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I. SI Text

Results

The Li isotope measurements and element data of the Meishan section are shown in Tables S1 and
S2. For trace element concentrations, we use the more commonly used term parts per million (ppm)

to replace the unit of pg/g (1 ppm=1 ug/g).

Lithium isotope as a silicate weathering proxy

Lithium is a water-soluble trace element, with °Li enriched in secondary clay minerals formed
during chemical weathering of silicate rocks, whereas "Li partitions preferentially into the associated
water (1, 2). Thus, chemical weathering of silicate rocks tends to drive modern-day riverine Li
(isotope values that averages 8 Liriy = +23%o and ranges from +1.2 to +42%o) to be much heavier
than its source rocks (upper continental crust an averages &' Liuce = +1.7%o0) (3-5). However, lithium
isotopes are not fractionated during primary silicate minerals dissolution (6). The riverine Li hence
consists of two major inputs, one is dissolved load from silicate minerals dissolution (with low 8’Li
and high [Li]) and the other related to secondary clay formation (with high §’Li and low [Li]) (2, 3,
7). Congruent weathering, with little or no secondary clay formation, will result in dissolved Li
isotope compositions similar to their source silicate bedrocks. On the other hand, incongruent
weathering, with abundant secondary clays formation, will lead to heavy dissolved Li isotope
signature relative to their source silicate bedrocks (2, 8, 9). Thus, the large Li isotopic variations
observed in modern rivers (+1.2 to +42%o) is a function of chemical weathering intensity, which
allows Li isotope ratios to be tracers of the extent of silicate weathering (9-11). Moreover, Li is
almost solely hosted in silicate minerals, hence riverine Li signals can provide unique information
about carbon dioxide consumption during weathering (11, 12).

The Li isotopic composition of seawater reflects the balance between Li input (river water from
continental weathering, hydrothermal fluxes from mid-ocean ridge spreading centers, and
subduction reflux), removal fluxes (the incorporation into low temperature clays in marine
sediments and altered oceanic crust) and their respective isotopic compositions (9, 13). Present-day
riverine Li flux (~10x10° moles/year) is close to hydrothermal flux (~13x10° moles/year). They are

the two dominant sources of dissolved Li to seawater (9). HT vent fluid from high temperature



alteration of mid ocean ridge basalt (8’Livors ~ +4%o) exhibit slightly fractionated but almost
uniform §’Li values (~ +8%o) (14, 15). Subduction reflux from slab dehydration and breakdown of
marine clays has been argued to have an almost constant Li flux (~6x10° moles/year) and a fixed
isotopic composition of ~ +16%o, and thus would have a minor influence on marine Li isotope
change (9). The flux-weighted isotopic composition of input Li (river + HT+ subduction reflux) for
modern seawater is ~ +15%o. At steady state, the lithium removal flux should equal to the input flux.
The isotopic fractionation during removal Li from seawater by secondary clays formation is a
constant value (Asw-sep = 8 Lisw-8'Lisink = 16%o0) and drives seawater to be isotopically heavy
(modern seawater 8’Li ~ +31%o) (16-18). Marine carbonate formation, due to its low Li
concentrations and small isotopic fractionation factor (~ 3-5%o), does not affect seawater Li

significantly (11, 19, 20).

Seawater Li isotope reconstruction

The sediment-related sinks for Li in the ocean exhibit relatively constant isotope fractionation
during clay mineral (Asw-clay ~ 16%o0) and carbonate (Asw-carbonate ~ 3-5%0) precipitation (16-22).
Thus, marine sediments can be used to evaluate the Li isotopic compositions of seawater. Post-
Archean Australian Shale (PAAS) normalized Rear Earth Element (REE) diagram of carbonate
sediments from the Meishan profile show similar patterns to the marine authigenic carbonate (Fig.
S1), indicating that the isotopic shifts of the sediments should represent primary seawater signatures
with LREE depletion, positive La anomalies, negative Ce anomalies, and positive Y anomalies (23,
24). The 8’Li and [Li] values of measured sediment samples from the Meishan section show a large
range of variation, with lower [Li] and relatively heavy 8’Li in Beds 22-24 and higher [Li] and
relatively light 8'Li in Beds 25-34, which is consistent with lithostratigraphy (main text Fig.1b) (25).
Clays typically have much higher Li (~ 30-70 ppm) and ALLO;3 (~ 15-40 wt.%) contents compared
to carbonate ([Li] < 6 ppm and ALO3; < 2 wt.%) (5, 16, 18, 21, 26-28). Hence the Al,O3-[Li] and
Al>03-8"Li diagrams are used to estimate the carbonate and clay fractions of samples (Figs. S2-S3).
The results show that the lower [Li] values in Beds 22-24 and higher [Li] values in Beds 26-30 are
both strongly correlated with Al,Os, although with clearly different Al,Os/[Li] ratios. Bed 25,
however, is deviated from the correlation lines because of high Kaolinite content. Samples from

