-X8 anion exchange resin to remove 
all Pb from samples33,41,51,52. NIST-SRM-981 Pb was then added as a spike to the 
Tl samples to track mass bias during mass spectrometry analysis51. The samples 
were then run on a Neptune multicollector inductively coupled plasma mass 
spectrometer using an Aridus II autosampler at the National High Magnetic Field 
Laboratory in the Geochemistry group for Tl isotopic composition51. Comparison 
to the United States Geological Survey shale reference material SCo-1, which has 
a long-term precision of ε205Tl = −3.0 ± 0.3 (2σ) (refs. 31–33), was made to assess 
the precision of the entire method. A total of 80 samples were analysed, with 
71 samples being selected here and for the supplementary information based 
on having an uncertainty of less than 0.5 (2σ, based on two or more replicate 
analyses). All samples that had 2σ values below the analytical uncertainty of 0.3 
had the error bars increased to 0.3 as this is the error for the geostandard from the 
entire method.

Organic carbon isotope analysis. Organic carbon isotopes for Gujo-Hachiman 
and Ubara were determined using the same methods as in previous studies35,40, 
whereas carbon isotopes had already been determined for Opal Creek19. Powdered 
samples were decarbonated using 6 M HCl until effervescence ceased (typically 
~1 min due to low carbonate content), rinsed three times with deionized water 
(18 MΩ), dried and homogenized. Samples were then weighed out into tin cups 
and measured on a Thermo Finnigan DELTAplus XP stable isotope ratio mass 
spectrometer using a Carlo Erba Elemental Analyser, and results were compared to 
those of external lab standard acetanilide (−29.2‰) and Florida State University 
in-house standards urea-2 (−8.13‰), and Y1 sugar (−12.7‰) with uncertainties 
of ± 0.2‰ for all (ref. 35) at the National High Magnetic Field Laboratory in the 
Geochemistry group.

Data availability
The datasets generated during the current study are available as supplementary files 
alongside the published manuscript. They are available through the Pangaea online 
data repository at https://doi.pangaea.de/10.1594/PANGAEA.933389.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Full chemostratigraphy of all three sections. Biostratigraphy, lithostratigraphy, and chemostratigraphy for Opal Creek (a), Gujo-
Hachiman (b), and Ubara (c). Chemostratigraphy includes carbon isotopes (black line), manganese concentrations (red line), vanadium concentrations 
(purple line), molybdenum concentrations (green line), and thallium isotopes (blue line). Biostratigraphy, lithostratigraphy, and trace metal concentrations 
are from previous sources18,19,39,40, as well as carbon isotopes of Opal Creek40. For Opal Creek, biozones 1–4 represent Mesogondolella bitteri and M. 
rosenckrantzi (1), M. sheni (2), Clarkina hauschkei and C. meishanensis (3), and Hindeodus parvus (4). Lithostratigraphic columns are present on the left 
adjacent to height. Separate patterns are used to distinguish lithologies, including chert (rounded bricks), shale (dashed lines), and silty mudstones 
(dashed and dotted lines), with approximate colour of the rocks. All three trace metal concentration charts have upper continental crust concentrations 
marked with a dashed vertical line, with arrow pointing towards more reducing conditions. The Tl isotope plots have a dashed vertical line indicating 
modern seawater values, with more positive values representing greater extent of anoxia. All three sites are correlated with the EPME (red dashed line) 
and PTB (light blue dashed line) using both biostratigraphy and carbon isotope stratigraphy. Thallium plotted with error bars (2σ). Opal Creek features an 
Upper Permian19,40 unconformity near the base of the described section (wavy line), below the EPME. Opal Creek here features a more extensive section up 
to 43m as compared to Fig. 2. Trace metal concentrations generally indicate reducing conditions at all three sections, though each trace metal responds in 
a different manner for each locality due to fluctuating local redox18,19. Global similarity in thallium isotopes despite this indicates little local explanation for 
the excursion.
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Extended Data Fig. 2 | Modeled Tl isotopic values across the EPME. Model showing how changes in Mn oxide burial can cause the negative isotope 
excursion exhibited during the EPME. Parameters can be found in Extended Data Table 1. The approximate duration of the oxygenation interval (~60 kyr;18 
see Supplementary Discussion) is highlighted in blue, while the approximate duration of the extinction interval (~60 kyr53) is highlighted in red, with these 
slightly overlapping based on average position of the negative thallium isotope excursion compared to the negative carbon isotope excursion (see Fig. 
4). Various runs were conducted under the premise of decreasing Mn oxide burial between 0.20 and 1.50 Myr, representing the upper Changhsingian 
data found in the lower part of the Gujo-Hachiman section. As there is relatively small change at a steady rate across this interval, a gap between 0.4 and 
1.4 Myr was applied for convenience of space, though this trend continues at a constant rate across this interval (represented as a dashed line in the gap). 
Following this, a short-term major increase in Mn oxide burial is recreated. The duration and flux of Mn oxide burial is modulated so that the minimum 
value of the excursion is consistent, all values near ε205Tl = ~6.0, with included table within the figure to distinguish the different runs and how the duration 
of the excursion compares. This can be compared to a scenario with no major isotope excursion (thick black line).
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