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Following the end-Permian mass extinction, temperatures remained elevated for ~5 Myr, 
suggesting a fundamental restructuring of the Earth’s climate system. Both a weak 
silicate weathering feedback and CO2 release from enhanced marine authigenic clay 
precipitation are proposed to have sustained elevated temperatures during the Early 
Triassic. The lithium isotope (δ7Li) proxy can reveal the roles of terrestrial and marine 
reverse weathering in maintaining elevated Early Triassic temperatures. We present the 
first δ7Li values from Upper Permian to Middle Triassic carbonate strata from the 
Panthalassa Ocean and the western Tethys Ocean. At the Permian/Triassic boundary, 
carbonate δ7Li values in these records, along with previously published data from the 
eastern Tethys, are consistently below 0‰, and remain low in the Early Triassic. 
Differences in carbonate δ7Li values among sections are interpreted as the combined 
influence of diagenetic alteration and carbonate mineralogy on the isotopic fractionation 
from co-eval seawater. In the Early Triassic, we observe a large difference between 
carbonate δ7Li values and published siliciclastic records following the extinction. Even 
after accounting for carbonate diagenesis, these paired records imply Li isotope 
fractionation between carbonate minerals, authigenic marine clay, and seawater that are 
distinct from modern marine environments. Inferred minimum and maximum 
constraints on seawater δ7Li values from these Early Triassic records are also 
incompatible. We hypothesize that a reduced oceanic Li reservoir—and thus, short 
residence time—may account for the anomalous Early Triassic δ7Li records, implying a 
simultaneous increase in continental weathering and marine clay authigenesis. 
Heterogeneous seawater δ7Li records in the Early Triassic could be, therefore, a potential 
symptom of perturbed carbon-silica cycling that permitted elevated temperatures to 
persist far longer than the typical timescale for the silicate weathering feedback on 
Earth’s climate. 

1. INTRODUCTION 

The end-Permian mass extinction (252 Ma) has long been 
recognized as the greatest biotic catastrophe in the history 
of complex life (Newell, 1967). Approximately 80% of 
Changhsingian marine animal genera did not survive into 
the succeeding Induan stage (Payne & Clapham, 2012), and 
terrestrial ecosystems were similarly disrupted (e.g., Retal
lack, 1995). Although the main extinction pulse—tied to 
Siberian Traps volcanism—occurred in less than 60 kyrs 
(Burgess et al., 2014), the subsequent recovery of ecosys

tems was dampened during the next several million years 
(e.g., Z.-Q. Chen & Benton, 2012; Hallam, 1991). Proxy 
data have revealed a 10˚C warming of global temperatures 
that began during the Permian–Triassic (P/Tr) transition 
and persisted through a 5 Myr interval of delayed or inter
rupted biotic recovery (Joachimski et al., 2020; Romano et 
al., 2013; Y. Sun et al., 2012). Although the source and tim
ing of initial P/Tr warming is well established (Burgess et 
al., 2014), the processes that sustained high CO2 and al
lowed for the protracted warm interval remain elusive. 
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The Early Triassic was one of the warmest intervals of 
the past half-billion years on Earth (Isson & Rauzi, 2024; 
Retallack, 1999). This prolonged warmth extends well be
yond the expected timescale of silicate-weathering-driven 
carbon cycle recovery following a carbon injection event, 
reflecting a failure of the silicate weathering feedback in 
regulating climate during this interval (Kump, 2018). High 
continentality and minimal ongoing tectonic uplift of fresh 
continental rocks (and therefore the supply of weatherable 
material) associated with the Pangaean supercontinent 
have been proposed to have limited continental silicate 
weathering (Kump, 2018). However, strontium isotope data 
(87Sr/86Sr ratios) show a rapid rise to higher (i.e., more radi
ogenic) values during the Early Triassic (Korte et al., 2003; 
Martin & Macdougall, 1995; Sedlacek et al., 2014; Song et 
al., 2015; F. Zhang, Romaniello, et al., 2018), which is at
tributed to an increase in continental weathering during 
this time. Moreover, the decimation of silica biomineral
izers—marked by a “chert gap” observed in Lower Triassic 
strata (Beauchamp & Baud, 2002; F. Yang et al., 2022)—is 
proposed to have increased marine dissolved silica concen
trations, resulting in enhanced rates of reverse weather
ing (e.g., marine clay authigenesis) that sustained elevated 
carbon recycling in the ocean-atmosphere system (Isson 
et al., 2022; Rauzi et al., 2024). This hypothesis proposes 
that increased alkalinity consumption via reverse weather
ing would liberate CO2 initially captured via silicate weath
ering, retaining it in the ocean-atmospheric system and 
maintaining elevated atmospheric pCO2 (Isson et al., 2020; 
Isson & Planavsky, 2018). Although definitive evidence for 
reverse weathering is difficult to obtain from the preserved 
marine sedimentary record, this positive feedback is hy
pothesized to have stabilized the Earth’s climate system in 
a greenhouse state during the Early Triassic (Isson et al., 
2022; Isson & Planavsky, 2018). 
Lithium isotopes (7Li/6Li ratio, reported in delta nota

tion as a δ7Li value relative to LSVEC, a synthetic lithium 
carbonate standard) of sediments have emerged as a useful 
proxy for tracking changes in clay formation in both terres
trial and marine environments (fig. 1; summarized by Pogge 
von Strandmann, Dellinger, et al., 2021), which can pro
vide insight into continental and reverse weathering dur
ing climatic and biospheric perturbations (e.g., Pogge von 
Strandmann et al., 2013; Pogge von Strandmann, Jones, et 
al., 2021). The lighter Li isotope (6Li) is preferentially incor
porated into clay minerals (Burton & Vigier, 2012; Vigier 
et al., 2008), which leaves the fluid enriched in the heav
ier isotope (7Li). In continental settings, riverine δ7Li val
ues reflect the balance between the dissolution of primary 
silicate minerals and secondary clay precipitation—or the 
congruency of weathering (Dellinger et al., 2015; Huh et 
al., 1998; Misra & Froelich, 2012; Pogge von Strandmann 
et al., 2013). In addition to continental weathering, about 
half of the Li input to the ocean is from hydrothermal 
alteration of ocean crust at mid-ocean ridges, which ex
hibits a δ7Li value of ~6‰ (Coogan et al., 2017). The δ7Li 
value of hydrothermal fluids does not appear to vary with 
sediment cover or fluid composition, suggesting it is con
trolled by deeper processes that are unlikely to change sig

Figure 1. Cartoon of modern δ   7Li mass balance. The     
δ7Li value of the dissolved load in rivers to seawater           
can vary with secondary clay formation and        
dissolution (e.g.,   Dellinger et al.  ,  2015). The effective    
isotope offset between seawater and output fluxes (Δ)         
also reflects the preferential removal of       6Li into   
marine clays   (G. Li & West   ,  2014), but can decrease if      
the rate of marine clay formation and associated Li          
uptake increases   (Kalderon-Asael et al.  ,  2021). For   
references, see text.    

nificantly over time (Hathorne & James, 2006). Lithium is 
removed from seawater via marine clay formation during 
low-temperature basalt alteration and in the ambient sed
iment pile (fig. 1). In the modern ocean, these processes 
are associated with isotope fractionation factors (Δ7Lifluid-
clay) of ~12 to 16‰ and ~20‰, respectively (Chan et al., 
2006; Misra & Froelich, 2012; Vigier et al., 2008), but these 
have likely varied through time due to changes in bottom-
water temperature and clay formation rate (Coogan et al., 
2017; Kalderon-Asael et al., 2021; F. Li et al., 2021; G. Li 
& West, 2014). Seawater δ7Li values reflect the balance of 
these processes, and therefore, reconstructions of δ7Li val
ues of seawater can provide insight into Li cycling across 
climate events (fig. 1). 
Interpretations of Permian and Triassic δ7Li records are 

hampered by a lack of constraints on how this proxy 
records, or fails to record, the seawater δ7Li value, as well 
as the potential for changes in multiple sources or sinks to 
also drive trends, leading to non-unique explanations for 
temporal changes in Li cycling (Cao et al., 2022; G. Li & 
West, 2014; Rauzi et al., 2024; H. Sun et al., 2018). A 600 
kyr δ7Li record from carbonate strata of the main extinc
tion event (H. Sun et al., 2018) does not provide a com
plete picture of weathering prior to or following the ex
tinction, nor does it follow the carbonate leaching method 
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widely adopted to isolate Li bound in carbonate minerals 
while avoiding silicate contamination. A composite Li iso
tope record from the Middle Permian to the Smithian/
Spathian boundary (late Early Triassic) revealed nearly 
crustal δ7Li values (i.e., ~0‰; Sauzéat et al., 2015; Teng 
et al., 2004) in carbonates deposited more than a million 
years prior to the extinction interval (Cao et al., 2022), with 
a modest increase to ~5‰ in the Early Triassic. However, 
this record does not track the recovery into the cooler Mid
dle Triassic. Whether a carbonate record from one location 
(South China) is representative of the global ocean is also 
unclear because weathering intensity and diagenetic effects 
vary spatially. Today, Li is well-mixed in the ocean due to 
its long residence time relative to ocean circulation (𝜏 = 1.5 
Ma; Huh et al., 1998). However, at other times, different 
ocean basin configurations, ocean circulation patterns, or 
changes in the global Li budget could result in heteroge
nous seawater δ7Li values. Moreover, incorporation of Li 
during the precipitation of carbonate minerals from sea
water can result in variable (ca. ~0 to 12‰) isotope frac
tionation according to the carbonate mineralogy as well as 
environmental factors such as pH (e.g., Marriott, Hender
son, Crompton, et al., 2004; Murphy et al., 2022; Pogge 
von Strandmann, Schmidt, et al., 2019). Therefore, compar
ing δ7Li records from several paleogeographic locations can 
help to evaluate if a global signal can be reconstructed or 
whether records are impacted by local factors such as di
agenesis, differences in carbonate mineralogy, or hetero
geneity of seawater δ7Li values. 
We address these current knowledge gaps with δ7Li 

analysis from carbonate successions from two distinct pale
ogeographic sites that extend the carbonate δ7Li record to 
the Middle and Late Triassic. As the first study to compare 
differences among co-eval carbonate sections, records from 
the Panthalassa Ocean and the Western Tethys, combined 
with published records from the Eastern Tethys (Cao et al., 
2022), can provide a more detailed picture of the factors in
fluencing carbonate δ7Li values on the global scale. These 
records are compared with marine siliciclastic δ7Li records 
(Rauzi et al., 2024). Siliciclastic δ7Li records reflect changes 
in isotopic composition and relative proportions of terres
trial material and marine authigenic clay, which may pro
vide insight into continental weathering and marine clay 
authigenesis (i.e., reverse weathering). By interrogating the 
differences between the δ7Li records of these sedimentary 
archives, we propose further constraints on Li cycling dur
ing this climatically unique interval. 