Beds 26-30 are clearly on the mixing line of clays and carbonates, with Al,03/[Li]~0.38. Previous



studies indicate that clays from Beds 26-30 are mainly composed of illite + montmorillonite with ~
5% Kaolin, while Bed 25 has higher Kaolin content (~ 18%) (29). Because Kaolin have much higher
Al>,O3 contents (up to 45 wt.%) than illite-montmorillonite (~ 15-30 wt.%), samples from Bed 25
show an upward shift to high A1,O3 (30-32). The well-defined mixing line (Beds 26-30) intersects
with the carbonate trend, constrained as a mixing line of limestone (carbonate + chert) end-members
([Li] ~ 12 ppm, Al,03~ 1.8 wt.%). The other end-member composition of clays, however, is difficult
to ‘precisely’ quantify using the Al,Os-[Li] diagram. Linear Al,O3-[Li] correlation of samples from
bed 22-24 display distinct lower slope (Al2O3/[Li] ~ 0.17) than mixing line with clays (Al,O3/[Li]
~ 0.38). Thus, despite good correlation of Al,O3; and [Li], it is unlikely that clays participated in
samples from Beds 22-24. Chert, with A1,O3/[Li] ~0.15 and [Li] ~ 20 ppm, is a more feasible mixing
end member with carbonate samples in beds 22-24 (21, 27, 33-36). The mixing of chert is also
supported by [Li]-Fe,Os3, [Li]-B and Sr-Pb diagrams (Figs. S4-S6) (27, 28, 33, 37). These arguments
strongly support the contention that chert, rather than clays, is responsible for the observed [Li]-
AlLOs correlation in carbonates from Beds 22-24. Unfortunately, the Li isotopic fractionation factor
of chert is poorly constrained. Thus, 8’Li-1/[Li], §’Li-CaO, and CaO-1/[Li] diagrams are made to
verify the isotopic effect on clays and chert mixing (Figs. S7-S10).

The remarkable correlations of 8’Li with 1/[Li] and CaO in mudstone samples from Beds 26-34
(Figs. S7-S9), and the relative constant Li isotopic compositions of the claystone from Beds 26-34
(87Li=-0.1 to -0.3%o), argue for the two end-members of mixing (clays and carbonates) both have a
relatively steady composition, which indicate that the seawater Li isotopic composition should
remain stable during the time interval (~ 0.4 Ma). We use the measured Li isotopic compositions of
claystone to represent the Li isotopic compositions of clay end-member, and use the 1/[Li]-CaO,
1/[Li]-8’Li, and CaO-8'Li diagrams to calculate the [Li], CaO and Li isotopic compositions of the
two end-members, with input parameters of [Li]iimestone =12 ppm (independently derived from [Li]-
Al,O3 diagram) and &'Liciay = -0.2%o (measured Li isotopic compositions of claystone from Beds
26-34). Calculation based on mixing model gives [Li] = 45-50 ppm, CaO ~ 0 wt.% and 8"Li = -0.2%o
for clays, and [Li] = 12 ppm, CaO = 35.5wt.% and &'Li = +11.5%o for limestones. Thus, seawater
Li isotope estimations from carbonates (~ +14.5-+16.5%o at fractionation factor of ~ 3-5%0) and
clays (~ +15.8%o at fractionation factor of ~ 16%o) are in good agreement. Samples from Beds 22-

24, however, show variation in 8’Li independent to Al,O3 and 1/[Li]. The poorly linear correlation



in Figure S10 demonstrates that, if [Li] increase from 1.5 ppm to ~ 20 ppm as a result of chert
mixing, the §’Li only changed ~ 0.6%o. This indicates that, although the fractionation factor is
unclear, chert should have Li isotope composition similar to carbonate in the present study. Thus,
without the mixing of clays, the carbonate samples (Beds 22-24) could represent primary seawater
signatures by adding 3-5%o fractionation (9, 11, 19, 20, 38). Bed 25, with high Al,Os, B and low Ti,
Na, Fe, Co concentrations, reflecting its higher Kaolin proportion in clays (Figs. S2-S6) (30, 32).
The high ALOs, [Li] (29-39 ppm) and B (up to 117 ppm) concentrations and low &’Li values (-
0.3~1.0%o) imply clays dominate the Li signal in Bed 25. Therefore, the §’Li values of clays in Bed
25 should be similar or slightly lower than whole rock samples, which gives estimated seawater 8'Li
of ~ +16.0%o, similar to Beds 26-30. The calculated seawater Li isotope records and detailed

calculation procedures are listed in Table S1.

