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Lithium (Li) isotope analyses of sedimentary rocks from the Meishan
section in South China reveal extremely light seawater Li isotopic
signatures at the Permian-Triassic boundary (PTB), which coincide
with the most severe mass extinction in the history of animal life.
Using a dynamic seawater lithium box model, we show that the light
seawater Li isotopic signatures can be best explained by a significant
influx of riverine [Li] with light 8’Li to the ocean realm. The seawater
Li isotope excursion started >300 Ky before and persisted up to the
main extinction event, which is consistent with the eruption time of
the Siberian Traps. The eruption of the Siberian Traps exposed an
enormous amount of fresh basalt and triggered CO, release, rapid
global warming, and acid rains, which in turn led to a rapid enhance-
ment of continental weathering. The enhanced continental weath-
ering delivered excessive nutrients to the oceans that could lead to
marine eutrophication, anoxia, acidification, and ecological perturba-
tion, ultimately resulting in the end-Permian mass extinction.

end-Permian mass extinction | Li isotopes | Meishan section | continental
weathering | Permian-Triassic boundary

he Permian-Triassic boundary (PTB) at ~251 My marked
the most severe mass extinction in the history of animal life,
with over 80% of all marine species, ~70% of terrestrial verte-
brate genera, and most land plants eliminated (1-4). The PTB is
characterized by a series of abrupt ecosystem changes, such as an
increase in atmospheric CO, concentration, rapid global warm-
ing, terrestrial wildfires, acid rains, ocean acidification, and
marine anoxia (3-9). The causes of the extinction are under
debate, but have been attributed to causes including massive
flood basalt volcanism (Siberian traps), meteorite impact, marine
anoxia, and massive methane clathrate dissociation (1, 4-12). All
these hypotheses predict a greenhouse event; thus, enhanced
chemical weathering at this period may be expected. High Ba/Sr
ratios of paleosols from Graphite Peak, Antarctica, support an
abrupt increase in chemical weathering in the earliest Triassic in
the region (13). Systematic changes in sediment fluxes in the
aftermath of the end-Permian crisis and strontium isotope
changes across the PTB in condodonts appear to indicate ele-
vated weathering rates in the Early Triassic (14, 15). A promising
and newly developed indicator for ancient global weathering rate
is represented by paleomarine Li isotopes derived from sedi-
mentary carbonates (16-18). Unlike other isotopic systems such
as Sr and Os, Li is almost solely hosted in silicate minerals and is
advantageous because it remains insensitive to weathering of
continental and marine carbonate (affects Sr isotopes) or black
shale (affects Os isotopes) (19, 20). Also, Li isotopes are not
fractionated through redox reactions and biological processes
(21). Riverine Li signals are exclusively dominated by weathering
of silicate rocks; hence they can provide unique information on
silicate weathering rate and carbon dioxide consumption during
weathering (16-18, 22).
Here, we present lithium isotope analyses, as well as major
and trace-element compositions, of bulk rock samples from
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the Meishan section in South China. We aim to constrain the
Late Permian-Early Triassic weathering rate and its potential im-
pact on global climate changes when the end-Permian extinction
occurred.