2. MATERIALS AND METHODS 

2.1. Geologic Materials 

Carbonates from two stratigraphic sections in Turkey and 
Japan were analyzed to complement existing carbonate 
δ7Li records from South China, thus expanding the spatial 
coverage to the western Tethys and Panthalassa Oceans 
and temporal coverage into the Middle and Late Triassic 
(fig. 2). The Upper Permian to Middle Triassic stratigraphy 
of the Taşkent (Turkey) section has been published pre

Figure 2. Paleogeographic map of Early Triassic δ     7Li  
records. Carbonate δ  7Li successions from Taşkent,     
Turkey and Takachiho, Japan are presented in this         
study, and carbonate δ   7Li values from the Shanggang      
and Shangsi sections in South China were presented in          
Cao et al.    (2022). The locations of the siliciclastic δ      7Li  
records from New Zealand (Waiheke) and Svalbard        
(Festningen), discussed in comparison the carbonate       
record, are also shown     (Rauzi et al.  ,  2024).  
Paleogeographic map modified from Lau et al.        (2017),  
with light gray representing reconstructed continental       
shelf.  

viously (Lau et al., 2016, 2017; Payne et al., 2007). The 
age model (updated from Lau et al., 2016, 2017) is based 
on biostratigraphic, lithostratigraphic, and carbon isotope 
chemostratigraphic correlation to the well-dated Guandao 
(South China) section (Altıner et al., 2021; Lehrmann et 
al., 2015). The Takachiho (Japan) section was correlated 
to Taşkent using carbon isotope chemostratigraphy and 
lithostratigraphy (figs. 3 and 4), as well as conodont bios
tratigraphy from Takachiho (L. Zhang et al., 2019). Con
stant sedimentation rates were assumed and were inter
polated from known chemostratigraphic, biostratigraphic, 
and other known tie points (generally, U-Pb geochronol
ogy). Based on these age models, samples from Taşkent are 
constrained to range in age from 253 Ma in the Changhsin
gian to ~235 Ma in the Ladinian (Middle Triassic). Samples 
from Takachiho are constrained to range from 255.8 Ma in 
the Changhsingian to ca. 235.5 Ma in the Carnian. 

2.1.1. Taşkent, Turkey 

For this study, we measured Li isotopes in 34 carbonate 
samples from the Taşkent section, Turkey (fig. 3). The 
Taşkent stratigraphic section is in the western Taurus 
Mountains, 12 km southwest of the town of Taşkent in 
southern Turkey. The Taşkent section occurs within the 
Aladag Nappe, an allochthon thrust south over the au
tochthonous series of the Tauride block during the Eocene 
(Monod, 1997; Özgül, 1997). Taşkent strata were deposited 
within the interior of a vast shallow-marine carbonate plat
form developed on the Tauride block in the western Tethys 
seaway during the Permian and Early Triassic (Groves et 
al., 2005; Marcoux & Baud, 1986). Packages of siliciclastic 
shales and sandstones indicate that the shallow-marine 
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Figure 3. Stratigraphic column and geochemical data from Taşkent, Turkey. Stratigraphy, δ         13C, δ 18O, and   
δ44/40Ca values are previously published      (Lau et al.  ,  2016,  2017). The Li/Ca ratios and δ     7Licarb  values are from    
this study. The δ   7Licarb  values are reported relative to LSVEC. Error bars for δ         7Li values (0.36‰; 2SD) are smaller       
than the symbols. Horizonal dashed lines indicate the time bins discussed in the text (Upper Permian, Induan,                  
Olenekian, Middle to Late Triassic). Upper P. = Upper Permian, Chang. = Changhsingian, Di. = Dienerian, Smith =                   
Smithian, U. Tr. = Upper Triassic. The boundaries between the Anisian, Ladinian, and Carnian stages of the                  
Middle and Late Triassic are uncertain.       

carbonate platform was attached to a landward source of 
siliciclastic sediments. 
The Upper Permian strata of the Çekiç Dagi Formation 

consist of fossiliferous packstone and nodular wackestone 
with diverse marine fossils, including Changhsingian 
foraminifera (Altıner et al., 2024; Altıner & Özgül, 2001; 
Özgül, 1997; Ünal et al., 2003). The P/Tr boundary occurs 
in a 0.5 m-thick oolitic limestone, which is overlain by 1 m 
of microbialites (Payne et al., 2007). The lowermost Triassic 
contains a microbial-cemented crust of thrombolites, stro
matolites, and arrays of aragonite fans interpreted to have 
precipitated on the seafloor (Baud et al., 1997, 2005). Sedi
ments of the Lower Triassic continue within the Gevne For
mation and contain oolites, micritic carbonates, and skele
tal carbonate beds. The Middle to Upper Triassic facies in 
the upper Gevne Formation, which extend into the Carnian, 
contain intercalated carbonates and siliciclastics with on
colitic and skeletal limestones. Carnian strata are primarily 
debris flow conglomerates with allochthonous clasts. 

2.1.2. Takachiho, Japan 

For this study, we analyzed 26 carbonate samples from the 
Takachiho stratigraphic section in Japan (also called Ka
mura in other studies; fig. 4). The Takachiho section is 
located on the Chichibu terrane on the island of Kyushu 
(Payne et al., 2007). The Chichibu terrane is an allochtho
nous block that was accreted to a volcanic arc during the 

Cretaceous (Horacek et al., 2009). Shallow-marine carbon
ate sediments were deposited on a seamount in the Pan
thalassa Ocean that formed on a mid-ocean atoll complex 
during an upward-deepening succession (Horacek et al., 
2009; Payne et al., 2007). Because of its isolated paleo
geographic location, the input of terrigenous siliciclastic 
sediments was limited, and sediments are predominantly 
biologically derived carbonates (Musashi et al., 2001; F. 
Zhang, Algeo, et al., 2018; L. Zhang et al., 2019). Ages 
of the Changhsingian Mitai and Triassic Kamura Forma
tions of the Takachiho section are constrained by conodont 
biostratigraphy (Sano & Nakashima, 1997; L. Zhang et al., 
2019) and carbon isotope chemostratigraphy (Horacek et 
al., 2009). Spathian strata are mostly missing, most likely 
due to an unconformity (L. Zhang et al., 2019). However, 
the carbon isotope data of the measured section presented 
here captures the nadir of the N4 negative excursion (e.g., 
Song et al., 2014). 
In the Takachiho section, sediments were initially de

posited in an open-marine to shallow subtidal environment 
in the Late Permian, followed by a deepening-upward se
quence with radiolarian and planktonic fossils predominant 
in the uppermost part of the section (Horacek et al., 2009; 
Payne et al., 2007; Sano & Nakashima, 1997). The Upper 
Permian Mitai Formation consists of massive, dolomitized, 
fusulinid-rich, skeletal wackestone-mudstone and is over
lain by the Lower to Upper Triassic Kamura Formation. 
The P/Tr boundary occurs in a ~4 m-thick bed of dolomi
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Figure 4. Stratigraphic column and geochemical data from Takachiho, Japan. The δ         7Licarb  values are reported    
relative to LSVEC. Note that Spathian strata are not continuous           (L. Zhang et al.   ,  2019)  with an arbitrary interval     
of cover marked here, and units assigned to the Spathian are based on carbon isotope chemostratigraphy (the N4                   
carbon isotope excursion of     Song et al.  ,  2014). Error bars for δ    7Li values (0.58‰; 2SD) are smaller than the         
symbols. Horizonal dashed lines indicate the time bins discussed in the text (Upper Permian, Induan, Olenekian,                 
Middle Triassic). Gries. = Griesbachian, Diener. = Dienerian, Smith. = Smithian, Mid. Tr. = Middle Triassic.                 

tized calcimicrobial framestone (Payne et al., 2007; Sano 
& Nakashima, 1997), which is overlain by 2 m of oncolitic 
grainstone followed by ~16 m of bivalve-rich wackestone to 
grainstone that composes the rest of the middle member of 
the Kamura Formation. The middle member of the Kamura 
Formation contains several karst-derived breccia units 
(Sano & Nakashima, 1997). The absence of Spathian con
odonts and the presence of breccias above the Smithian 
units suggest an unconformity lasting for much of the 
Spathian substage (L. Zhang et al., 2019). In the Takachiho 
section, carbon isotope chemostratigraphy suggests that ~3 
m of Spathian wackestone is exposed, which is overlain by 
~12 m of fossiliferous wackestone of the Middle Triassic. 

2.2. Analytical Methods 

2.2.1. Carbon, oxygen, calcium isotope, and carbonate 
content data 

Carbon, oxygen, and calcium isotope data for Taşkent were 
previously published by Payne et al. (2007) and Lau et al. 
(2016, 2017) and sample preparation and analytical meth
ods are described therein. Carbon and oxygen isotope data 
for Takachiho, Japan, were analyzed for this study at Har
vard University. Micrite was selectively drilled from sam
ples using a 0.8 mm diamond or tungsten carbide dental 
drill bit. Samples were reacted with concentrated phos
phoric acid at 90 °C in a common acid bath and then mea
sured on a dual inlet mass spectrometer (VG Optima). Iso
tope ratios are reported in standard delta notation relative 

to V-PDB and analytical precision was ± 0.1‰ (2σ) based 
on replicate analyses of a laboratory standard. 
Carbonates from Takachiho, Japan were deposited in an 

atoll far from continental sources (L. Zhang et al., 2019). 
Conversely, samples from Taşkent contain varying propor
tions of carbonate and siliciclastic sediments. To consider 
the effect of siliciclastic contributions, we report carbonate 
content for the Taşkent samples. Samples were analyzed 
in the Stable Isotope Biogeochemistry Laboratory at Stan
ford University with a Finnegan MAT252 mass spectrometer 
coupled to a Kiel III carbonate device. Between 50 and 100 
μg of limestone powder was reacted in phosphoric acid 
(H3PO4) at 70 °C for 600 seconds. Estimates for carbonate 
content for Taşkent samples were made using a k-factor ap
proach, which includes the sample mass and the pressure of 
the sample measured by the Kiel III carbonate device. The 
results from unknowns were compared to the theoretical 
weight percent of the NBS-19 standard (100%). The accu
racy of this approach is limited by the ability to accurately 
weigh small quantities of sample and accordingly the un
certainty is estimated to be 5–10%. 