Models

The steady state box model of the Li cycle in marine system was first established by Misra and
Froelich (2012). Here, similar static and dynamic box models were used to explore seawater Li
isotope variations. Essentially, seawater Li budget is controlled by its input (river water,
hydrothermal fluid, subduction refluxed) and output (clay formation during seafloor alteration and
sediment diagenesis) fluxes (2, 9, 11, 15, 17, 39-44). Therefore, the mass balance of Li in seawater
gives:

dN
dt

= Finput = Foutput = Friv + Fur + Fsg — Fs¢ (Egn.S1)

where N is the seawater Li reservoir. We use a total Li ~ 3.4x10'¢ moles (inventory of Li in present-
day seawater, calculated using a total volume of the oceans ~ 1.33x10° km® and [Li] ~ 26uM) as a
start parameter (9). Fx represents the input and output fluxes (Riv=river, HT=hydrothermal fluid,

SR=subduction reflux, SC=Li sink into clays), with start parameters equal to modern Li fluxes

(Table S3). The Li isotopic balance in seawater can be presented by equation:

dtgsw_l
dt N

{Friv(Oriv — Ssw) + Fur (8ur — Osw) + Fsp(8sg — Osw) — Fsc(8s¢ — 8sw)}  (Eqn.S2)
where dsw is the seawater Li isotope composition and d in the right side of the equation represents
the isotope ratio of input and output fluxes. Hence, the seawater Li isotopic change in a small time

interval (At) can be express as:



Agy= %{FRiv(5Riv — 8sw) + Fur(8ur — 6sw) + Fsg(8sr — 6sw) — Fsc(6sc — Osw)}  (Eqn.S3)

where 10Kyr time steps were used in our study.

For the steady state model, the Li input and output flux balance with each other, with Fispu=Foutput.
As suggest by previous studies, the subduction reflux has a minor influence on seawater Li isotope
changes (9). This term is thus held constant at ~ 6x10° moles/year with isotopic composition of ~
+15%o (42). Therefore, variations in hydrothermal and/or riverine fluxes are the major forces that
perturb seawater Li isotopes. The model results for several different assumptions are shown in Figs.
S11-S14.

Figure S11 shows the isotopic response to decreasing riverine Li isotope compositions (due to a
change in weathering intensity) with constant Fri, and all other parameters for SMyr. This result
shows that, at steady state, riverine Li decrease from +20%o (incongruent weathering) to +2%o
(congruent weathering) would only result in ~7%o Li isotopic decline for seawater. Such a process
can drive seawater Li isotope down to a minimum of ~ +24%.. To explain the estimated light
seawater 8’Li at PTB (as low as +10%o), increased riverine Li fluxes (increase in weathering rate)
with very low isotope value (+2%o, very high weathering intensity) are modeled (Fig. S12). The
results show that, with increased Friy, seawater 8’Li decreased and exhibit shorter Li residence time.
A fifteen-fold higher riverine flux can drive seawater 8'Li to ~ +19%o. However, continued increase
in Friy cannot lower seawater 8’Li any further. Therefore, this is still not sufficient to cause the
required seawater Li isotopic compositions.

Seawater isotopic responses to variation in Fyt are shown in Figure S13. Because the Li isotope
compositions of HT vent fluids are controlled by their source rocks (8’Livors ~ 4%o) with a constant
fractionation factor (~ 4%o), the 8’Linr is kept constant at 8% in the modeling (14, 15, 18, 43, 45,
46). Increase in HT flux alone can change seawater 8’Li down to ~ +25%o, also not sufficient to
cause the required seawater 8'Li. Figure S14 shows the effect of a combination of the two processes
(change in river and HT flux) with light riverine §’Li. Given that, at steady state, the Li sink from
the oceans is equal to the input fluxes, a combination of the two processes can only result in seawater
8’Li decrease to ~+18%o. Hence, for seawater 8'Li to decrease to observed values at PTB, a dynamic
model is needed.

In the dynamic box model, Li sink into clays is a function of the rate of clay formation, seawater Li



concentration and Li partition coefficient of clays. We assume the rate of clay formation and Li
partition coefficient to be constant because the process forming clays seems not changed over time.
Thus, the seawater Li output is proportional to Li concentrations in seawater, forming a feedback

on Li input:
t t
Fée = kN® =k (N% + [} Fipue = [} Fsc ) (Eqn.S4)

where k is the partition coefficient between seawater and clays. For a small time interval, At=t-to,

the above formula can be rewrite as:

At t t t
F& = {1+ (Fs e — E2)} X Fg (Eqn.S5)

Results of dynamic box model are shown in Figs. S15-S17.