Stratigraphy and Sampling

The Meishan section in South China, as the Global Stratotype
Section and Point (GSSP) of the PTB, is one of the most ex-
tensively examined sections worldwide with respect to the end-
Permian biotic crisis (3, 12, 23, 24). Our samples were collected
from the well-documented Late-Permian Changhsing (Beds 22—
24) and Early Triassic Yinkeng formations (Beds 25-34) from
the Meishan section (Fig. 1). The Meishan section comprises
varying lithologies. Beds 22-24 consist of bioclastic to micritic
limestones. Bed 25 is a 4-cm-thick, whitish claystone. The base of
Bed 25 is uneven and represented by a very thin (~ 0.3-cm-thick)
pyrite lamina. Bed 26 is a 6-cm-thick, dark-gray claystone. At
Meishan, the end-Permian extinction preserved by Beds 25-26 is
estimated to have marked a loss of ~94% of marine species (3).
Bed 27 consists of light-gray biotic packstone to wackestone with
occasionally micrite texture. The index taxon Hindeodus parvus
first appearing at the base of Bed 27c marks the GSSP of the
PTB (23). Bed 28 is gray-green claystone of ~0.5 cm thickness.
Bed 29 is dominated by wackestone and overlain by marlstone up
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Estimates of seawater Li isotopic composition at the Permian-
Triassic boundary (PTB) reveal extremely light seawater Li iso-
topic signatures accompanying the most severe mass extinction
in the history of animal life. Theoretical modeling indicates a
rapid enhancement of continental weathering during this time,
which was likely triggered by the eruption of the Siberian Traps,
rapid global warming, and acid rains. Our results provide in-
dependent geochemical evidence for an enhanced continental
chemical weathering at the PTB, illustrating that continental
weathering may provide a key link between terrestrial and
marine ecological crises.
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Fig. 1. (A and B) Stratigraphy, geochronology, major and trace-element concentrations, black carbon (BeP), O isotopes, Li isotopes, Sr isotopes, and car-

bonate carbon isotopic composition for the Meishan section. Tawny circle in &’Li diagram represents analysis of carbonate fractions in limestones through
chemical separation method. Claystones layers are marked by red circle. Stratigraphic column of the PTB is revised from ref. 12, ages and carbonate carbon
isotopic excursion after ref. 25, black carbon data from ref. 5, O isotope data from ref. 8, and Sr isotope data from ref. 15.

to Bed 34. Beds 30-34 are dominated by organic-rich mudstone
and black shale with several claystone layers.

The most up-to-date geochronological U/Pb dating on
zircons from volcanic ash beds has yielded minimum detrital
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ages of 252.104 + 0.060 My from the stratigraphically older
Bed 22,251.941 + 0.037 My from Bed 25, 251.880 + 0.031 My
from Bed 28, 251.583 + 0.086 My from Bed 33, and 251.495 +
0.064 My from Bed 34 (25). These ages are sequentially
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Fig. 2. Seawater &’Li at the PTB and dynamic modeling fit to the observed data. Model line (red dashed line) represents the variation of lithium isotope
composition of seawater corresponding to enhanced weathering pulse (with 18x Li flux and &Li ~4%o) started before Beds 22-23 for ~300 Ky and subsequent
decrease in weathering rate (with 1x Li flux and 8’Li ~23%o) from Bed 24 to Bed 34 for ~400 Ky. Purple dotted line is the smoothed seawater Li isotopic trend.
Detailed modeling parameters can be found in S/ Appendix, Table S3. The modeling suggests climate change from humid to arid at PTB, which is consistent
with the eruption time of the Siberian Traps. Dashed black line corresponding to the early stage of Bed 24 represents the change of modeling parameters.
Timeline of Siberian Traps LIP magmatism (purple and green bands) and dated ash beds from the Meishan section (black bars) are from refs. 25 and 46.

younger in a direction and are consistent with U/Pb age
dating of volcanic ash layers from terrestrial and deep ma-
rine sections, which establish the onset of the Triassic
(26, 27).

Major and Trace Element and Li Isotopic Compositions

Bulk rock samples from the Meishan section were measured
for major and trace elements and Li isotopes. Both Li con-
centration and isotopic compositions show large variations
across the PTB (Fig. 1). Beds 2224 show relatively high &’Li
values from +6.3 to +16.8%o0 (mostly from +6 to +12%o),
whereas the element concentrations remain at low levels
(<10 ppm). 8’Li values start to decrease at Bed 25 and reach
the minimum (-0.3 to +1.0%0) with high Li concentrations
(29.0-39.2 ppm) within Beds 25-26, where the negative carbon
isotope excursion and well-documented biotic crisis peak have
been reported (3). After a brief increase in 8’Li values and
decrease in Li contents (Bed 26 to Bed 27), the progression
from Bed 27 to Bed 34 shows systematic decrease from +9.3%o
to +1.0%0 in 8’Li with variable Li abundance ranging from
15.3 to 49.4 ppm. Claystone layers from Beds 26-34 show
uniform light Li isotopic compositions of —0.3%o0 to —0.1%o0
that resemble Bed 25. Major and trace elements also show var-
iations stratigraphically, with the most notable features being
negative Eu/Eu* and positive Ce/Ce* anomalies, and abrupt
Mn decline at the PTB (Fig. 14). The carbonate fractions in
limestones exhibit similar Li isotopic compositions with the
bulk rocks (Fig. 1B).
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Seawater Li Isotope Reconstruction for the PTB