2.2.2. Lithium isotopes 

Carbonate-based proxies may be biased by contamination 
from non-carbonate phases (e.g., Cao et al., 2023). To avoid 
this, samples were prepared following the methods of 
Dellinger et al. (2020) and Kalderon-Asael et al. (2021). 
Rock chips with minimal veining and of relatively homoge

Heterogeneous Carbonate Lithium Isotope Records Across the end-Permian Mass Extinction Indicate a Hig…

American Journal of Science 5



nous color were selected for sampling. Approximately 200 
mg of powder was collected with a microdrill with a dia
mond or tungsten carbide drill tip, avoiding veins and het
erogeneous surfaces. Sampling of visible skeletal grains was 
minimal, avoiding potential vital effects and inter-species 
variability (Dellinger et al., 2018). Samples were dissolved 
following Dellinger et al. (2020) and Kalderon-Asael et al. 
(2021). Approximately 200 mg of powder was weighed into 
a 50 mL acid-washed centrifuge tube and pre-washed with 
26.67 mL of 1 M ammonium acetate to remove ions ad
sorbed on siliciclastic particles. After 30 minutes, the su
pernatant was removed by centrifugation and the sample 
was then washed with 13.33 mL of ultrapure water. Follow
ing centrifugation once again, the supernatant wash was 
removed. A stepwise dissolution procedure was used to 
limit the possibility of contamination from clay particles. 
Three consecutive dissolution steps were performed, where 
13.33 mL of 0.05 N distilled hydrochloric acid (HCl) was 
added to each sample, sonicated for 10 minutes, allowed 
to react for 4 hours, 2 hours, and 10 minutes, respectively, 
and then centrifuged with the collection of the supernatant 
from each step. The supernatant from all three dissolution 
steps were combined for geochemical analysis. 
For Taşkent samples, trace element analysis of Li, Al, 

Ca, Mg, Sr, and Mn was performed using the Thermo Sci
entific Element XR ICP-MS at the Yale Metal Geochemistry 
Center. For Takachiho samples, trace element analysis for 
Li, Mg, Sr, and Mn was performed with a Thermo Scientific 
iCAP TQ ICP-MS, and analysis of Al and Ca was performed 
with a Thermo Scientific iCAP 7400 ICP-OES in the Labora
tory for Isotopes and Metals in the Environment (LIME) at 
Penn State. Compared to carbonate minerals, clays have a 
much higher concentration of Li and preferentially adsorb 
6Li. To ensure minimal Li contributions from clay, Al/Ca ra
tios were used to screen the leached samples. Samples with 
Al/Ca ratios > 0.8 mmol/mol (Kalderon-Asael et al., 2021; 
Pogge von Strandmann et al., 2013) were excluded from fur
ther processing due to the likelihood of clay contamination. 
Of the remaining sample subset, samples with at least 5 
ng of Li were identified. For these samples, Li was isolated 
from other matrix elements using column chromatography. 
Samples were redissolved in 0.2 mL of 0.2 N HCl. 2.0 mL 
of Bio-Rad AG50W-X12 200–400 mesh resin was added to 
columns and washed with 6.0 mL 6 N HCl and ultrapure wa
ter twice each before conditioning with 6 mL of 0.2 N HCl. 
After the sample was loaded onto the column, the matrix 
elements were eluted with 10 mL of 0.2 N HCl. Next, Li was 
collected by stepwise addition of a total of 25 mL of 0.2 N 
HCl. Hydrogen peroxide (H2O2) and, subsequently, concen
trated nitric acid (HNO3), was added to dried samples to re
move residual organics from the resin. After drying down to 
completion, samples were dissolved in 1 mL of 2% HNO3 for 
analysis. 
Because Li is fractionated during column chromatogra

phy, yields of ~100% are necessary. Yield checks were per
formed on all samples and two standards before Li iso
tope analysis by collection, combination, and concentration 
analysis of 2 mL of solution before and after the expected 
Li elution. On average, yields were > 99% and the median 

yield was 99.1%. Accuracy was further confirmed by pro
cessing standards through column chemistry and compar
ing to published values (table S2; described below). Lithium 
isotope ratios for Taşkent samples were analyzed with a 
Thermo Fisher Scientific Neptune Plus Multiple-Collector 
ICP-MS (MC-ICP-MS) at the Yale Metal Geochemistry Cen
ter, and Li isotopes for Takachiho were analyzed with a 
Neptune Plus MC-ICP-MS in LIME. An Aridus II desolvating 
nebulizer was used to aspirate samples. The bracketing 
standard for Li isotope ratios from Taşkent is the commonly 
used LSVEC standard. The bracketing standard for the 
Takachiho samples is IRMM-016, which is similar in com
position to LSVEC and within typical measurement error 
(δ7LiIRMM-016 - δ7LiLSVEC = −0.2 ± 0.3‰, Tomascak et al., 
2016) (table S2). Delta values are reported as δ7LiLSVEC = 
1000 x (7Li/6Lisample/7Li/6LiLVSEC – 1) (i.e., a 0.2‰ offset 
is applied to Takachiho samples that were bracketed with 
IRMM-016). The LSVEC standards (accepted value = 0‰) 
processed in this study exhibited mean δ7Li values of 1.33 ± 
1.77‰ (2SD; n=2) in LIME and 0.46 ± 0.07‰ (n=2) at Yale. 
IAPSO Atlantic seawater standards processed in this study 
yielded a mean δ7Li value of 30.45 ± 0.42‰ (2SD; n=2) at 
LIME and a value of 31.45 ± 0.07‰ (n=2) at Yale (table S2), 
which is in good agreement with previous studies (30.88 ± 
0.12‰; Huang et al., 2010). In LIME, reproducibility was 
gauged by repeated measurements of SRM-3129a and re
ported as 1.55‰ (2SD; n=19) and by repeated measure
ments of the bracketing standard as 0.58‰ (2SD; n=19) (ta
bles S1, S2). The analyzed δ7Li of SRM-3129a was 6.75‰, 
within error of the long-term value of 6.45 ± 0.60‰ in LIME 
(2SD, n= 30) (table S2). Samples from Takachiho were run 
in duplicate with the average reported in table S1. In total, 
four duplicates from powder were prepared and produced 
an average difference in δ7Li of 2.2‰. Uncertainty is re
ported as the reproducibility (2SD) of the bracketing stan
dard and was 0.36‰ at Yale and was 0.58‰ in LIME. 

3. RESULTS 

3.1. Taşkent, Turkey 

The mean Li concentration of all samples from Turkey is 
0.18 ppm (n=35) and ranges from 2 ppb to 0.54 ppm (table 
S1). Concentrations in the Changhsingian average 0.20 ppm 
(n=8) and are slightly lower in the remainder of the section, 
averaging 0.16 ppm, 0.18 ppm, and 0.14 ppm in the Induan 
(n=10), Olenekian (n=9) and Anisian (n=8), respectively. 
Mean Li/Ca ratios decrease from 5.73 μmol/mol in the 
Changhsingian (n=8) to 3.75, 4.06, and 2.94 μmol/mol in 
the Induan (n=10), Olenekian (n=9), and Anisian–Carnian 
(n=8), respectively (figs. 3, 4, table S1). There is no signifi
cant difference in Li concentration or Li/Ca ratio when com
pared by stage (e.g., ANOVA p-value > 0.05; table S1 and fig. 
5). The mean Al/Ca ratio (mmol/mol) is 0.22 (n=35). 
Carbonate samples exhibit a mean δ7Li value of 

5.5±9.9‰ (n=8) in the Changhsingian and decrease to 
1.2±6.3‰ (n=10) in the Induan, reaching the lowest value 
of –3.6‰ at 134.8 m stratigraphic height in the Gries
bachian (fig. 3). The δ7Li values increase to an average of 
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Figure 5. Crossplots of carbonate δ   7Li values (top) and Li/Ca ratios (bottom) against elemental ratios. Data from             
three carbonate sections are compared: two from this study (Taşkent and Takachiho) and previously published                
data from South China     (Cao et al.  ,  2022). Note that Al/Ca and Mg/Ca ratios are plotted on a logarithmic scale.              
Blue ‘+’ or ‘-’ symbols in the upper right corner indicate whether positive or inverse correlations are expected for                    
different factors, described by the column headers. For example, contamination by detrital clay with low δ               7Li and   
high [Li] (second column) is expected to result in an inverse correlation between δ             7Li and Al/Ca. The negative      
correlation between δ  7Li and Mg/Ca could be related to a large negative isotope fractionation determined from               
high-temperature dolomite replacement experiments     (Taylor et al.  ,  2019). If a significant correlation is observed        
for the data from a stratigraphic section, the Spearman’s ρ is noted where the color depicts the section and                    
p-values are denoted where * = <0.05, ** < 0.01, and *** < 0.001 (see table S4).                  

2.6±7.4‰ (n=9) in the Olenekian. In the Anisian–Carnian, 
δ7Li values increase steadily to a mean of 10.6±5.8‰ (n=8) 
in the Middle to Upper Triassic samples. When grouped by 
stage, these differences are statistically significant (ANOVA 
p-value < 0.001; fig. S1). Specifically, δ7Li values from the 
Middle to Late Triassic are significantly higher than those 
of the Changhsingian, Induan, or Olenekian (evaluated us
ing Tukey-Kramer post-hoc test, function TukeyHSD in base 
stats package in R, R Core Team, 2024; table S3). 

3.2. Takachiho, Japan 

The Li concentrations range from 0.05 to 0.32 ppm (n=29; 
table S1). The single Changhsingian sample has a Li con
centration of 0.09 ppm and average values are relatively in
variant afterward, with mean concentrations of 0.14 ppm 
(n=8) and 0.09 ppm (n=10) in the Induan and Olenekian, re
spectively. The Li/Ca ratios are highest in the Induan with 
an average value of 4.87 μmol/mol (n=8) and remain ele
vated throughout the Olenekian (2.41 μmol/mol, n=10) and 
the Anisian (3.31 μmol/mol, n=10) (fig. 4, table S1). There is 
no significant difference in Li concentration or Li/Ca ratio 
when compared by stage (e.g., ANOVA p-value > 0.05; fig. 
5). The average Al/Ca ratio (mmol/mol) is 0.13 (n=29). 
The single Changhsingian sample from this section has 

a δ7Li value of 0.6‰ (fig. 4). In the Induan, δ7Li values de
crease to an average of –4.5±8.3‰ (n=8). In the Olenekian, 
mean δ7Li values increase to –1.5±7.3‰ (n=10). In the 

Anisian, the average δ7Li value rises to 5.1±11.4‰ (n=10), 
reaching a maximum of 15.0‰. Similar to Taşkent, differ
ences in mean value are statistically significant when the 
δ7Li data are grouped by stage (ANOVA p-value < 0.001; 
table S3). The δ7Li values of Anisian samples are also sig
nificantly higher than that of samples from the Induan or 
the Olenekian (Tukey-Kramer post-hoc test; table S3 and 
fig. S1). However, the δ7Li value of the Changhsingian is 
represented by only one sample from this section. 