Figure S15 shows the seawater Li isotopic response on Fur changes using the dynamic box model.
Changing HT flux from 0.5 to 20x10'" moles/year (modern Fyr is ~1.3x10' moles/year) (15), the
seawater 8'Li minimum varies from +31 to +15%o. A higher HT flux (>20x10'" moles/year) could
result in low 8’Li values to ~ +10%o, consistent with the seawater Li isotope ratios at PTB. However,
such a high hydrothermal input at PTB seems unrealistic, since there is little geophysical evidence
for very fast spreading rates or large ridge volume at end-Permian when global eustatic sea levels
are thought to be low (47). The extremely low sea level at the end-Permian and the existence of
supercontinent Pangea (320-185Myr) imply the ridge volume was probably less than today (48, 49).
Seawater Sr isotope records show increased ®’Sr/*¢Sr at the end-Permian, either reflecting higher
riverine Sr input or restrained hydrothermal flux (see Fig. S18) (12, 50-53). Therefore, the
hydrothermal flux at the end-Permian should be less than or similar to today. Changing riverine Li
and its isotope compositions also can account for the observed seawater 8’Li values (Fig. S16).
Increasing the river flux alone for 5 Myr with modern riverine Li isotope values (+23%o) would
result in a first decrease, and then ascending 8’Li trends for seawater. Decreasing the river §’Li, with
river flux stayed constant, would result in seawater 8’Li trends similar to Figure S11. Neither process
alone has sufficient effect to perturb seawater 8’Li to the values observed in the Meishan section.
Thus, modeling the observed low 8’Li requires an enhanced riverine Li flux accompanied with very
light isotope ratios (Fig. S17). The results indicate that, if the river 8'Li set at ~ +4%o, the Li flux
would have to increase ~ 15-20% to cause the observed seawater 8’Li (+10-+16%o). Hence, the

modeling suggests a process with enhanced weathering rate, which we suggest is the only realistic



approach for explaining the Li isotope variations in seawater at PTB. As discussed in the main text,
the onset of PTB was in coincidence with the largest igneous-province (LIP) formation on the Earth,
the Siberian Traps (54). The eruption of Siberian Traps has exposed enormous flood basalts (~7x10°
km?) to the Earth’s surface. Because the weathering rates of minerals decrease with the Bowen
reaction sequence (Fig. S19), basalts, mainly composed of pyroxene + plagioclase + olivine + glass,
would be weathered very rapidly and highly congruent (few secondary minerals precipitated due to
their freshness and aluminum-deficient nature). This combined with hothouse climate and acid rains,

may provide favorable conditions for the enhanced weathering rate (55-60).
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Figure S1. Post-Archean Australian Shale (PAAS) normalized REE patterns of samples from
Meishan section and marine authigenic carbonate. The limstones from Beds 22-24 show similar
LREE light patterns, positive La anomalies, negative Ce anomalies and low REE concentrations to
the marine authigenic carbonate. Claystones from Beds 25-30 show flatter REE patterns but with
siginificantly higher REE concentrations than limstones from Beds 22-24, which is a clear signature
of marine authigenic clay minerals in more argilaceous beds. PAAS data after ref 23. Marine

authigenic carbonate data from ref 24.
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Figure S2. Al,O3-[Li] diagram of samples from Beds 22-30, Meishan section. Linear correlations
of Beds 22-24 and Beds 26-30 represent mixing lines: mixing of carbonate and chert (yellow line);
mixing of carbonate+chert and clays (blue line). Bed 25, due to its higher Kaolin content, is deviated
from the mixing line. The well-defined mixing line intersects with the carbonates + chert trend,
constrains a limestone (carbonate+ chert) end-member ([Li]~12 ppm, Al,03~1.8wt.%). The average
Li and Al concentrations of clays and chert in the Meishan section are consistent with the published
values (5, 16, 18, 21, 27, 33-36).
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Figure S3. Lithium isotopic ratios and Al,Os variations of samples from Beds 22-30, Meishan
section. Beds 25-30 all plot on the mixing trend of carbonates and clays. Beds 22-24, however, show
variable 8’Li independent to Al,O3 concentrations and suggest negligible contamination of clays in
these samples.
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triangle) and Beds 26-30 (blue diamond) represent mixing lines of carbonate with chert and
limestone with clays. Bed 24e (red circle), with pyrite lamina, has very high Fe,Os content. Bed 25
has lower Fe concentrations, which could be a signature of Kaolinite (31, 32).
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Figure S6. Pb-Sr diagram of Meishan section. Generally, carbonates (grey aera) have high Sr low
Pb concentrations, whereas clays have low Sr but high Pb concentrations (27, 28). Chert, with low
Sr and Pb concentrations (27, 33), is needed to explain the trends of Beds 22-24 and Beds 25-30.
The low Pb concentrations in Beds 22-24 indicate few clays are involved in these samples.
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calculated, which give 8’Li ~ -0.2%o in clays and 8’Li ~ +11.5%o in limstones.
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Figure S9. CaO contents vs. §’'Li diagram for calcarous mudstones from Beds 26-34 of the Meishan
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18.0

Beds 22-24
15.0
12.0
—_ y =-0.9687x + 9.2226
& R?=0.0064
= 90 .....................................................
5 O T e
~
)
6.0
3.0
Cla
0.0 v } f f f
0.0 0.2 0.4 0.6 0.8 1.0

1/Li (ppm)