Given that the residence time of Li in seawater (~1.2 My) is
much longer than the oceanic mixing time (~1,000 y) (16), Li in
present-day seawater is well mixed vertically as well as laterally
homogeneous in both elemental concentration and isotopic
composition {[LiJsw = 0.2 ppm; 8'Ligw = +31%0 (28-30)}. It
has also been well documented that the lithium isotopic
fractionation between seawater and marine sediments is rela-
tiVCly constant [ASW-biogenic carbonate N3_5%0; ASW-clay ~16-19%o0
(28, 31)]. Thus, marine sediment can provide an archive for
the 7Li/°Li of contemporary seawater (16, 17, 32).

The sediments from the Meishan section show similar Rare
Earth Element patterns to the marine carbonate, indicating that
they were marine authigenic sediments (SI Appendix, section I).
To reconstruct the Li isotopic composition of seawater, [Li]-
AlL,O3, 8’Li-ALOs, 8’Li-1/[Li], CaO-1/[Li], and 8’Li-CaO dia-
grams were used to evaluate the relative proportion of carbonates
and clays in different beds (SI Appendix, Figs. S2, S3, and S7-S9).
Limestones from Beds 22-24 show strong positively correlated Li
and ALO; contents (SI Appendix, Fig. S2), which may be inter-
preted as resulting from mixing between clay minerals and car-
bonate. However, the very low Al/Li ratios of ~0.17 (carbonate
mixing with clays would result in Al/Li values of ~0.4) and variable
8’Li, independent of Al content (SI Appendix, Fig. S3), rule out
this possibility. Carbonate mixing with chert (Al,O; ~3 wt %, [Li]
~20 ppm) is a more likely explanation (33, 34). This inter-
pretation is supported by the [Li]-[B], [Li]-Fe,O3 and Pb-Sr
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Fig. 3. Schematic model linking the eruption of the Siberian Traps, acid rains, greenhouse event, enhanced global chemical weathering, and their ecological
consequences to the marine realm during the Latest Permian. Events are arrayed by cause-and-effect relationships. Note that the continental weathering and
riverine nutrient delivery plays a critical role that links terrestrial and marine ecological crises.

data (SI Appendix, Figs. S4-S6). Although a fractionation factor
in chert is lacking, samples from Beds 22-24 show no linear
correlation between 8'Li with abundance of Li or Al,O5. This,
and the similar Li isotopic values between the limestones and
the carbonate fractions therein (Fig. 1B), together with the
good correlation between Al,O3 and [Li], indicate that chert
should have Li isotopic compositions similar to carbonate.
These observations imply that without the mixing of clays, the
limestones from Beds 22-24 may represent primary seawater
signatures by adding a 3-5%o fractionation (17). Calcare-
ous mudstone samples from Beds 26-34 define mixing trends in
8’Li-AlL O3, [LiJ-Al,03, CaO-1/[Li], and 8’Li-CaO diagrams,
with Al,O5/Li values of ~0.4, indicating increased proportions
of clays. The well-defined mixing line (1/[Li]-6’Li) of Beds 26—
34 implies two steady-state end members, carbonates and clays.
The mixing calculation yielded 8’Li values of ~+11.5%o0 for
limestones and ~—0.2%o for clays. In this way, the estimated Li
isotope composition for seawater calculated from both car-
bonates (~+14.5-+16.5%0) and clays (~+15-+18%o0) are in
good agreement. Bed 25, having high Al,O3, B and low Ti, Na,
Fe, Co concentrations, is clearly different from other samples.
These features could be attributed to high Kaolin proportions
in Bed 25, which are documented with the X-ray diffraction
data of the Meishan section (35). The high Li, Al, and B (B up
to 117 ppm) concentrations imply that clays dominate Li in Bed
25. Estimated seawater Li isotope compositions from Bed 25 is
~+16.0-+18%o, resembling the values of Beds 26-34. Similar
treatment was also applied to the claystones from Beds 26-34,
which also yielded coherent seawater Li isotope values of
~+16%eo. Constructed paleo-seawater Li isotope records from
the Meishan section are listed in SI Appendix, Table S1 and
plotted in Fig. 2.