3.3. Correlation statistics 

We performed a Spearman’s rho ranked correlation test 
(function cor.test, method = “spearman”, in the base stats 
package) to determine the significance of the correlations 
of elemental ratios (Al/Ca, Sr/Ca, Mg/Ca, and Mn/Sr) with 
Li/Ca ratios and δ7Li values for the Turkey (Taşkent) and 
Japan (Takachiho) datasets (fig. 5; table S4). Although Al/
Ca ratios are low for both sections, there is a moderate to 
strong, positive correlation (Spearman’s ρ = 0.64) between 
Al/Ca and Li/Ca ratios at Taşkent with a high statistical 
significance (p-value < 0.001) but no correlation with δ7Li 
value. At Takachiho, a moderate, negative correlation be
tween δ7Li value and Al/Ca ratio is indicated (Spearman’s 
ρ = –0.44 and p-value = 0.02). Similarly, Li/Ca and Al/Ca 
ratios are positively correlated (Spearman’s ρ = 0.57 and 
p-value < 0.01). At Taşkent and Takachiho, there is a mi
nor to moderate correlation between δ7Li values and Mg/
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Ca ratios, although the correlation is positive at Taşkent 
(Spearman’s ρ = 0.34 and p-value 0.04) and negative and 
Takachiho (Spearman’s ρ = –0.55 and p-value < 0.01). A 
negative correlation between δ7Li values and Mg/Ca ratios 
also occurs in previously published data from South China 
(Spearman’s ρ = –0.62 and p-value = 0.01; Cao et al., 2022). 
In both sections of this study and in South China, there is 
a positive correlation between the Li/Ca and Mg/Ca ratios 
(table S4). 

4. DISCUSSION 

4.1. Evaluating siliciclastic contamination on the 
Turkey and Japan carbonate δ7Li records 

Carbonates are relatively depleted in Li compared to sili
cate minerals, leading to the development of a weak-acid 
chemical leaching method designed to dissolve carbonates 
while retaining silicates in the residual solid load (Nadeau 
et al., 2025; Pogge von Strandmann, Schmidt, et al., 2019; 
Yin et al., 2023). Silicate contamination of carbonate 
leachates was initially assessed using the Al/Ca concentra
tion of leachates. Aluminum is enriched in silicates rel
ative to carbonates, and previous work has established a 
maximum acceptable Al/Ca concentration of carbonate 
leachates of 0.8 mmol/mol (Kalderon-Asael et al., 2021; 
Pogge von Strandmann et al., 2013). All Al/Ca ratios of sam
ples measured here fall below this threshold, with average 
Al/Ca ratios of 0.13 (n=28) and 0.21 (n=21) for Takachiho 
and Taşkent, respectively. 
Correlation between Li/Ca and Al/Ca can provide insight 

into silicate contamination of carbonate leachates due to 
the enrichment of Al and Li and depletion of Ca in silicates 
relative to carbonates. Cross plots comparing δ7Li, Li/Ca, 
Sr/Ca, and Mg/Ca are shown in figure 5. At Taşkent, the 
positive correlation between Al/Ca and Li/Ca ratios may 
suggest the effects of contamination, however, no correla
tion is observed between δ7Li values and either ratio (fig. 
5). At Takachiho, δ7Li values are inversely correlated with 
Al/Ca ratios, and Li/Ca and Al/Ca ratios are positively corre
lated (fig. 5). Although this pattern may indicate that cont
amination by siliciclastic material contributed to the lowest 
δ7Li values in Takachiho in the Triassic, the range in the Al/
Ca ratios is small compared to other sections, with varia
tions within an order of magnitude. As discussed in the ge
ologic setting, Takachiho was deposited in a carbonate atoll 
distal from any continental sources (L. Zhang et al., 2019), 
making siliciclastic input to this site limited. 
Another line of evidence to determine siliciclastic con

tamination is the relationship between δ7Li value and Li/
Ca ratio, as siliciclastic materials have a higher Li concen
tration than carbonates (Dellinger et al., 2020; Vigier et al., 
2007). There is no statistically significant covariation be
tween δ7Li value and Li/Ca ratio at Takachiho (table S4), 
which supports a lack of detrital contamination. The po
tential for detrital contribution at Takachiho, as an isolated 
seamount, is extremely low, with sedimentation dominated 
by biogenic carbonate. The potential for detrital contami
nation is higher at Taşkent, which represents a mixed car

bonate-clastic ramp in the Lower Triassic. However, there 
are no relationships observed between wt.% CaCO3 and 
δ7Li values, the uncertainty on δ7Li values, Li/Ca ratio, or 
Li concentration (fig. S3; see Nadeau et al., 2025). We also 
do not observe a relationship between wt.% CaCO3 and Al/
Ca ratio (fig. S3), and stratigraphic trends in δ7Li values at 
Taşkent are not a result of stratigraphic changes in wt.% 
CaCO3 and there are no correlations with the facies type 
sampled (fig. S4). Therefore, while we cannot fully rule out 
contamination, there is no evidence to indicate a system
atic effect on the data that are presented in this study. 

4.2. Evaluating diagenetic alteration on the Turkey 
and Japan carbonate δ7Li records 

We observe a gradual but consistent trend toward higher 
δ7Li values in the Middle Triassic in both the Paleo-Tethys 
(Turkey) and in the Panthalassic (Japan) Oceans (figs. 3, 4). 
A positive shift in spatially disparate sections suggests that 
this feature is not driven by local processes, including di
agenesis, but this possibility must be considered, as even 
carbonates free of siliciclastic debris can have δ7Li signals 
that are not reflective of the marine chemistry at the time 
of deposition due to diagenetic alteration. Recent studies 
have concluded that stratigraphic trends in carbonate δ7Li 
from diverse time intervals and carbonate lithologies (lime
stone, dolostone) reflect different styles of diagenesis 
(Crockford et al., 2021; Dellinger et al., 2020; Murphy et 
al., 2022; Nadeau et al., 2025; W.-Q. Wang et al., 2024). 
Here, we consider the potential effects of diagenesis on 
the carbonate δ7Li record from the Taşkent and Takachiho 
sections. Studies of δ7Li values in shallow-marine carbon
ate sediments from the Great Bahama Bank, the Key Largo 
limestone, and the South China Sea demonstrated that the 
style of diagenesis results in different degrees and direction 
of alteration for δ7Li values and Li/Ca ratios (Dellinger et 
al., 2020; Wei et al., 2023). 
The average δ7Li value of meteorically altered carbon

ates in the South China Sea generally preserves a primary 
(e.g., seawater) δ7Li value (Wei et al., 2023). Wei et al. 
(2023) use this example to argue that sediment-buffered di
agenesis—in scenarios where the diagenetic fluid was me
teoric water—is expected to best preserve the initial δ7Li 
value, thereby representing variations in (local) seawater 
δ7Li value. They attribute the preservation of the primary 
signal to the low Li concentration of groundwater in these 
samples. However, carbonates from the Great Bahama Bank 
that experienced meteoric water diagenesis exhibited non-
primary δ7Li values, significantly lower than seawater, that 
were attributed to variability in the δ7Li values of ground
water (Dellinger et al., 2020). Therefore, meteoric diagen
esis must be considered as a potential explanation for the 
very low Permian and Lower Triassic carbonate δ7Li values. 
This consideration is important at Taşkent, where mixed 
shale-limestone facies indicate a shallow carbonate plat
form with terrestrial influences, including the potential for 
meteoric waters to affect the geochemistry at this location. 
However, several lines of evidence point to the absence of 
significant meteoric water diagenesis at Taşkent. For exam
ple, low δ18O values are indicative of influence by mete
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oric water; samples with anomalously low δ18O values that 
are near the Spathian–Anisian contact, which has been pro
posed to be due to shallowing and meteoric diagenesis of 
these strata (Lau et al., 2017), were avoided in this study. 
The remainder of the δ18O values in this section do not ex
hibit stratigraphic trends that suggest meteoric influence 
(Lau et al., 2017). Additionally, there is no sedimentological 
evidence for meteoric diagenesis (meteoric cements, etc.) at 
Taşkent (Payne et al., 2007). Therefore, we do not find evi
dence that meteoric diagenesis had a major impact on these 
samples. 
Early marine diagenesis has also been argued to result 

in alteration of the δ7Li signal (e.g., Dellinger et al., 2020; 
Murphy et al., 2022; Wei et al., 2023). Calcium isotope 
records can be used to identify sediment- vs. fluid-buffered 
diagenesis, with seawater-buffered diagenesis of aragonite 
to low-magnesian calcite resulting in higher δ7Li values 
and lower Li/Ca ratios (Crockford et al., 2021; Dellinger et 
al., 2020; Murphy et al., 2022; Nadeau et al., 2025; Wei et 
al., 2023). This observation has been explained by differ
ences in the Li isotope fractionation and partition coeffi
cient for aragonite and calcite, as well as the potential for a 
smaller isotope fractionation factor between porewater and 
diagenetic carbonate resulting from near-equilibrium re
crystallization (Dellinger et al., 2020; Wei et al., 2023). Nu
merical modeling supports this framework (Crockford et al., 
2021; Murphy et al., 2022). However, it should be noted that 
the assumed diagenetic Li isotope fractionation of ~0‰ is 
inferred from data from Neogene to Recent carbonate sedi
ments (e.g., Dellinger et al., 2020), and this assumption for 
fluid-buffered alteration is generally applied to dolomitiz
ing diagenesis (Crockford et al., 2021; Murphy et al., 2022; 
Nadeau et al., 2025). The effects of dolomitization on δ7Li 
values are not well constrained (see further discussion in 
the following section), meaning that there remains uncer
tainty behind the mechanisms underlying the effects of ma
rine diagenesis on carbonate δ7Li values. 
In many studies, significant carbonate diagenetic alter

ation has been identified by comparing elemental ratios, 
such as Li/Ca, Sr/Ca, and Mn/Sr, with δ7Li values (fig. 5, 
tables S1 and S2; Dellinger et al., 2020; Kalderon-Asael et 
al., 2021; Krause et al., 2023). In this assessment, linear co
variations are not expected, but correlations between δ7Li 
and these elemental ratios can be used to identify first-or
der effects of diagenesis (as is suggested by diagenetic mod
eling predictions; Murphy et al., 2022). Such correlations 
can be statistically determined using rank correlation tests 
such as Spearman’s rho. For example, an inverse correla
tion between δ7Li value and Sr/Ca ratio can reflect the de
pletion of Sr during the transition from aragonite to calcite 
under fluid-buffered conditions (Dellinger et al., 2020; Wei 
et al., 2023). Although no significant covariation between 
δ7Li value and Sr/Ca ratio occurs in the Takachiho data 
(Spearman’s ρ in table S3), a significant inverse relation
ship is present at Taşkent (Spearman’s ρ = -0.44, p-value = 
0.01), driven by one sample with a high Sr/Ca ratio and high 
δ7Li value (fig. 5). To account for multiple effects, we also 
use a generalized linear model (function glm in R; table S5) 
of δ7Li value versus location, stage, and elemental ratios 

