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Lithium isotopes trace silicate
weathering-driven authigenic carbonate
formation in marine sediments
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Dong Feng 2,3

Marine authigenic carbonates are considered a major long-term carbon sink, yet the role of silicate
weathering in their formation remains unclear. Here we use lithium isotope compositions of authigenic
carbonates from the Gulf of Mexico to trace the coupling between silicate weathering and carbonate
authigenesis in marine sediment. In contrast to the positive δ7Licarb values in seep carbonates formed
near the seafloor, carbonates originating from organoclastic sulphate reduction in deeper burial
settings exhibit negative δ7Licarb values (−6.6‰ to −1.2‰). Calculated δ7Lifluid values (−4‰ to
+1.4‰) in pore fluids closely match the δ7Lisilicate values of the silicate component in the rocks,
suggesting congruent silicate weathering is approached. A positive correlation between δ7Lifluid and
δ13Ccarb values indicates organoclastic sulphate reduction enhances silicate weathering, which
together promote carbonate authigenesis in anoxic sediments. Our findings demonstrate that lithium
isotopes are a valuable tool for tracing carbon–silicate interactions and reconstructing carbon cycling
in anoxic sediments.

Authigenic carbonates are carbonate minerals that precipitated in situ from
solution, either at the sediment-water interface or within sediment pore
water1. These carbonates differ fundamentally fromdepositional carbonates
—which include skeleton and fragments coated allochems—not only in
their textural attributes but also in their timing of formation, typically
occurring after sediment deposition. Authigenic carbonate formation in
marine sediments represents an important long-term sink for carbon,
accounting for at least 10%ofmodernmarine carbonateburial andprobably
a much greater proportion during past intervals of ocean anoxia1–3.
Understanding the mechanisms that drive carbonate authigenesis is
essential for reconstructing Earth’s carbon cycle and its links to global
carbon, magnesium and calcium budgets4,5.

In continental margin sediments, authigenic carbonates form above
and within the sulphate–methane transition zone (SMTZ), where alkalinity
is elevated by the degradation of organic matter through organoclastic
sulphate reduction (OSR) or sulphate-driven anaerobic oxidation of
methane (AOM)6. However, carbonate precipitation is also observed at
greater sediment depths, below the SMTZ, where microbial processes such
as fermentation and methanogenesis dominate7,8. These processes do not
elevate alkalinity but instead generate CO2 and decrease pore water pH,

conditions generally considered unfavourable for carbonate
precipitation9,10. Nevertheless, pore fluids in deeply buried, methanic sedi-
ments commonly exhibit elevated alkalinities, suggesting the presence of an
additional, previously underappreciated alkalinity source9.

One possible mechanism is silicate weathering under anoxic condi-
tions, which consumes CO₂ and releases calcium and alkalinity, promoting
carbonate formation11–13. Recent estimates byWallmann et al.13 underscore
the global significance of this pathway, revealing that anoxic marine sedi-
ments sequester ~2.5 trillion mol C yr⁻¹ via authigenic carbonates—with
calcium and alkalinity largely sourced from silicate mineral dissolution.
Silicateweathering is enhanced by acidic porefluids that result fromorganic
matter degradation in anoxic sediments9,11,14. However, direct geochemical
evidence for silicate weathering in marine sediments is limited, and the
relationship between degradation of organic matter and silicate dissolution
remains poorly constrained.

Conventional tracers of silicate weathering, such as strontium iso-
topes (87Sr/86Sr), are commonly confounded by fluid mixing and eva-
porite dissolution15–18. This limitation arises because the Sr component in
pore fluids is commonly dominated by contributions from ancient
deposits or brines15,19,20, while paleo-seawater Sr isotope ratios exhibit
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wide-ranging temporal variations21. For instance, the 87Sr/86Sr signal from
silicate weathering recorded in the Hockley Dome anhydrite (Gulf Coast,
U.S.A.) was intensively influenced by mixing with Middle Jurassic sea-
water, resulting in 87Sr/86Sr ratios ranging from 0.7071 to 0.709215. This
case demonstrates that observed isotope variability primarily reflects the
proportion of ancient brine-derived Sr rather than the contribution from
silicate dissolution during silicate weathering22. In contrast, previous
studies have successfully used δ7Li values in pore fluids to reconstruct the
degree of silicate weathering congruency in burial sediments23–25, making
Li isotopes a potential indictor for tracing silicate weathering during
authigenic carbonate formation.