Figure S10. Li concentration and isotopic composition of Beds 22-24 from Meishan section. The
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Figure S14. Seawater 8'Li response to combination of increased riverine flux (with low 8Liriy =
+2%o) and hydrothermal flux (with 8’Lint= +8%o), steady state model.
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Figure S15. Dynamic model results of increase hydrothermal flux from 0.5x to 20x10'°mole/year

for 5SMyr. Riverine [Li] flux and Li isotopic composition are set to present-day values.
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Figure S16. Response of seawater 8’Li to changes in the riverine flux and isotope ratio, dynamic

model.
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Figure S17. Response of seawater 8'Li to changes in the riverine flux with a fixed 8'Liriy = +4%o,
dynamic model. The results indicate the Li flux would have to increase ~ 15-20x to cause the

observed seawater 8’Li (+10-+16%o) at PTB.
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Figure S18. Seawater ¥’Sr/*®Sr evolution trend across Permian/Triassic boundary at different time
scales, data from Ref (51-53)
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results in increased stability during weathering. Revised after Ref (61).



I1I. SI Tables (S1-S3)
Table S1. Lithium isotope and [Li] data of the Meishan section, also shown the estimated seawater Li isotope compositions. The analysis precision for Li isotopic compositions are <0.5%o (2SD). We adopt an

estimated error of ~2%o (+1%o) for the calculated seawater 8’Li values.

Height CaO Li &'Li & Licar Fclay-Ca Fclay-1/Li Calculated [Li] & Liciays Seawater §'Li Seawater §'Li Seawater 8'Li
Formation Sample Name Rock type

m wt.% ppm %o %o of clay ppm %0 from clays %o from carbonate %o %o
Yinkeng 34-15 carbonaceous mudstone 12.63 5.84 376 1.2 - 0.84 0.83 42.6 1.2 17.2 15-17 17.2
Yinkeng 34-14 carbonaceous mudstone 12.10 6.05 384 13 - 0.83 0.84 43.6 1.1 17.1 15-17 17.1
Yinkeng 34-13 carbonaceous mudstone 11.58 5.31 38.6 1.2 - 0.85 0.84 433 1.1 17.1 15-17 17.1
Yinkeng 34-12 carbonaceous mudstone 11.05 5.18 40.3 12 - 0.85 0.86 45.0 1.0 17.0 15-17 17.0
Yinkeng 34-11 claystone 10.52 1.97 25.1 -0.1 - - - - - 15.9 - 15.9
Yinkeng 34-10 carbonaceous mudstone 10.47 5.78 38.0 13 - 0.84 0.84 43.1 1.1 17.1 15-17 17.1
Yinkeng 34-9 carbonaceous mudstone 9.94 571 39.1 13 - 0.84 0.85 441 1.0 17.0 15-17 17.0
Yinkeng 34-8 carbonaceous mudstone 9.41 6.51 346 1.0 - 0.82 0.80 39.9 1.4 17.4 15-17 17.4
Yinkeng 34-6 carbonaceous mudstone 8.88 4.61 44.0 12 - 0.87 0.89 48.3 0.7 16.7 15-17 16.7
Yinkeng 34-5 carbonaceous mudstone 8.35 6.41 38.2 2.2 - 0.82 0.84 435 1.1 17.1 15-17 17.1
Yinkeng 34-4 carbonaceous mudstone 7.86 5.83 349 2.0 - 0.84 0.80 39.9 1.5 17.5 15-17 17.5
Yinkeng 34-3 carbonaceous mudstone 7.37 8.23 343 2.2 - 0.77 0.80 40.5 1.4 17.4 15-17 17.4
Yinkeng 34-2 carbonaceous mudstone 6.99 433 41.2 1.9 - 0.88 0.87 45.4 0.9 16.9 15-17 16.9
Yinkeng 34-1 carbonaceous mudstone 6.49 2.98 49.4 14 - 0.92 0.93 52.6 0.4 16.4 15-17 16.4
Yinkeng 33 claystone 6.04 0.95 275 -0.3 - - - - - 15.7 - 15.7
Yinkeng 32-4 carbonaceous mudstone 5.81 5.50 395 21 - 0.85 0.85 44.4 1.0 17.0 15-17 17.0
Yinkeng 32-3 carbonaceous mudstone 5.67 6.89 36.7 21 - 0.81 0.83 42.3 1.2 17.2 15-17 17.2
Yinkeng 32-2 carbonaceous mudstone 5.53 7.44 327 24 - 0.79 0.78 38.4 1.6 17.6 15-17 17.6
Yinkeng 32-1 carbonaceous mudstone 5.39 10.25 28.7 2.7 - 0.71 0.71 35.5 2.0 18.0 15-17 18.0
Yinkeng 31-2 claystone 5.33 151 30.3 -0.3 - - - - - 15.7 - 15.7
Yinkeng 311 claystone 5.25 111 25.7 -0.2 - - - - - 15.8 - 15.8
Yinkeng 30-4 carbonaceous mudstone 5.18 3.09 40.5 21 - 0.91 0.86 441 1.0 17.0 15-17 17.0
Yinkeng 30-3 carbonaceous mudstone 5.00 13.65 204 4.4 - 0.62 0.50 26.9 35 19.5 15-17 19.5
Yinkeng 30-2 carbonaceous mudstone 4.82 11.35 246 3.7 - 0.68 0.63 31.2 2.6 18.6 15-17 18.6
Yinkeng 30-1 carbonaceous mudstone 4.74 8.32 295 2.8 - 0.77 0.73 35.5 2.0 18.0 15-17 18.0
Yinkeng 30-1 carbonaceous mudstone 471 1417 24.8 4.6 - 0.60 0.63 32.7 2.4 18.4 15-17 18.4
Yinkeng 29-1 carbonaceous mudstone 4.42 20.57 18.0 6.8 - 0.42 0.41 26.5 3.6 19.6 15-17 19.6