(Sr/Ca, Li/Ca, Mg/Ca, Mn/Sr) as predictor variables; these 
results demonstrate that the stratigraphic increase in the 
Anisian cannot be solely attributed to a mineralogical ef
fect (as represented by Sr/Ca and Mg/Ca ratios) or diagene
sis (Mn/Sr ratios). 
The influence of diagenesis on δ7Li values at Taşkent 

can also be assessed by comparing δ7Li and δ44/40Ca. Com
parison of δ7Li with δ44/40Ca and δ26Mg values (the latter 
more relevant for dolomites) have been used to determine 
whether stratigraphic variations in carbonate δ7Li values 
were produced by sediment- and fluid-buffered diagenesis. 
For instance, neomorphism of aragonite sediments from 
cores from the Bahamas resulted in a positive correlation 
between δ7Li and δ44/40Ca values and an inverse relation
ship with Sr/(Ca+Mg) ratios (Murphy et al., 2022). Because 
higher δ44/40Ca values are interpreted as representative 
of increasing alteration during recrystallization/neomor
phism and specifically fluid-buffered alteration, this test 
was used to demonstrate that stratigraphic intervals with 
higher δ7Li values in some cores represent diagenetic in
fluence, not changes in seawater composition. Similarly, 
a positive correlation between δ7Li and δ44/40Ca values 
in Tonian carbonates that are interpreted to have been 
dolomitized very early after formation, based on field ob
servations, are used to argue that the stratigraphic in
creases in δ7Li value are not representative of changes in 
seawater δ7Li signature but instead result from diagenetic 
processes (Crockford et al., 2021). The altered carbonate 
δ7Li value from fluid-buffered diagenesis is argued to ap
proximate that of the diagenetic fluid—and therefore con
strains the seawater δ7Li signature, assuming this is the 
diagenetic fluid. This approach has been used to estimate 
Tonian (Crockford et al., 2021), Cretaceous (Nadeau et al., 
2025), and Miocene seawater δ7Li values (Murphy et al., 
2022). In both examples, it is argued that the most altered 
samples—interpreted to have occurred under the influence 
of seawater—can be used to reconstruct the seawater δ7Li 
signature if it assumed that the isotopic fractionation dur
ing recrystallization is near 0‰ (Crockford et al., 2021; 
Murphy et al., 2022). 
Published δ44/40Ca values and Sr/Ca ratios (n=60) for the 

Taşkent section, which includes 18 samples that were also 
analyzed for Li isotopes in this study, are relatively low 
and high respectively (fig. 3), characteristic of sediment-
buffered diagenesis and aragonite as the predominant ini
tial CaCO3 polymorph (Lau et al., 2017). Although variabil
ity in the δ44/40Ca value is generally most representative 
of diagenesis (fig. 3; Fantle et al., 2020; Fantle & DePaolo, 
2007; Fantle & Higgins, 2014), it is possible that strati
graphic shifts in the carbonate δ44/40Ca value can record Ca 
cycle perturbations (e.g., Gussone et al., 2020). It is impor
tant to note that the negative δ44/40Ca excursion at the P/
Tr boundary (but not changes in δ44/40Ca in the Early and 
Middle Triassic) has been reproduced at multiple shallow 
carbonate sections across the Tethys Ocean as well as in 
conodont apatite, though the exact mechanism underlying 
this shift is debated (Hinojosa et al., 2012; Komar & Zeebe, 
2016; Payne et al., 2010; Silva-Tamayo et al., 2018; J. Wang 
et al., 2019). If the most negative δ44/40Ca values at the P/
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Tr boundary (see fig. 3) are ignored for this reason, we see 
that the δ44/40Ca values are relatively high at ~200 m and 
from 500 to 900 m. In contrast, the carbonate δ7Li record at 
this site does not exhibit clear stratigraphic changes from 
100 to 500 m, whereas δ7Li values increase more systemat
ically above 500 m. Therefore, unlike the Tonian δ44/40Ca, 
δ7Li, and δ13C record (Crockford et al., 2021), the absence 
of obvious stratigraphic covariation does not indicate syn
chronous shifts in the style and extent of diagenesis as the 
primary factor driving geochemical trends. This is also sup
ported by the crossplot of δ7Li vs. δ44/40Ca data analyzed 
from the same samples (fig. 6). In comparison to other car
bonate δ7Li and δ44/40Ca datasets that are interpreted to be 
primarily driven by diagenesis (e.g., Crockford et al., 2021; 
Murphy et al., 2022), the samples from Taşkent are also 
positively correlated (Spearman’s ρ = 0.57, p-value = 0.02). 
Given the nature of the extinction (e.g., Nsingi et al., 2025), 
it is possible that these could reflect actual stratigraphic 
changes (i.e., lower δ7Li and lower δ44/40Ca values in the 
Induan but higher δ7Li and higher δ44/40Ca values in Late 
Permian and Anisian), but this relationship could also in
dicate the role of diagenesis. However, unlike these other 
datasets, the Taşkent δ7Li and δ44/40Ca records show no re
lationship with Sr/Ca ratios, as would be expected if diage
netic alteration explained these trends (fig. 6; see Murphy 
et al., 2022). Further, the fact that some of these samples 
have retained these geochemical signatures during recrys
tallization (instead of being altered to high δ44/40Ca values 
and low Sr/Ca ratios), and the relatively low Mn/Sr ratios 
(fig. 5), suggest sediment-buffered preservation of primary 
δ7Li signatures is likely at Taşkent. 
Though there are fewer constraints on Takachiho (i.e., 

no δ44/40Ca values), the δ13C chemostratigraphy of the 
Early Triassic—a globally reproducible feature, with char
acteristic negative and positive isotope excursions (e.g., 
Payne et al., 2004)—is generally preserved (fig. 4). This 
observation supports limited fluid-buffered diagenesis, at 
least with respect to δ13C values, a relatively well-buffered 
system. Uranium isotopes, which are thought to be less 
sensitive to diagenesis than δ7Li values but more sensitive 

Figure 6. Crossplots of paired δ   7Li vs. δ  44/40Ca data collected from the same samples from Taşkent. Ca isotope            
data are from Lau et al.       (2017). In left, datapoints are colored by stage (Chang.=Changhsingian; Olen.=Olenekian;           
Anis.=Anisian; Ladin.=Ladinian). In right, datapoints are colored by Sr/Ca ratio. These data are significantly               
correlated (Spearman’s ρ = 0.57,      p-value = 0.02).    

than δ13C values, have been analyzed in the Kamura For
mation, in Taşkent, and in other sections in South China 
(Lau et al., 2016; F. Zhang, Algeo, et al., 2018). The records 
are comparable in absolute value. At this section, the Mn/Sr 
ratios are generally low, with a maximum of 3.4 (mol/mol), 
though a significant inverse relationship between Mn/Sr ra
tios and δ7Li values occurs at this site (table S3). Samples 
with high Mn/Sr ratios also have lower δ7Li values (fig. 5), 
but most samples with low δ7Li values also have low Mn/Sr 
ratios (i.e., <0.4 mol/mol; fig. S5). Therefore, we interpret 
these datasets to imply that alteration did not systemati
cally bias the stratigraphic δ7Li trends observed at this sec
tion. 
In summary, sediment-buffered diagenesis is inferred for 

the carbonates from Takachiho and Taşkent based on a lack 
of correlation between δ7Li values and Li/Ca or Sr/Ca ra
tios. Diagenetic alteration, potentially by a non-seawater 
fluid, however, is more prevalent at Takachiho based on 
higher Mn/Sr ratios, which could have resulted in lower 
δ7Li values in at least some of the samples (discussed fur
ther below). We do not find evidence that meteoric diage
nesis is responsible for the stratigraphic trends—meaning, 
this process did not result in a systematic bias in the car
bonate δ7Li records. The scatter in both records likely re
flects variable, but non-systematic, diagenetic influences as 
is observed in modern platform carbonates (Dellinger et al., 
2020; Wei et al., 2023). With the available δ44/40Ca data 
from Taşkent, it is possible that the trend to increasing δ7Li 
values in the Middle to Late Triassic could reflect a shift 
from sediment-buffered to fluid-buffered diagenesis (fig. 6). 
If true, carbonate δ7Li values are ~20‰ lower than mod
ern seawater and well outside the bounds of any known 
process that would impact Li isotope fractionation, indicat
ing a substantially different Li isotope mass balance com
pared to today. 

Heterogeneous Carbonate Lithium Isotope Records Across the end-Permian Mass Extinction Indicate a Hig…

American Journal of Science 10



4.3. Differences in the P/Tr carbonate δ7Li record 
among sites 

The new carbonate δ7Li values from this study generally re
produce the patterns observed in a stratigraphic record that 
suggests enhanced reverse weathering in the Late Permian 
and Early Triassic (Cao et al., 2022). Carbonate δ7Li records 
from two stratigraphic sections (Shangsi and Shanggang) 
in the eastern Paleotethys, located in present-day South 
China, are interpreted to capture changes in the seawater 
δ7Li signature during the latest Permian and Early Triassic 
(Cao et al., 2022). Because a comparable weak acid leach 
was employed in this study, these data are compared with 
the records presented here (figs. 7, S2). The δ7Li record 
from Meishan covered a condensed interval across the Per
mian–Triassic boundary (H. Sun et al., 2018). These sam
ples were prepared using a whole-rock dissolution of basi
nal carbonate rocks and a correction for the siliciclastic 
contribution was applied to estimate the seawater δ7Li 
value. Because this correction comes with substantial un
certainty, we do not include this dataset in the following 
discussion. 
In all three sections, which cover the Eastern Tethys 

(South China), Western Tethys (Taşkent), and the Pantha
lassa Ocean (Takachiho), carbonate δ7Li values are consis
tently near or below 0‰ at the Permian/Triassic bound
ary, remain low through the Induan, and increase in the 
Olenekian (fig. 7A). The δ7Li values in the Middle Triassic 
are significantly higher than in the Late Permian or Early 
Triassic. The overall consistency and general reproducibil
ity in stratigraphic patterns suggest a non-localized trend 
in the combined carbonate records. Because previously 
published records from South China do not extend to the 
Anisian, the finding in our study that δ7Li values increase 
substantially in the Middle Triassic is notable. 
However, there are key differences among the three 

records. First, there is a large range in δ7Li values from 
Lower Triassic samples spanning –10‰ (Takachiho) to 
~+8‰ (Taşkent). The δ7Li values of samples from 
Takachiho are significantly lower than those of coeval sam
ples from Taşkent and South China (table S6). Second, the 
lowest δ7Li values in Taşkent and Takachiho are in the Ind
uan, whereas the lowest δ7Li values in the South China sec
tions occur below the Permian/Triassic boundary. The sig
nificance of the differences in where these minima occur 
relative to the Permian/Triassic boundary is unclear; the 
Changhsingian is only represented by one sample at 
Takachiho and the Taşkent record is concentrated in the 
uppermost Permian. There are several processes that can 
result in carbonate δ7Li values that are non-reflective of 
a global seawater δ7Li signature. Spatial variability in car
bonate δ7Li values could be due to (1) a heterogeneous 
seawater δ7Li signature, (2) a variable fractionation factor 
from seawater due to differences in carbonate mineralogy, 
diagenesis, or formation water pH, and/or (3) variable cont
amination from clays, occurring inconsistently in these sec
tions. We discuss heterogeneous seawater δ7Li signatures 
in Section 5; below, we explore the other possible explana
tions. 