Recent studies have shown that authigenic carbonates from theGulf of
Mexico (GoM) formed throughOSRat temperatures up to 53 °C, indicating
active OSR below the SMTZ26. Considering the widespread occurrence of
sulphate replenishment from depth through seawater convection and the
dissolution of buried evaporites15,27, OSR-driven carbonate authigenesis
possibly represents a carbon sink in deep burial settings of the GoM.
However, in contrast toAOM,OSRwould lower pHbyproducing onemole
of H+ per mole of sulphur turned over28. Like methanogenesis, OSR itself
does not necessarily favour carbonate precipitation since the lower pH can
hinder carbonate formation despite the generation of alkalinity28,29. We
hypothesize that the coupling of silicate weathering with OSR promotes the
formation of authigenic carbonates in theGoM.To explore this connection,
we analyse the lithium isotopic composition of carbonates formed in two
distinct diagenetic environments: shallow sediments typified by sulphate-
driven AOM and deeper sediments dominated by OSR. By comparing δ7Li
signatures across these settings, this study provides geochemical evidence
for silicate weathering in marine sediments and unravels carbon-silicate
interactions during burial diagenesis.

Geological settings and samples
TheGoMbegan forming in the Late Jurassic (~165Ma) during the breakup
of Pangaea. Extension and thinning of the continental crust created
restricted marine basins, where evaporation led to the deposition of the
Louann Salt. As rifting transitioned to seafloor spreading, opening of a
connection to the Atlantic Ocean terminated evaporite deposition, and the
basin began receiving vast terrigenous sediment from North America’s
rivers30,31. Later, salt deformation in the subsurface led to widespread salt
diapirism and fractures, which act as pathways for hydrocarbon and brine
migration32,33. Themigratingfluids interactedwith sediments, affectingpore
water chemistry and forming authigenic deposits near the seafloor15,27,32,34.
Both, OSR-derived carbonate forming at burial depth and AOM-driven
carbonate forming near the seafloor have been reported in the GoM19,20,26,34.

To explore the Li isotope composition of carbonate forming across
different diagenetic environments, we analysed 16 carbonate samples from
five GoM sites: Ship Shoal 296 (SS296), Green Canyon 53 (GC53), Garden
Banks 260 (GB260), GardenBanks 697 (GB697) andAlaminosCanyon 601
(AC601; Fig. 1; Supplementary Table 1). These carbonate samples were
collected from the seafloor with research submersibles. All study sites were
affected by salt diapirism, potentially resulting in material migration and
fluid seepage. Three sites with active seepage (GC53, GB697, AC601) are
characterized by ongoing fluid expulsion, chemosynthesis-based seep
communities and authigenic mineral deposits such as carbonate crusts and
barite chimneys34–37. Sites with carbonate deposits brought up from depth
(SS296, GB260) are located within salt-withdrawal basins38,39, typified by
horizontally layered salt structures with no evidence of active seepage.

The lithological characteristics of the carbonate rocks analysed herein
have been previously described in detail19,20. Microcrystalline, authigenic
carbonateminerals are interspersed with silicate detritus in the rockmatrix,

Fig. 1 | Map of sampling locations in the Gulf of
Mexico (modified from Fig. 1 in Roberts et al.37

Copyright (2010) by Elsevier. Used with permis-
sion) and representative photographs of typical
carbonate rocks. SS Ship Shoal, AC Alaminos
Canyon, GB Garden Banks, GC Green Canyon,
AOM anaerobic oxidation of methane, OSR orga-
noclastic sulphate reduction.

AOM-derived carbonate OSR-derived carbonate 
Type
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displaying a texture indicative of carbonate minerals cementing silicate
clasts. In this study, mineralogical, elemental and lithium isotope analyses
were conducted to characterize the diagenetic signatures of the GoM
authigenic carbonates and to trace subsurface processes.