Yinkeng 27-C(D) carbonaceous mudstone 4.22 29.14 153 9.3 - 0.18 0.27 27.0 35 19.5 15-17 19.5




Table S1 continued

Height CaO Li &L & Licarb Fclay-Ca Fclay-1/Li Calculated [Li] &7 Liclays Seawater §'Li Seawater §'Li Seawater 6'Li
Formation Sample Name Rock type
m wt.% ppm %o %o of clay ppm %0 from clays %o from carbonate %o %o

Yinkeng 26 argillaceous mudstone 411 5.13 37.6 0.8 - 0.86 0.83 42.3 12 16.8 15-17 16.8

Yinkeng 25-26-3A claystone 4.09 1.10 30.2 -0.2 - - - - - - 15.8 15.8

Yinkeng 25-26-1A claystone 4.08 151 29.0 1.0 - - - - - - 17.0 17.0

Yinkeng 25-2A claystone 4.07 0.91 39.2 0.3 - - - - - - 16.3 16.3
Changhsing 24E3-25 chert limestone 4.00 17.54 176 124 - - - - - - 16.0 16.0
Changhsing 24-E1 chert limestone 3.97 48.11 21 6.9 - - - - - - 109 10.9
Changhsing 24-D6 chert limestone 3.73 48.69 16 9.0 1.9 - - - - - 13.0 13.0
Changhsing 24D2-B chert limestone 3.57 47.96 41 7.8 2.6 - - - - - 11.8 11.8
Changhsing 24-B chert limestone 331 44.43 21 124 11.0 - - - - - 16.4 16.4
Changhsing 239 chert limestone 3.10 46.14 5.9 7.8 - - - - - 11.8 11.8
Changhsing 23-7-B chert limestone 2.89 44.33 6.3 8.0 10.0 - - - - - 12.0 12.0
Changhsing 23-5 chert limestone 2.67 38.01 10.7 6.7 - - - - - 10.7 10.7
Changhsing 23-4-down chert limestone 2.48 33.78 14.1 11.2 11.2 - - - - - 15.2 15.2
Changhsing 23-2-middle chert limestone 2.23 51.18 2.7 6.8 - - - - - 10.8 10.8
Changhsing 23-1-up-C chert limestone 1.98 50.89 19 5.9 111 - - - - - 9.9 9.9
Changhsing 23-1-down chert limestone 1.92 49.35 3.6 6.9 11.4 - - - - - 10.9 10.9
Changhsing 22-16 chert limestone 181 51.62 1.6 6.6 - - - - - 10.6 10.6
Changhsing 22-14 chert limestone 1.55 41.92 8.7 6.3 8.3 - - - - - 10.3 10.3
Changhsing 22-12-13-C chert limestone 1.46 51.48 11 11.2 - - - - - 15.2 15.2
Changhsing 22-11 chert limestone 0.62 49.83 47 85 12.0 - - - - - 125 125
Changhsing 22-1-B chert limestone 0.00 33.85 6.2 16.8 149 - - - - - 20.8 20.8

Felay-Ca represent calculated fraction of clays in the studied argillaceous mudstone using diagram of CaO-87Li, where Felay-Ca=1-[Ca0]/35.5.

Felay-Li represent calculated fraction of clays in the studied argillaceous mudstone using diagram of 1/[Li]-87Li, where Felay-Li= (1/12-1/[Li]sample)/(1/12-1/65)

Calculated [Li] of clays are based on the equation of [Li]clay endmember=([ Li]sample-12)/Feclayt+12

8"Liclays is calculated Li isotopic compositions of clay endmember for each sample using 1/[Li]-6"Li diagram., 8'Liclays=171.5/[Li] clay endmember-2.8475

Seawater 8'Li calculated from clays using A’Lisw-clays~ +16%o and the calculated Li isotopic compositions of clay endmember for each sample.