Various carbonate mineralogies exhibit different Li iso
topic offsets from seawater (Δ7Lifluid-carb), making the orig
inal mineralogy a factor when determining seawater δ7Li 
values from carbonate archives (fig. 8). The isotope frac
tionation factor for aragonite is larger than that of calcite 
(8 to 12‰ vs. 1 to 8‰, respectively; Gabitov et al., 2011; 
Marriott, Henderson, Crompton, et al., 2004; Pogge von 
Strandmann, Schmidt, et al., 2019). Further, the Δ7Lifluid-
carb of biogenic aragonite and calcite is larger than that of 
inorganic aragonite and calcite, likely due to vital effects 
(D. Chen et al., 2023), and therefore the relative contribu
tions of biogenic and abiogenic carbonates could also pro
duce variability in bulk carbonate δ7Li values. As summa
rized above, δ44/40Ca values are low and Sr/Ca ratios are 
high in the Taşkent section (table S1, figs. 3 and 5), both 
of which characterize aragonite precipitation. Therefore, 
these data have been interpreted to reflect predominantly 
aragonitic carbonate sediment and closed-system, or sed
iment-buffered, conditions (Lau et al., 2017). Although 
δ44/40Ca data are not available for the Takachiho or the 
South China sections, the Sr/Ca ratios from both sections 
are comparatively lower than those from the Taşkent sec
tion (fig. 5). These Sr/Ca differences may indicate that the 
original proportion of calcite was greater at South China 
or more extensive recrystallization and alteration during 
marine, fluid-buffered diagenesis; either hypothesis should 
be confirmed with additional constraints such as δ44/40Ca 
data. Because aragonite has a larger Δ7Lifluid-carb compared 
to calcite, a difference in CaCO3 mineralogy may also ex
plain lower δ7Li values in the Taşkent section compared to 
the South China sections but does not explain why the low
est δ7Li values occur in the Takachiho section. 
One possibility for the notably lower δ7Li values in the 

Takachiho section is more extensive diagenetic alteration 
at this section. Diagenetic alteration, as tracked by Mn/Sr 
ratio, appears more extensive at Takachiho than at Taşkent 
(fig. 5). Diagenetic alteration of Takachiho samples may be 
related to dolomitization; alteration is suggested by an in
verse correlation between δ7Li value and Mg/Ca ratio and 
a positive correlation between Li/Ca and Mg/Ca ratios (fig. 
5). The Mg/Ca ratios of the carbonates from Taşkent are 
all <100 mmol/mol and only three samples from Shanggang 
have a Mg/Ca ratio > 100 mmol/mol, whereas the Mg/Ca 
ratios of the Takachiho carbonates have an average of 230 
mmol/mol in the Induan (n=7), with a max of 800 mmol/
mol (table S1, fig. 5). Previous work identifying the effect 
of dolomitization on the δ7Li value of carbonate miner
als has produced mixed results. Experimentally precipitated 
dolomite suggests a large negative isotope fractionation oc
curs during dolomite replacement of CaCO3 (Taylor et al., 
2019), although the experimental products contain both 
dolomite and magnesite and therefore a dolomite-specific 
isotope fractionation factor is not easily calculated. Con
versely, direct measurements of dolomitized Neogene car
bonates suggest minimal Li isotope fractionation associ
ated with dolomitization, perhaps due to a strongly 
fluid-buffered diagenetic environment (Dellinger et al., 
2020; Liu et al., 2023). Additionally, petrographic evidence 
for fabric-retentive, early dolomitization from cored car
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Figure 7. Evolution of carbonate and siliciclastic δ     7Li records. (A) Dotted lines are four-point moving averages          
for δ 7Li values from carbonate successions that span the latest Permian to the Late Triassic. (B) The range of                   
possible seawater δ  7Li values constrained by Late Permian to Middle Triassic carbonate δ          7Li values is shown in      
the dashed region. The lower boundary (gray dashed line) represents a Li isotope fractionation factor of 0‰ (i.e.,                   
early marine diagenesis), applied to the lowest carbonate δ        7Li values. The upper bound (navy dashed line)         
represents the largest Li isotope fractionation factor (i.e., aragonite precipitation; Δ          7Lisw-carb  = 12‰), applied to     
the highest carbonate δ   7Li values. The brown shaded box indicates the range of siliciclastic δ           7Li records, with    
the upper bound the lowess fit to the 97.5        th  percentile of the data from Waiheke, New Zealand and the lower            
bound constrained by the lowess fit to the 2.5        th  percentile of the Festningen, Svalbard data       (Rauzi et al.  ,  2024).  
The brown dashed line indicates the minimum seawater δ        7Li value constrained from siliciclastic records. The        
average upper continental crust δ    7Li value of ~0‰     (Teng et al.  ,  2004)  is shown in the vertical dashed line. The         
increase in sea surface temperatures (SST) occurs at         ca.  251.84 Ma   (Y. Sun et al.   ,  2012). Horizonal dashed lines     
indicate the time bins discussed in the text. L        .Pm. = Late Permian, In. = Induan, L       .Tr. = Late Triassic.     

bonate sediments from the South China Sea corresponds 
to a ~0‰ Li isotope fractionation between seawater and 
dolomite (Liu et al., 2023). The dolomitized samples from 
Takachiho are from the Lower Triassic and are coarsely re
crystallized (L. Zhang et al., 2019). Therefore, later dolomi
tization at Takachiho may have occurred at higher tem
peratures more analogous to the experimental dolomites, 
which could have resulted in Li isotope fractionation differ
ent from that observed in Neogene dolomites and produced 
negative δ7Li values. It is also possible that fabric-destruc
tive dolomitization at Takachiho was accompanied by dia
genesis with a non-seawater fluid that simultaneously in
creased Mn/Sr ratios. 

It is unlikely that spatial or temporal variability in 
oceanic pH can explain the full range in Triassic δ7Li values 
observed among the three sections. An inverse relationship 
has been observed between Δ7Lifluid-carb and pH for inor
ganic calcite in several experimental studies (fig. 8; Füger 
et al., 2022; Gabitov et al., 2011; Marriott, Henderson, 
Belshaw, et al., 2004; Marriott, Henderson, Crompton, et 
al., 2004; Seyedali et al., 2021), although another study 
conducted at higher growth rates displayed the opposite 
relationship (Day et al., 2021). Assuming the relationship 
observed for calcite is representative (i.e., larger isotope 
fractionation with lower pH), fully explaining the ~6 to 
10‰ difference in δ7Li values between the sections in the 
Induan requires seawater pH at Takachiho to be at least 
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Figure 8. Summary of controls on Li isotope fractionation for (A) carbonates and (B) marine clays. The length of                  
the arrows roughly corresponds to the magnitude of effects on the Li isotope fractionation factor. (A) The Li                   
isotope fractionation of carbonates can vary with pH, abiotic growth rate, vital effects (see               D. Chen et al.   ,  2023; F.   
Li et al.  ,  2021), CaCO 3  mineralogy  (Gabitov et al.  ,  2011; Marriott ,  Henderson,  Crompton,  et al. ,  2004; Pogge von    
Strandmann,  Schmidt,  et al. ,  2019), clay contamination, and diagenesis. The effects of dolomitization are still            
unclear  (Dellinger et al.  ,  2020; Taylor et al.   ,  2019). (B) The Li isotope fractionation of marine clays can vary with             
pH, temperature, and reaction rate      (Hindshaw et al.  ,  2019). Generally, isotope fractionation for clays is assumed         
to be larger than for carbonates.       

4 pH units more acidic than in the Tethys (D. Chen et 
al., 2023). Such a large lateral pH gradient is not expected 
based on modeling that indicates ocean pH varied by less 
than a pH unit during the Permian–Triassic (Montenegro et 
al., 2011). There is evidence to indicate that the Early Tri
assic was characterized by a decrease in marine pH (Black 
et al., 2014; Clarkson et al., 2015; Knoll et al., 2007; Payne 
et al., 2010). Using the maximum potential effects from 
pH and growth rate, up to an 11‰ difference in carbonate 
δ7Li values could be explained by a change in environ
mental factors rather than a change in seawater δ7Li value 
or carbonate mineralogy. Higher carbonate δ7Li values in 
the Middle Triassic may partially reflect a return to typical 
ocean pH values and slower carbonate growth rates. How
ever, whether the full stratigraphic shift in Lower Triassic 
carbonate δ7Li values was driven by changes in Δ7Lisw-carb 
is uncertain. 
We do not find evidence for siliciclastic contamination 

as the most parsimonious explanation for the differences 
in the δ7Li record among the sections. A few samples from 
South China have Al/Ca ratios that are higher than at 
Taşkent and Takachiho, which could indicate siliciclastic 
contamination (fig. 5), but these samples do not exhibit un
usual δ7Li values. The evidence for siliciclastic contamina
tion is equivocal at Takachiho and unlikely based on its lo
cation far from continental siliciclastic sources, and there 
is no support for contamination in the Taşkent samples, as 
described above. 

Based on these observations, differences in co-eval car
bonate δ7Li values in Turkey, Japan, and South China—and 
specifically, comparatively low δ7Li values in Takachiho 
and comparatively high δ7Li values in South China—could 
reflect non-seawater diagenetic alteration associated with 
dolomitization at Takachiho, and a combination of a higher 
contribution of aragonite and calcite at Taşkent and South 
China, respectively. These relative proportions of aragonite 
and calcite, and the effect of dolomitization as well as ma
rine diagenesis, impacted the Li isotopic offset from sea
water in each carbonate section. Low Sr/Ca ratios and high 
Mn/Sr ratios at South China may indicate more extensive 
fluid-buffered, early marine diagenesis that increased the 
carbonate δ7Li toward higher values. Therefore, recon
structions of seawater δ7Li values should not be based on 
a single carbonate section because of the potential for a 
lithologic control, diagenesis, and clay contamination 
which can alter the carbonate δ7Li signal. This conclusion 
is aligned with a study that compared Permian brachiopod 
and bulk carbonate δ7Li value that found that offsets be
tween these components in the same sample varied de
pending on the site, likely reflecting distinct diagenetic al
teration processes (W.-Q. Wang et al., 2024). 
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4.4. Comparing δ7Li records in carbonate, 
siliciclastic, and chert sedimentary archives 