Enhanced Weathering Associated with the End-Permian
Mass Extinction

Ancient seawater lithium isotope records are important in
documenting continental weathering and paleoclimate changes
(16). Estimated 8’Li values for seawater proximal to the PTB at
Meishan range from +10 to +21%o (mostly +10 to +18%o
except for one relatively high value of +21%o at the base of Bed
22), which is much lighter on average (~15%o) than the value
of ~+31%o for present-day seawater (36). A box model is used
here (SI Appendix, section I) to constrain the possible origin of
low-seawater 8’Li. Fractionation of isotopes during removal of
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Li from seawater into clays is assumed to be constant (Asw.sgp ~
16%o), because the process of clay mineral formation and
alteration of oceanic crust shows little change over time (16,
29). Thus, the main driver of ocean 8" Ligw change is the input
Li fluxes from continental silicate weathering and high-
temperature (HT) vent fluids. Modeling suggests that chang-
ing of HT flux could lead to Li isotopic shifts. However, if
riverine Li stays unchanged, HT (even 20x of present-day flux)
alone cannot yield the observed isotopic values at the PTB.
Hydrothermal flux is related to seafloor spreading rates, em-
pirically proportional to midocean ridge volume. Based on the
low sea level at the end-Permian and the existence of super-
continent Pangea (320-185 My), the ridge volume was probably
at a minimum at that time (37). High-resolution Sr isotope
records of carbonate show increased %’Sr/*®Sr at the end-
Permian, reflecting either high riverine Sr input or restrained
hydrothermal flux (38, 39). These constraints, taken together,
imply that the hydrothermal flux at the end-Permian should be
less than today and that a more plausible mechanism for the
low Li isotope signature in seawater is the change of weathering
Li input. Unlike hydrothermal fluid, riverine Li covers a large
range of isotopic compositions from ~+2%o (congruent
weathering) to ~+42%o (highly incongruent weathering) (17,
36, 40). Moreover, riverine Li flux, as a function of [Li];jyer and
global water flux, could have been significantly changed with
climate variations. A decrease in 8Li from +20 to +2%o with a
constant Li river flux for 5 My would result in seawater value
changes from +29 to +23%eo, which is still much higher than the
observed seawater 6’Li values at the PTB. Thus, modeling the
observed low 8'Li requires an enhanced riverine Li flux ac-
companied by very light isotopic compositions. Such a process
could occur, as intense congruent weathering (high silicate
minerals dissolution rate) results in both low 8’Li and high [Li]
in rivers. Further modeling indicates (SI Appendix, section I)
that if the river 8’Li is ~+4%o, the Li flux would have to in-
crease ~15-18x to yield the observed light seawater 8'Li (+10-
+16%o0).