Results and discussion
Authigenic Carbonates Resulting from Sulphate-driven AOM
and OSR
The authigenic carbonates resulting from sulphate-driven AOMhave been
described in detail20. The δ13Ccarb values of these carbonates range widely
from −52.2‰ to −0.1‰, with most values lower than −20‰, agreeing
with methane and oil as dominant carbon sources cf. ref. 40. The carbonate
rocks aredominatedbymicrocrystalline calciumcarbonateminerals (calcite
and aragonite; Supplementary Table 1), enclosing abundant peloids and
skeletal carbonate, and containing pore-filling, marine carbonate cement20.
The occurrence of peloids, skeletal carbonate and marine cement is typical
of a formation at shallow depth close to the seafloor (Fig. 1) cf. ref. 41.

The authigenic carbonates resulting fromOSR have been described in
Huang et al.19,26. The presence of framboidal pyrite with relatively low δ34S
values (−27.8‰ to 11.5‰) confirms the occurrence of microbial sulphate
reduction in the depositional environment where carbonate precipitation

took place26. Organic matter enclosed in the carbonates revealed δ13Corg

values like the typical sedimentary organic matter in the sediments of the
GoM, values higher than those of the organic fractions in seep carbonates42.
The δ13Ccarb values range from−16.9‰ to 2.6‰, consistent with carbonate
authigenesis influenced by microbial degradation of organic matter medi-
ated by OSR (−20‰ to −1‰)43. Cone-in-cone textures and lower Δ47

values (clumped isotope thermometry) in some of the studied samples (site
SS296) indicate higher precipitation temperatures during deep burial26,
corresponding with the absence of features typical of a formation in a
shallow subseafloor environment such as peloids, skeletal carbonate and
marine cement (Fig. 1). The recognition of authigenic carbonates resulting
from OSR below the upper SMTZ is surprising and has been linked to the
presence of sulphate evaporites and residualmarine brines in the subsurface
of the GoM19,26.

Lithium isotope fingerprint of silicate weathering
Silicate weathering may play a previously underappreciated role in facil-
itating carbonate precipitation during OSR in the subsurface of marginal
seas, a process that can be traced through the δ7Li signatures preserved in
authigenic carbonates. First, the acetic acid-extracted Li from the carbonate

Fig. 2 | Relationships between Li and Ti elements
in different phases of carbonate rocks and rela-
tionships of Li isotopes between the different
phases. ATi contents versus Li contents in bulk rock
and carbonate phase. Ti content shows a positive
relationship to Li content in bulk rock. B Plot of
δ7Licarb versus δ

7Lisilicate values. Error bars for
δ7Licarb values represent ±2 SD (standard deviation)
of replicates. δ7Lisilicate values are calculated based on
Li content and δ7Li value of bulk rocks and carbo-
nate phases. Error bars for δ7Lisilicate values are the
uncertainty estimated using the ErrorPropaga-
tionTool function in Mathematica (Wolfram
Research Inc.). AOM anaerobic oxidation of
methane, OSR organoclastic sulphate reduction.
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phase shows no contamination by detrital silicate as evidenced by the lowTi
content (<2.2 μg/g), which is more than two to three orders of magnitude
lower than Ti content in the bulk rock (82–1486 μg/g) (Supplementary
Table 2). Whereas Li and Ti contents in the bulk rock show a strong cor-
relation, no such relationship exists between the Li and Ti in the carbonate
phase determined from the acetic-leaching solutions (Fig. 2A). Further-
more, δ7Licarb values show no corelationwith δ7Lisilicate values (Fig. 2B). The
δ7Licarb values can therefore primarily be used to reflect the Li isotope
composition of the parent fluid. The Δδ7Licarbonate-fluid values during pre-
cipitation of aragonite and calcite have been constrained using different
solutions44–46. Notably, Δδ7Licalcite-fluid values differ between seawater-like
solutions (−2.6‰44) and solutionswith small ion load (−8.4‰45;−8.5‰46).
Day et al.46 ascribed such a difference to the precipitation rate of calcite.
Considering that the values derived from seawater-like solution better
match marine carbonates, mean fractionation factors of −11.7‰ for ara-
gonite and−2.6‰ for calcite can be adopted to estimate the δ7Li values of
the parent fluids44.