Comparing carbonate and siliciclastic Li isotope records has 
the potential to reveal new insights into the global Li cy
cle. This approach has been taken for the PETM (Pogge 
von Strandmann, Jones, et al., 2021), the Hirnantian glacia
tion (Pogge von Strandmann et al., 2017), and Marinoan 
glaciation (Yin et al., 2023). In these studies—as in this 
study—the Li content and isotopic value of marine silici
clastic sediments is assumed to be dictated by the silicate 
mineral fraction (as opposed to other mineral fractions, 
such as oxides or carbonates; see discussion in Supplemen
tary Materials), which reflects the combined input of terres
trially derived material (both terrestrially formed clays and 
unaltered primary minerals) and marine authigenic clays 
(Chan et al., 2006; Pogge von Strandmann, Dellinger, et 
al., 2021; Pogge von Strandmann, Fraser, et al., 2019). Ter
restrially derived material exhibits a δ7Li range of −9 to 
+10‰ reflective of weathering regimes in the modern en
vironment (compiled in Rauzi et al., 2024; e.g., Dellinger et 
al., 2015, 2017; Huh et al., 1998, 2001; Pogge von Strand
mann et al., 2006, 2010; Vigier et al., 2009; C. Yang et al., 
2021). Modern marine clays exhibit δ7Li values above this 
range (~ +11 to 16‰; Bouman et al., 2004; Chan et al., 
2006; G. Li & West, 2014; Lui-Heung & Edmond, 1988; 
Misra & Froelich, 2012; Vigier et al., 2008). Variation in the 
δ7Li values of terrestrially derived material or marine clay, 
or the relative proportion of terrestrial versus marine clay, 
can therefore drive changes in siliciclastic sediment δ7Li 
values, leading to significant spatial and temporal vari
ability. Given the nature of this simplified two-component 
mixing system, the δ7Li value of marine siliciclastic sed
iment is expected to be spatially variable and dependent 
on the weathering regime and clay authigenesis of a spe
cific region (i.e., river basin and coastal delta/fan system). 
In agreement with this framework, a compilation of Lower 
Triassic marine siliciclastic sediments exhibits a large range 
in δ7Li values of nearly 30‰ following the extinction in
terval (Rauzi et al., 2024). Notably, siliciclastic δ7Li values 
in a deep marine section from Southern Panthalassa (mod
ern day New Zealand), containing biogenic chert in a set
ting far from continental detrital Li inputs, reach values of 
up to ~27‰ in the Early Triassic, significantly higher than 
the δ7Li values of other siliciclastic and carbonate sections 
from the same interval (fig. 7B; Rauzi et al., 2024). Elevated 
siliciclastic δ7Li values in this section, as well as in upper
most Permian and lowermost Triassic shales from Svalbard 
and Japan (Rauzi et al., 2024), persist in the Early Triassic 
before returning to pre-perturbation baseline values in the 
Middle Triassic. 
There is no known mechanism that can produce marine 

authigenic clay δ7Li values that are higher than that of con
temporaneous seawater (fig. 8; see Supplementary Materi
als for further discussion; Hindshaw et al., 2019). There
fore, the high siliciclastic δ7Li values observed during the 
Early Triassic—which are well above the highest suspended 
sediment δ7Li values observed in modern rivers—were in
terpreted to include a marine clay contribution and repre
sent a minimum seawater δ7Li value during this interval 

(dashed gray line in fig. 7B; Rauzi et al., 2024). In other 
words, a shift in the abundance of marine and terrestrial 
clay over this interval could explain the observed trend. 
Due to the negative isotope offset associated with Li uptake 
during marine clay formation, the δ7Li value of marine 
clay, or marine siliciclastic sediments that contain authi
genic clay, is not directly representative of the seawater 
δ7Li value, but instead a minimum constraint. We can apply 
similar reasoning to the carbonate δ7Li record for the Early 
Triassic. The examples of marine diagenesis known to date 
result in a positive shift from carbonate δ7Li values below 
seawater toward, but not exceeding, the δ7Li value of sea
water or the inferred diagenetic fluid (i.e., Δ7Lisw-carb is al
ways < 0‰). If the carbonate δ7Li values have been only 
minimally altered, then a large isotope offset from seawater 
could result. Specifically, if the samples are diagenetically 
offset with seawater (e.g., Δ7Lisw-carb = 0‰), then a min
imum seawater δ7Li bound can be constrained. Alterna
tively, if the primary mineralogy was aragonite, pH was rel
atively low, and diagenetic alteration of the δ7Li signal is 
limited, then a Δ7Lisw-carb of 12‰ is possible. We can apply 
this offset to infer the maximum and minimum seawater 
δ7Li signature as determined by the compilation of carbon
ate δ7Li values (fig. 7B). Whether these scenarios are likely 
was discussed in Sections 4.2 and 4.3, but here we take 
the most conservative approach and apply it broadly across 
the whole carbonate dataset. We use the minimum δ7Li 
value, and assuming complete diagenetic resetting (fig. 7B, 
dashed gray line), and the maximum δ7Li value from the 
carbonate compilation, and assuming the maximum car
bonate isotope offset (fig. 7B, dashed navy line), to con
strain bounds on the minimum and maximum seawater 
δ7Li signatures from the Late Permian to early Middle Tri
assic. 
Comparing the constraints on the seawater δ7Li signa

ture inferred from these records reveals several surprising 
observations. First, the maximum seawater δ7Li values in 
the Early Triassic, as suggested by the carbonate record, are 
below the minimum value constrained by the siliciclastic 
record (fig. 7B). These constraints also imply that Δ7Lisw-
carb was at least 20‰ during this time, much larger than 
the equilibrium isotopic offset determined by experiments 
and observations of natural carbonate samples in the mod
ern. Finally, these data suggest that the δ7Li value of au
thigenic marine clays in the Early Triassic was higher than 
that of syndepositional carbonates—in other words, a large 
positive isotopic offset between marine clays and carbon
ates. This relationship is inverted compared to the modern 
Li cycle, where the δ7Li value of marine clay is viewed to 
be significantly lower than that of carbonate (Chan et al., 
2006; Dellinger et al., 2020). The absence of covariance be
tween trends in mean siliciclastic and carbonate δ7Li value 
is also in contrast to the PETM and the Hirnantian glacia
tion, when coeval shale and carbonate δ7Li records exhibit 
similar temporal shifts (Pogge von Strandmann et al., 2017; 
Pogge von Strandmann, Jones, et al., 2021). 
The δ7Li offset between seawater and marine authigenic 

clays (Δ7Lisw-clay ~20‰ in modern environments; fig. 8) is 
dependent on temperature (Hindshaw et al., 2019; G. Li & 
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West, 2014; Vigier et al., 2008), clay formation reaction rate 
(W. Li & Liu, 2022), mineralogy, and pH (Hindshaw et al., 
2019). Elevated seawater temperatures during the Early Tri
assic (higher by 10 to 15 °C; Joachimski et al., 2020) would 
explain only a ~2‰ decrease in Δ7Lisw-clay for both marine 
and terrestrial clay. In addition, an increase in marine dis
solved silica concentration driven by the demise of silicify
ing organisms at the end-Permian is proposed to have re
sulted in an increase in clay formation reaction rate during 
the Early Triassic (Isson et al., 2022). This shift could re
sult in a decrease in the Δ7Lisw-clay to values approaching 
2‰, which is ~15‰ below the equilibrium value calculated 
based on temperature for this interval (fig. 1B; Cao et al., 
2022; Kalderon-Asael et al., 2021; F. Li et al., 2021). Col
lectively, environmental changes during the Early Triassic 
may have driven opposing shifts in Δ7Lisw-carb and Δ7Lisw-
clay (fig. 8), resulting in the carbonate δ7Li value decreasing 
away from the seawater δ7Li value and the marine authi
genic clay δ7Li value increasing toward the seawater δ7Li 
value. While this framework can explain the deviation in 
δ7Li trends observed in either archive, it cannot explain the 
full difference between carbonates and siliciclastic archives 
during the Early Triassic. In other words, while the Δ7Lisw-
carb may have increased, there is no known mechanism by 
which it could increase to >20‰, as observed, suggest
ing that other factors contributed to the trends and inter-
archive spread that are observed. 

5. CONCEPTUAL MODEL FOR 
HETEROGENEOUS LI RECORDS AND 
RECOVERY FROM LI CYCLE 
PERTURBATIONS FROM THE EARLY 
TRIASSIC TO THE MIDDLE–LATE TRIASSIC 

The carbonate δ7Li record—from individual sections and 
aggregated as a whole—consistently supports an increase in 
carbonate δ7Li values from ~0‰ (or below for Takachiho) 
in the Lower Triassic to >0‰ in the Middle Triassic, despite 
the differences in carbonate sedimentology and diagenetic 
history. This trend may reflect a global environmental dri
ver on the δ7Li cycle. The decrease in carbonate δ7Li values 
in the latest Permian has been explained by an increase 
in reverse weathering, and a decrease in associated isotope 
fractionation, in the latest Permian that decreased and sus
tained low seawater δ7Li values in the Early Triassic (Cao et 
al., 2022; Isson et al., 2022; Rauzi et al., 2024). The new car
bonate δ7Li records presented in this study extend the pre
vious compilation (fig. 7A), indicating that carbonate δ7Li 
values increased steadily from the Middle to the Late Tri
assic to ~15‰, comparable to carbonate δ7Li values ob
served earlier in the Permian (Cao et al., 2022). The sus
tained low carbonate δ7Li values in the Early Triassic could 
also be interpreted to reflect a higher silicate weathering 
flux of Li, associated with climate changes from Siberian 
Traps degassing (fig. 9). Therefore, if the carbonate δ7Li 
trends can be interpreted to reflect changes in the seawater 
δ7Li signature, they would imply a decrease in continental 
silicate weathering and reverse weathering Li fluxes that 

accompanied the return to cooler sea surface temperatures 
and lower atmospheric pCO2 in the Middle Triassic (fig. 
9; Joachimski et al., 2022; Y. Sun et al., 2012). Both re
sponses are expected if climate recovery resulted in less 
intense continental weathering and if the return of silica 
biomineralizers reduced dissolved silica concentrations and 
therefore, reverse weathering rates. These interpretations 
are consistent with seawater Li isotope modeling for the 
Late Permian to the Early Triassic (Cao et al., 2022; Rauzi 
et al., 2024). However, as discussed in Sections 4.2 and 4.3, 
diagenetic alteration can result in stratigraphic variations 
in carbonate δ7Li records over time. This makes the inter
preted Li cycle changes from the Early to Middle/Late Tri
assic speculative, though future constraints from δ44/40Ca 
records from the same sections as those with δ7Li data will 
be invaluable for assessing our current interpretations. 
Nonetheless, even after accounting for carbonate diage