The above discussions suggest that the end-Permian riverine
Li exhibits very light isotopic compositions with fluvial flux in-
creasing about 10-18x relative to present day, and thus indicates
an enhanced weathering rate. High-precision age dating indicate
coincidence of the PTB with the largest igneous-province (LIP)
formation on the Earth, the Siberian Traps (41, 42). The LIP
exposed an enormous flood basalts province (~7 x 10° km?) and
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contributed volcanic ash to the Earth’s surface. Both would re-
lease light Li during chemical weathering (43). Because the
dissolution rates of minerals decrease in the order of olivine >
Ca-plagioclase > pyroxene > Na-plagioclase > K-feldspar > musco-
vite > quartz (22), basalts, mainly composed of pyroxene + plagio-
clase + olivine + glass, would be weathered very rapidly and highly
congruent (i.e., few secondary minerals precipitated due to
their freshness and aluminum-deficient nature). Volcanic ash,
with high reactive surface area during weathering, would re-
sult in even higher weathering rate than the basalts (22).
Thus, rapid dissolution of the fresh Siberian flood basalts and
volcanic ash may have played an important role in the rapid
enhancement of chemical weathering rates at the PTB. The
massive volcanism has also outgassed large amounts of CO,
and SO, aerosols into the atmosphere (44). This process, to-
gether with possible methane clathrate dissociation, may have
led to a global warming and acid rain (6, 13, 45). Experimental
studies have demonstrated that mineral dissolution under
acidic conditions is an order of magnitude faster than disso-
lution under neutral pH (22). Therefore, it is likely that the ex-
tremely enhanced chemical weathering at PTB may have resulted
from hot acid rain weathering of fresh erupted basalts.

The coincidence between the extinction event and dramatic
climate changes has been shown at the Meishan section. Beds
25-26, with a loss of >90% of marine species within less than
0.5 My, marked the main phase of the PTB mass extinction (3).
The main phase of the marine PTB mass extinction occurred
synchronously with the sedimentary-ecosystem transition from a
humid tropical biota to oolites and calcimicrobialites deposited
under arid climate conditions (24). Black carbon, as a proxy of
forest wildfire at the PTB, starts to increase in Beds 23-24 and
reached a climax in Beds 25-26, reflecting climate transition to
arid condition and forest decimation (Fig. 14) (5). Such a cli-
mate change should have repressed the weathering rate, and thus
might have resulted in decreased riverine Li flux and possibly
higher 8’Li. This is consistent with the elevated seawater 8'Li in
Beds 25-34 (~4%o higher than Beds 22-24, Fig. 2). Our mod-
eling results indicate that a first enhanced weathering pulse (with
18x Li flux and 8’Li ~ +4%o) for ~300 Ky and subsequent de-
crease in weathering rate (with 1x Li flux and 8’Li ~ +23%o0)
from Bed 24 to Bed 34 for ~400 Ky fit the best for the measured
data (Fig. 2). The modeling cannot provide details to global
riverine Li variations, but the data suggest that the estimated
seawater 8’Li values require an initial increase and then a re-
strained riverine Li input, further validating the possibility of a
globally enhanced chemical weathering and climate change from
humid to arid conditions at the PTB.

The eruption of the Siberian Traps is widely proposed to have
triggered the end-Permian extinction (1). The Eu/Eu* profile of
conodont bioapatite shows mantle-sourced values of 1.0-1.5 in
Bed 24e, indicating a possible fingerprint of the Siberian Traps
eruption (35). Reported high-precision dating of the Siberian
traps confirms about two-thirds of the total lava/pyroclastic vol-
ume was erupted over ~300 Ky, before and concurrent with the
end-Permian mass extinction (46). The eruption of the Siberian
Traps exposed enormous fresh basalt as well as volcanic ash onto
the continents, and released significant amounts of CO, and SO,
aerosols into the atmosphere, triggered acid rains and green-
house warming, and ultimately resulted in enhanced global
weathering rate with light riverine and seawater 8'Li as we ob-
served from the Meishan section. Unlike Li isotopes, the high-
resolution seawater Sr record indicates high weathering rates
which coincide with the PTB interval and the Early Triassic (15).
However, by coupling seawater Sr isotope changes and the tim-
ing of the Siberian Traps, it is likely that the end-Permian Sr
cycle may have been significantly perturbed by the fast weath-
ering of unradiogenic flood basalts. Therefore, Sr isotopes may
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not be a straightforward tracer of continental weathering for this
case given the unradiogenic nature of the Siberian Traps.