The GoM authigenic carbonates resulting from sulphate-driven AOM
exhibit positive δ7Licarb values (3.8‰ to 11.7‰), close to values of seep
carbonate from the Black Sea and the Sea of Japan (8.3‰ to 15.6)47. The
δ7Lifluid values calculated from the studied GoM seep carbonates, ranging
from 9.5‰ to 15.4‰ (Supplementary Table 3), are lower than values of
modern seawater (31‰) and brine-seep fluids from Green Canyon 415 of
theGoM (44.7‰ to 45.7‰)23. However, the calculated values arewithin the
range of values observed for pore fluids in seep environments (7.5‰ to
32.3‰)23, which reflect a mixture of seawater and seep fluids cf. refs. 23,47.
The large variability in δ7Li values of the GoM seep carbonates indicates
variable degrees of mixing of seawater and 7Li-depleted seep fluids (Fig. 3).

Compared to the GoM seep carbonates, the GoM carbonates resulting
from OSR at depth show lower δ7Licarb values (−6.6‰ to −1.2‰). These
values are the lowest values reported for carbonate minerals to date (Fig. 3).
The calculated δ7Lifluid values of the parent fluids range from −4.0‰ to
1.4‰ (Supplementary Table 3), lower than the values of pore fluids in seep
systems near the seafloor47. Low δ7Li values in pore fluids have been
attributed to silicate weathering in buried sediments cf. refs. 23,47, since
marine clay-rich sediments exhibit low δ7Li values in the range of−1.5‰ to
5‰48.However, the calculatedδ7Lifluid values are even lower than the typical
δ7Li values of marine clay-rich sediments. During silicate weathering, pri-
mary silicate dissolution releases Li of mineral-like δ7Li values into pore
fluids while 6Li in pore fluids will be preferentially removed by secondary

silicate formation48,49. Consequently, the δ7Li value in solution is controlled
by the ratio of primary silicate mineral dissolution to secondary mineral
formation (known as “weathering congruency”)22,50. If a rock congruently
dissolves without the formation of secondary minerals, the solution will
reveal amineral-likeδ7Li value,while incongruentweathering, involving the
formation of secondary silicate, leads to higher δ7Li value in solution22,51.
Since determining the δ7Li value of ambient sediment during carbonate
precipitation is practically impossible, we instead calculated the δ7Lisilicate
values of the silicate phase in the authigenic carbonates based on Li content
and δ7Li values of bulk rocks and carbonate phases. The calculated δ7Lisilicate
values range from −5.1‰ to −1.2‰ (Supplementary Table 3). Such low
δ7Lisilicate values reflect the long-term burial history of the silicate compo-
nent prior to its cementation by authigenic carbonate, agreeing with
authigenic carbonate formation at a later burial stage cf. refs. 22,51. The
calculated low δ7Lifluid values are close to or slightly higher than the δ

7Lisilicate
values, reflecting a high ratio of silicate dissolution to formation of sec-
ondary silicate minerals, approaching congruent silicate weathering. Since
6Li is preferentially incorporated into carbonate during carbonate authi-
genesis, the δ7Lifluid values may continuously rise due to carbonate pre-
cipitation. Consequently, the primary δ7Lifluid values exclusively influenced
by silicate weathering may have even been lower than the calculated values
and closer to the δ7Lisilicate values.

When deep pore fluids ascend through marine sediments, light Li
isotopes tend to be incorporated into secondary clay minerals during clay
mineral authigenesis or be adsorbed on sediment particle surfaces, further
increasing δ7Li values of pore fluids23,48,49. Therefore, the calculated low
δ7Lifluid values indicate that the pore fluids from which the carbonate
minerals precipitated did not migrate over a long distance after silicate
weathering took place cf. ref. 23. Our observations therefore suggest that the
Li isotopic composition of the OSR-derived authigenic carbonate preserves
the signatures of silicate weathering in the parent fluids during carbonate
formation at burial depth.