netic effects, the very low carbonate δ7Li values in the Early 
Triassic and the notable differences among carbonate and 
siliciclastic δ7Li records complicate a simple explanation of 
global Li isotope cycle perturbations and indicate a Li cycle 
distinct from the modern (fig. 9). Specifically, constraints 
on the seawater δ7Li signature conflict, with minimum sea
water δ7Li estimates from siliciclastic records exhibiting 
higher values than the maximum seawater δ7Li estimates 
from carbonate records (fig. 7B). We speculate that the dis
crepancies among Lower Triassic carbonate and siliciclastic 
δ7Li records may be a symptom of a highly perturbed Li cy
cle in the Early Triassic. Here, we consider the possibility 
that both archives record their local source fluid, and that 
the δ7Li value was heterogeneous laterally and with depth 
in the ocean during this interval. Carbon cycle modeling 
suggests an increase in silicate weathering flux by two- to 
three-fold (Isson et al., 2022). Terrestrial weathering con
gruency is expected to increase due to more active hydro
logic cycle and higher temperatures, which would decrease 
riverine δ7Li values (Dellinger et al., 2015; F. Zhang et al., 
2022). Together, these changes in continental weathering 
could result in a two- to three-fold increase in the dissolved 
riverine flux of Li to the marine environment (Rauzi et al., 
2024) and a decrease in the δ7Li value of the dissolved 
riverine input (due to a reduction in secondary clay for
mation) to crustal-like δ7Li values (Dellinger et al., 2015; 
Huh et al., 1998; Misra & Froelich, 2012; Pogge von Strand
mann et al., 2013; Rugenstein et al., 2019; F. Zhang et al., 
2022). However, an even greater coeval increase in Li up
take into marine authigenic clays (Isson et al., 2022; Rauzi 
et al., 2024) could have driven an overall depletion in the 
global marine Li reservoir and reduced the residence time 
of Li in the ocean in the Early Triassic. The potential for 
reverse weathering to significantly impact the Li cycle re
mains speculative given the uncertainty around the extent 
and contribution of reverse weathering even in the modern 
oceans; further work is needed to confirm this in modern 
settings. 
A reduced marine Li reservoir and shorter residence time 

potentially resulted in a poorly mixed Li reservoir (fig. 9). 
The return of silica biomineralizers in the Middle Triassic 
would have reduced marine authigenic clay formation and 
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Figure. 9. Schematic of possible changes to the global Li cycle from the Late Permian to the Middle Triassic.                  
Fluxes noted with blue arrows in mass balance cartoons are interpreted to have changed over this interval. In the                    
Late Permian, the oceanic Li reservoir is large and δ         7Li value is conservative. A ~50 Myr carbonate δ        7Li record   
suggests weathering in the Late Permian was highly congruent compared to the Early Permian               (Cao et al.  ,  2022).  
A large Li reservoir resulted in no difference in δ         7Li value between the shallow and deep ocean, which are           
recorded in carbonates (blue star; this study and         Cao et al.  ,  2022) and siliciclastics (gray star;      Rauzi et al.  ,  2024),  
respectively. In the Early Triassic, continental and reverse weathering both intensified, potentially leading to a                
net decrease in the oceanic Li reservoir. If the Li reservoir decreased such that Li was no longer conservative (i.e.,                     
a substantial decrease in the residence time), seawater δ        7Li values may have been heterogeneous. In this         
scenario, δ 7Li value in the shallow ocean may have been very low due to intensified continental weathering,                 
resulting in lower δ   7Li values in shallow marine carbonates (blue star). In contrast, δ          7Li values in the deep ocean       
could have reflected changes in inputs as well as more intense clay authigenesis, resulting in higher δ                7Li values   
in basinal siliciclastic sediments (gray star). In the Middle Triassic, the Li cycle recovered and returned to                  
conservative behavior. Higher δ   7Li values in Middle Triassic carbonates (this study) suggest both the weathering             
and reverse weathering fluxes of Li were lower than in the Late Permian and Early Triassic.                 

returned the marine Li reservoir to pre-extinction, well-
mixed conditions with a homogenous seawater δ7Li value. 
Until that point, a depth gradient in δ7Li values could de
velop if the shallow-water Li pool was dominated by conti
nental sources. This shallow, coastally dominated seawater 

may have been characterized by low δ7Li values reflect
ing riverine geochemistry and local depositional conditions 
(e.g., precipitation rate, pH). Modeling of the global δ7Li 
cycle (Cao et al., 2022; Rauzi et al., 2024) suggests that 
the δ7Li value of rivers could have been as low as 7‰ in 
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the Early Triassic, implying that Δ7Lisw-carb was at ~10‰, 
within the range of values observed for aragonite (e.g., 
Marriott, Henderson, Crompton, et al., 2004). More distal 
siliciclastic sections may have recorded a deep marine δ7Li 
value that was strongly modulated by authigenic clay pre
cipitation on the seafloor rather than direct continental in
puts. By the Middle Triassic, the δ7Li values of siliciclas
tic sediments return to values lower than coeval carbonates 
(i.e., negative Δ7Liclay-carb), akin to the modern δ7Li cycle 
(figs. 7B, 9C). 
Although the Takachiho section represents an isolated 

atoll in the middle of the Panthalassa Ocean, far from con
tinental sources, it is possible that oceanographic patterns 
could have transported riverine Li from Pangaea to this site. 
With the cGENIE Earth system model of intermediate com
plexity (see Supplementary Materials for details), we use a 
conservative tracer to illustrate a mechanism by which it 
could be possible for riverine Li—in a highly altered Li cy
cle—to influence the δ7Li value in the paleogeographic set
ting of Takachiho (fig. 10). A conservative tracer approach 
is not intended to be a perfect analog for the behavior of 
Li in the marine environment (i.e., there is no represen
tation of Li removal from the ocean, nor does it capture 
Li reactions on the shallow shelves). However, this treat
ment of riverine Li as a conservative input to seawater Li 
is a common approach in other studies (e.g., mass balance 
model in Cao et al., 2022). This approach is also supported 
by studies of Li isotope mixing at the Changjiang River es
tuary (C. Yang et al., 2021). This study observed modifica
tion of riverine dissolved δ7Li value was limited during es
tuarine processes and therefore could retain its signature 
before being mixed with seawater (C. Yang et al., 2021). 
Where mixing with seawater occurs, and the timescale on 
which it happens, depends on the open ocean Li reservoir 
size. 
The model results indicate how the surface seawater Li 

inventory in the mid-Panthalassa can potentially be influ
enced by riverine Li sources via circulation in an ocean 
characterized by a small Li reservoir. In all cases, the tracer 
is transported to the location of Takachiho (fig. 10). Sce
nario (A) is likely to be most representative of weathering 
fluxes at the western margin of equatorial Pangea due to 
higher runoff inferred for this paleogeography (Scotese, 
2014). Coastal precipitation, and by extension runoff, is 
simulated to be highest at the equator along the western 
margin of Pangea (X. Li et al., 2022; Scotese, 2014). Based 
on these results, we hypothesize that the lateral spatial 
variability in carbonate δ7Li values reflects differences in 
the Li isotope fractionation during carbonate precipitation 
and from diagenetic alteration, the degree of mixing be
tween riverine and deep-ocean Li reservoirs with differing 
δ7Li values, and potentially, differences in the riverine δ7Li 
values that reflect regional weathering dynamics. 
It is currently difficult to evaluate the possibility of het

erogeneous seawater δ7Li values, and whether a poorly 
mixed seawater Li reservoir is feasible on these timescales. 
Large changes in the marine Li reservoir, sustained on 106 

yr timescales, have been proposed, with a nearly 7-fold de
crease in seawater Li concentrations reconstructed in the 

Figure 10. Sensitivity tests of transport of a       
conservative dye tracer in the Panthalassic Ocean to         
the Takachiho, Japan site as a proxy for potential          
transport of continental Li with low δ      7Li values. A    
global input flux of 2 x 10      10  mol/yr, approximately the    
flux of riverine Li estimated for the Early Triassic          
(Rauzi et al.  ,  2024)  is added to the oceans along the        
western margin of Pangea (A) across the entire west          
coast, with a 2x rate in the tropics (~13ºN to ~13ºS); (B)             
only in the tropics; and (C) as a point source at the             
equator.  

Jurassic compared to today (G. Li & West, 2014; Rugenstein 
et al., 2019; Weldeghebriel & Lowenstein, 2023). A model 
of the Early Triassic Li cycle (Rauzi et al., 2024) calculated 
a minimum Li residence time of 78 kyr. The model was de
signed such that seawater Li concentrations were not al
lowed to decrease below 10% of levels in today’s oceans; 
therefore, a true minimum residence time was not calcu
lated and could conceivably be lower. Thus, it is reasonable 
to hypothesize that a substantial change in the Li fluxes 
would have similarly reduced the residence time in the 
Early Triassic, and future work with Li models could provide 
quantitative constraints on this change (e.g., Adloff et al., 
2021). If seawater Li had a residence time of 78 kyr or lower, 
it would be possible for spatial heterogeneity to occur. For 
example, seawater dissolved inorganic carbon (DIC) is es
timated to have a residence time of 83 to 200 kyr today 
(Berner & Berner, 1997; Zeebe & Wolf-Gladrow, 2009), and 
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vertical and lateral DIC profiles are observed today due to 
uptake via primary productivity and release from reminer
alization. Though the Li and DIC cycles are not controlled 
by the same processes, this comparison demonstrates that 
geochemical cycles with residence times on the order of 
105 yr have the potential to be poorly mixed in the ocean. 
Nonetheless, the potential recovery of Li cycling in the 
Middle to Late Triassic would increase the Li residence 
time, returning seawater Li to being a conservative element 
as is observed today. 

6. CONCLUSION 

We present carbonate δ7Li records from shallow marine 
sections in the western Tethys (Taşkent, Turkey) and an 
isolated atoll in the Panthalassic Ocean (Takachiho, Japan) 
that span the uppermost Permian to the Late Triassic. 
These sections provide the first carbonate δ7Li record that 
covers the entire recovery period from the end-Permian 
mass extinction. Following low δ7Li values in Lower Trias
sic carbonates, our new data record a shift in the Middle 
Triassic to higher values similar to those of the Middle Per
mian and early Late Permian. Carbonate δ7Li values are low 
in the Induan (lowermost Triassic), with values near 0‰ 
that potentially reflect decreased ocean pH and elevated 
mineral growth rates that could have increased the Li iso
topic offset from the precipitating fluid. During this inter
val, values differ by up to ~20‰ between the study sec
tions and published carbonate records, which we attribute 
to variable diagenetic alteration, potentially related to later 
dolomitization, as well as different proportions of arago
nite and calcite. Even after accounting for diagenetic alter
ation, carbonate δ7Li values in the Early Triassic are in
consistent with seawater δ7Li estimates from siliciclastic 
records of the same interval (Rauzi et al., 2024). An assess
ment of Li cycle archives from the Early Triassic supports 
(1) an increase in congruent continental silicate weather
ing that increased the Li flux and decreased the δ7Li value 
of the dissolved riverine Li input to the ocean and (2) a co
eval elevated rate of reverse weathering (driven by the dec
imation of silica biomineralizers) that increased the marine 
Li removal flux. We propose that these inconsistencies re
flect a marine Li cycle that was out of equilibrium in the 
Early Triassic, characterized by a short oceanic Li residence 
time and a spatial heterogeneity in seawater δ7Li values. As 
a result, a Lower Triassic carbonate δ7Li value may not be 
directly recording perturbations to the global Li cycle. In
stead, it could track the δ7Li value of shallow waters more 
strongly impacted by continental Li sources. In the Middle 
Triassic, the return of silica biomineralizers is predicted to 
result in lower reverse weathering rates (Isson et al., 2022), 
returning the seawater Li cycle to more typical conditions. 
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