Chemical weathering of silicate consumes atmoszpheric CO; and
brings HCO;™, dissolvable cations (such as Mg”*, Ca®*, Na*),
and suspended matter to the marine system. Hence, a rapid
enhancement of chemical weathering would have led to increased
riverine nutrient fluxes and elevated turbidity (Fig. 3). It has been
proposed that increased sediment fluxes in the Early Triassic may
have caused severe biological consequences, such as reducing light
levels and photosynthesis, slowing skeletal calcification, depleting
dissolved oxygen, and smothering benthic organisms (14). The
observed Mn decline, negative Eu/Eu*, and positive Ce/Ce*
anomalies at Beds 25-26 support marine anoxia at the time (47).
Recent studies revealed that the Cenomanian-Turonian boundary
(the Ocean Anoxic Event 2), which was marked by high atmo-
spheric pCO,, high sea-surface temperature, global marine anoxia,
and mass extinction, was also accompanied by enhanced global
weathering rates (17). The remarkable light seawater Li isotope
reported in this study provides independent geochemical evidence
of an enhanced chemical weathering at the PTB. The enhanced
continental weathering delivered excessive nutrients to the oceans,
leading to marine eutrophication, anoxia, acidification, and eco-
logical perturbation, and may ultimately have led to the end-
Permian mass extinction (Fig. 3). Our Li isotopic study of the
Meishan section demonstrates that enhanced continental weath-
ering may provide a key link between terrestrial and marine
ecological crises, and future Li isotopic investigation on other PTB
sections can test the present hypothesis.

Methods

For bulk-rock Li isotope analysis, ~100 mg of bulk-rock powders were
completely digested in a 3:1 mixture of double-distilled HF and HNO3 at
180 °C. The samples were then dried, refluxed three to four times in 8 M
HCl, and redissolved in 0.2 M HCI for column purification. For carbonate
fraction in limestones, a chemical leaching method using dilute acid was
applied (17). Approximately 200 mg of bulk carbonate was leached in
0.1 M HCI for 1 h. After centrifugation, the supernatants were then dried
and redissolved in 0.2 M HCI for column purification. Separation of Li for
isotopic composition analysis was achieved by an organic solvent-free two-
step liquid chromatography procedure in a clean laboratory at the Uni-
versity of Houston (48). Large columns (15 mL first step columns and 5 mL
for second step columns) were used to ensure that the column was not
saturated for sodium and other cations, which is important for low Li
samples. All separations were monitored with quadrupole inductively-
coupled plasma mass spectrometer (ICP-MS) analysis to guarantee both
high Li yield and low Na/Li ratio (<0.5). Solutions for multicollector in-
ductively coupled plasma mass spectrometry (MC-ICP-MS) analysis were
matrix matched to 10 or 50 ppm according to the bracketing standards to
ensure the best precision and accuracy. The total procedure blanks de-
termined for the combined sample digestion and column procedure were
about 0.03 ng Li. Compared with the ~50-4,500 ng Li used for our analysis,
the blank correction is not significant at the uncertainty levels achieved.
We report results as &’Li = {[(’Li/°Li)sample/(’Li/°Li)standard] — 1} x 1,000,
relative to the L-SVEC Li-isotope standard (49).The lithium isotopic com-
positions were analyzed on a high-resolution Nu Plasma Il MC-ICP-MS at
University of Houston and a Neptune plus MC-ICP-MS at University of
Science and Technology of China (50). Aqueous samples were introduced
through a Cetac Aridus Il desolvating nebulizer. Each sample analysis was
bracketed before and after by 10 or 50 ppb international Li isotopic
standard (L-SVEC). The in-run precision on 7Li/’Li measurements is <0.2%o
for one block of 50 ratios. The external precision, based on 2¢ of repeat
runs (n > 10) of pure Li standard solutions and United States Geological
Survey standards, is <0.5%0. Analysis of international rock reference ma-
terials yields 8’Li values of +4.29 + 0.23%o, +3.14 + 0.41%o, and +4.91 +
0.34%o for BHVO-2, JP-1, and DTS-2, respectively.
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