Carbon sequestration through coupled marine silicate weath-
ering and OSR
Negative δ7Licarb values like those documented herein have not been
reported to the best of our knowledge, but lowδ7Lifluid values similar to those
of the parent fluids of OSR-derived carbonates have been encountered in
settings influenced by silicate weathering. Low δ7Lifluid values reflect a high
ratio of silicate dissolution to formation of secondary silicate minerals23–25.
The calculated δ7Lifluid values for OSR-derived carbonates resemble the
corresponding δ7Lisilicate values, with Δ7Lisilicate-fluid values (δ7Lifluid -
δ7Lisilicate) ranging from 0.5‰ to 2.8‰. The Δ7Lisilicate-fluid values are lower
than values reported for the Hikurangi subduction zone (~10‰)25, con-
firming a high ratio of silicate dissolution to formation of secondary silicate
mineral during carbonate authigenesis cf. refs. 24,25.

It remains unclear how the scenario of approaching congruent
weathering emerges in the system. Similar to methanogenesis, OSR
potentially lowers the pH and increases pCO2 of pore fluids, which can
impede carbonate precipitation28. Silicate weathering counteracts this effect
by neutralizing pH, consuming CO2 and generating HCO3

−, thereby pro-
moting carbonate authigenesis in sediments9,12. In cases where OSR pro-
ceeds at greater burial depth, favoured by a subsurface source of dissolved
sulphate, the production of CO2 is presumably increased, thereby necessi-
tating a higher rate of silicate weathering to enable carbonate precipitation.
A weak but consistent positive correlation between δ7Lifluid and δ13Ccarb

values is observed among the GoM OSR-derived carbonates (Fig. 4). The
low δ13C values in pore fluids are mainly controlled by the OSR
contributions43, whereas the low δ7Lifluid values are primarily controlled by
silicate dissolution. Since silicate dissolution is promoted under low pH
conditions9,11,52, the simultaneous decreases of δ7Lifluid and δ13Ccarb values
may reflect enhanced silicate dissolution driven by intensified OSR. Sec-
ondary silicate formation may be suppressed during ongoing OSR and
carbonate authigenesis. Recently, experiments led to the observation of a
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amount of secondary silicate mineral formation even in conditions of low
pH and constant primary silicate mineral dissolution e.g. refs. 53,54. Thus,
OSR may not directly inhibit secondary silicate formation. Instead, the
consumption of cations by carbonate authigenesis may limit the develop-
ment of secondary silicate mineral cf. ref. 10. If this hypothesis is correct,
strengthening of silicate dissolution and associated weakening of secondary
silicate formation may concur in the complex interactions among organic
matter degradation, silicate weathering and carbonate precipitation.

We put forward a conceptual scenario that illustrates the coupled
interactions among organic matter degradation, silicate weathering and
carbonate precipitation, offering a mechanistic explanation for carbon
sequestration in the deep marine sediments of marginal seas (Fig. 5).
Microbial degradation of organicmatter at depth—fuelled by sulphate from
evaporite dissolution—generates acidic conditions that promote silicate
weathering. This weathering process favours the conversion of CO2 to
HCO3

−, enabling carbon to be sequestered in the subsurface despite high
CO2 production during organic matter degradation. The existence of such
interaction is affirmed by the consistently low δ7Li signatures of the OSR-
derived authigenic carbonates and the positive correlation between δ7Lifluid
and δ13Ccarb values.

Evaporites are widely distributed in the sedimentary sequences of
marginal seas, with prominent examples including the Gulf of Mexico, the
North Sea, the Mediterranean Sea and the Red Sea55. While our current
dataset is admittedly limited to theGoM, thewidespreaddistribution of salt-
rich, organic-rich marginal basins implies that OSR-enhanced silicate
weathering may represent a previously overlooked pathway of long-term
carbon sequestration in anoxic marine sediments. Moreover, due to the
similar geochemical effects of methanogenesis and OSR on pore water
chemistry, our scenario of a coupling between organic matter degradation,
silicate weathering and carbonate precipitation may also apply to sedi-
mentary environments dominated by methanogenesis. Such coupling
between methanogenesis and silicate weathering has been put forward as a
globally relevant driver of authigenic carbonate formation in marine
sediments9,10. Although direct geological evidence remains sparse, con-
sistent geochemical signatures in pore waters and numerical modelling
results support its broader significance9,13. The lithium isotope approach
used in this study provides a promising tool for identifying and quantifying
this silicate–carbon coupling in the sedimentary record. Broader application

of this approach may ultimately help refine our understanding of carbon
cycling in subsurface marine environments.