Seawater 8’Li calculated from carbonate using A7Lisw-cab~ +3-5%o0 and the calculated Li isotopic compositions of carbonate endmember of ~11.5%o for samples from Beds 26-34 and the measured Li isotopic

compositions of limestones for samples from Beds 22-24



Table S2. Major and trace element concentrations in samples from the Meishan section

Sample
Name

30-4

30-1

29-1
27-C(D)
26
25-26-3A
25-26-1A
25-2A
24e3-25
24 (el)
24-D6
24D2-B
24-B

23-9
23-7-B
23-5
23-4-down
23-2-middle
23-1-up-C
23-1-down
22-16
22-14
22-12-13-C
22-11
22-1-B

Al203  Fe203  CaO MgO Na:O K20 TiO2  MnO  P20s Li B Sc \% Cr Co Ni Cu Zn Ga Rb Sr
wt.% trace element in ppm
13.16 7.14 3.09 2.65 0.16 4.81 0.53 0.03 0.35 405 579 124 111 603 125 321 337 156 199 125 144
7.74 6.00 14.17 7.26 0.09 2.74 0.34 0.08 0.18 248 189 7.66 505 337 680 172 181 144 107 746 206
5.02 511 2057 8.73 0.07 1.72 0.21 0.09 0.15 180 19.7 580 299 208 555 129 155 116 7.11 474 252
3.30 298 29.14 5.18 0.06 1.10 0.15 0.07 0.11 153 171 401 213 156 298 105 7.02 107 514 327 239
12.10 7.02 5.13 2.54 0.15 4.40 0.49 0.02 0.22 376 504 127 147 689 172 539 345 181 199 133 172
18.18 4.98 1.10 2.93 0.05 5.97 0.31 0.00 0.25 30.2 168 143 394 142 358 159 160 119 259 115 112
18.54 5.86 151 2.71 0.06 5.58 0.35 0.01 0.23 290 170 150 508 214 468 217 204 163 260 115 119
20.13 3.39 0.91 2.96 0.04 5.41 0.33 0.01 0.21 39.2 177 148 118 179 150 449 806 136 29.2 130 143
320 19.08 17.54 0.69 0.04 0.86 0.12 0.05 0.15 176 691 288 165 197 259 162 221 193 49 19.6 213
0.27 0.76 48.11 0.90 0.02 0.08 0.01 0.04 0.10 210 558 042 6.15 474 058 107 282 181 058 2.15 545
0.14 0.46 48.69 0.69 0.02 0.04 0.01 0.02 0.38 156 426 026 536 266 050 973 162 135 029 125 1151
0.45 0.69 47.96 1.04 0.02 0.15 0.02 0.01 0.07 410 543 057 113 713 085 126 329 134 074 493 544
0.19 0.57 4443 0.81 0.02 0.06 0.01 0.01 0.09 210 477 034 862 592 042 102 277 103 029 1.79 788
0.79 094 46.14 1.18 0.03 0.26 0.03 0.01 0.22 594 795 111 213 129 139 161 8.03 104 129 9.16 769
0.87 1.03 4433 0.87 0.03 0.30 0.04 0.01 0.28 6.35 107 122 157 171 145 170 862 101 141 103 612
1.73 118 38.01 0.91 0.04 0.55 0.03 0.01 0.39 10.7 948 190 493 346 180 261 220 129 258 179 632
1.55 1.04 33.78 0.58 0.05 0.45 0.01 0.01 1.16 141 143 217 179 266 0.78 173 196 11.7 243 12.8 507
0.22 0.55 51.18 1.18 0.03 0.08 0.01 0.01 0.49 268 523 049 108 482 064 113 389 106 045 273 793
0.21 0.49 50.89 1.08 0.03 0.07 0.01 0.01 0.44 190 484 035 6.87 417 062 107 292 101 039 238 931
0.56 0.68 49.35 1.02 0.03 0.16 0.01 0.01 0.68 365 700 101 102 651 187 129 549 102 0.70 5.15 754
0.13 045 51.62 1.04 0.03 0.04 0.00 0.01 0.85 164 484 042 427 364 052 106 285 911 023 1.23 811
1.52 0.92 41.92 0.94 0.06 0.46 0.00 0.01 3.45 870 195 165 233 209 185 181 199 104 198 136 742
0.09 0.44 51.48 0.79 0.03 0.03 0.01 0.01 112 1.09 488 022 6.76 196 050 102 144 103 0.18 096 876
0.52 0.66 49.83 0.77 0.03 0.16 0.02 0.01 0.14 465 6.10 056 7.13 386 060 965 4.07 7.16 074 5.73 1040
0.68 0.73 33.85 0.61 0.04 0.18 0.03 0.01 0.22 6.19 947 0.77 100 6.68 105 107 4.83 106 120 748 469




Table S2 continued

Sample
Name

30-4

30-1

29-1
27-C(D)
26
25-26-3A
25-26-1A
25-2A
24e3-25
24 (el)
24-D6
24D2-B
24-B

23-9
23-7-B
23-5
23-4-down
23-2-middle
23-1-up-C
23-1-down
22-16
22-14
22-12-13-C
22-11
22-1-B

Y Zr Nb Ba La Ce Pr Nd Sm Eu Gd Th Dy Ho Er ™™ Yb Lu Hf Pb Th U
trace element in ppm

225 120 209 272 385 731 850 303 580 090 533 086 463 096 278 044 290 045 376 274 129 7.28
191 781 985 158 265 503 6.28 227 443 083 432 068 353 072 193 028 174 026 237 111 896 215
219 513 629 974 241 424 579 215 431 082 436 068 350 072 192 027 167 026 149 969 566 152
299 358 455 135 279 431 616 233 473 089 508 080 429 092 258 036 219 033 109 754 412 1.76
200 115 151 254 394 678 812 292 544 090 504 077 407 083 237 037 244 037 356 438 155 6.86
327 286 187 443 430 995 119 435 828 098 766 131 734 150 410 059 355 051 107 474 470 7.35
322 274 191 66.2 484 110 131 475 881 105 792 130 7.12 144 391 056 340 049 981 566 429 7.68
381 340 240 206 472 111 133 478 932 108 864 151 844 168 448 062 360 051 121 416 535 7.50
239 420 124 765 244 476 648 249 564 083 576 095 508 104 292 044 305 047 133 575 575 937
210 39 045 668 129 177 217 839 187 026 248 044 276 066 202 030 187 029 012 514 049 516
255 223 020 683 201 320 040 150 030 006 034 006 032 007 021 003 019 003 005 189 029 357
339 659 070 106 240 4.02 050 184 039 007 043 007 042 009 028 004 026 004 016 470 065 246
315 255 023 106 266 444 056 206 041 007 044 007 040 0.09 026 004 023 004 006 231 033 164
6.36 846 098 376 6.62 106 143 534 105 020 109 017 089 019 052 007 044 007 024 379 118 468
559 908 113 181 560 103 127 477 09 018 099 015 083 017 048 007 043 006 025 445 151 3.16
716 184 111 346 610 986 141 532 115 023 120 019 105 022 063 009 059 009 045 576 241 573
144 177 057 225 102 162 246 942 220 038 246 042 240 049 138 019 121 018 038 646 295 431
409 398 035 478 335 481 067 25 055 011 062 010 056 012 034 005 029 004 011 074 058 3.02
201 270 031 449 171 272 036 134 028 006 031 005 027 006 016 002 014 0.02 0.07 052 042 202
615 536 049 655 555 810 104 377 078 015 087 014 081 017 051 008 051 008 016 168 101 3.82
390 169 018 316 245 323 049 194 044 010 053 009 050 011 030 004 026 0.04 004 041 034 315
148 199 022 236 104 154 251 100 230 043 256 042 231 047 128 017 110 017 054 479 342 108
202 156 015 245 168 282 034 130 028 005 032 005 028 006 016 002 013 0.02 0.04 044 031 3.00
242 608 078 837 330 584 069 246 046 008 046 007 036 007 021 003 020 0.03 017 132 117 143
565 783 160 155 419 746 083 307 065 011 073 012 073 016 047 007 042 0.06 019 242 096 299




Table S3 Input parameters for seawater Li isotope modeling

Total Lisw FRiv 57LiRiv FHT 67LiHT FSR 57Li3R Fsc 57Lisc 67Lisw
Run parameters 10®mole  10%°mole/yr %o 10°molefyr %o 10molefyr %o 10°molefyr %o %o
Start parameters 3.4x108 1 23 1.3 8 0.6 15 2.9 15 31
2,5, 10, .
Steady state -1 3.4x10° 1 20 13 8 0.6 15 Finput 15 Fig. S11
1,5, 10, .
Steady state -2 3.4x106 15 2 1.3 8 0.6 15 Finput 15 Fig. S12
05,1.3,5, .
Steady state -3 3.4x10°8 1 23 8 0.6 15 Finput 15 Fig. S13
10, 20
Steady state -4 3.4x10° 5,10, 15 2 1,5 8 0.6 15 Finput 15 Fig. S14
. 05,1.3,5, .
Dynamic -1 Nt 1 23 8 0.6 15 kNt 15 Fig. S15
10, 20
Dynamic -2 Nt 5,10 10, 23 13 8 0.6 15 kNt 15 Fig. S16
. 5, 10, .
Dynamic -3 Nt 4 1.3 8 0.6 15 kNt 15 Fig. S17
15, 20
Dynamic Nt 18,101 4,10 23 1.3 8 0.6 15 KNt 15 Fig.2

Start parameters are modern values from ref (9). In the stead state model, Fsc always equal to Finpu, lead to constant seawater Li reservoir ~3.4x10**mole. In the dynamic
model, as described in supplementary text, Fsc is a function of seawater Li concentration, thus forming a feedback system on seawater Li reservoir and Li input fluxes.
Detailed modeling parameters for Fig.2 in the main text are also listed in the table. The F, was initially set at high levels of ~18 times of present values for 300Kyr,
and then changed to 1x10!°mole/yr for 400Kyr. The §’Liyy was initially set at light values of ~4%o for 300Kyr, and then changed to 23%o for another 400Kyr.
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