Conclusions
Authigenic carbonates from the Gulf of Mexico preserve distinct lithium
isotope signatures that reflect their formation environments, ranging from
near-surface seepage zones to deeply buried, anoxic sediments. Carbonates
formed near or within the sulphate–methane transition zone (SMTZ) close
to the seafloor exhibit positiveδ7Li values, consistentwithprecipitation from
mixed seawater and seep fluids. In contrast, carbonates formed through
organoclastic sulphate reduction (OSR) at burial depths display excep-
tionally low δ7Li values, corresponding to calculated pore fluid values as low
as –4.0‰. These values represent the strongest 6Li enrichment in carbonate
minerals reported to date, closely matching the δ7Li values of the accessory
silicate minerals enclosed in the authigenic carbonates. Such concordance
indicates a high ratio of primary silicate dissolution to secondary clay for-
mation, which was apparently driven by acidity produced duringmicrobial
sulphate reduction at burial depth. The alkalinity generated by silicate
weatheringpromoted carbonate authigenesis under otherwise unfavourable
acidic conditions, representing a direct link between microbial activity,
silicate weathering and carbon mineralization in a marine sedimentary
environment. Our findings document a previously unrecognized mechan-
ism of in situ carbon sequestration in anoxic marine sediments, with
implications for global carbon cycling and diagenesis. Lithium isotopes thus
offer a powerful proxy to trace carbon-silicate interactions in the marine
subsurface. Broader application of the lithium isotope approach may help
constrain the long-term role ofmarine silicateweathering in shapingEarth’s
climate and geochemical history.

Methods
Mineralogical analyses
Subsamples of the studied rocks were drilled from clean surfaces and cru-
shed to less than 200 mesh using an agate mortar and pestle. Mineralogical
analyseswere conductedusingaBrukerD8AdvanceX-raydiffractometer at
the South China Sea Institute of Oceanography, Chinese Academy of Sci-
ences. The X-ray source was generated by a Cu anode operating at 40 kV
and 40mA. TheMgCO3 content of calcite was determined based on the 2θ
of the 104 peaks in the XRD spectrum56. Following the classification based

Fig. 5 | Conceptual scenario illustrating zones of
carbonate authigenesis and associated lithium
isotope signatures in marine sediments. The blue
dashed box highlights authigenic carbonate forma-
tion near the sulphate–methane transition zone
(SMTZ), primarily driven by sulphate-driven
anaerobic oxidation of methane (AOM). The red
dashed box emphasizes authigenic carbonate for-
mation at greater depths, where organoclastic sul-
phate reduction (OSR) occurs. In this setting,
coupled silicate weathering and carbonate pre-
cipitation under anoxic, acidic conditions lead to
low δ⁷Li values in both pore fluids and carbonate
phases. The right panel depicts biogeochemical
processes and lithium isotope behaviour during
carbonate formation, illustrating how Li isotopes
trace the extent of silicate dissolution and the fluid’s
residence time. This schematic highlights OSR-
derived carbonates as a key element of deep sub-
surface carbon sequestration.
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on calcite stability, low-magnesium calcite contains less than 5mol%
MgCO3, while high-Mg calcite contains more than 5mol% MgCO3

57.

Major and trace element analyses
Formajor and trace element analysis of bulk samples, the powdered samples
were digested in Teflon beakers using ultra-cleaned HF/HNO3 (2:1) at
195 °C for 3 days. After evaporation overnight, the residue was dissolved in
15 wt.% HNO3 (5ml) and heated again at 195 °C overnight. Following a
second evaporation, samples were redissolved in 3 wt% HNO3 spiked with
an internal rhodiumstandard.Major elementswere analysedwith ICP-OES
(Agilent 5110) and trace elements with ICP-MS (Agilent 7700x) at Nanjing
FocuMS Technology Co. Ltd. Geochemical reference materials of USGS—
including basalt (BCR-2, BHVO-2), andesite (AVG-2), rhyolite (RGM-2)
and granodiorite (GSP-2)—were used for quality control. Obtained values
were cross-checked with certified values from the GeoReM database58.
Analytical deviations were less than 5% for MnO; 3% for Na2O, MgO,
Al2O3, K2O, CaO and Fe2O3; within 20% for Li content, and better than 5%
for Ti content.

Analyses of carbon, oxygen and lithium isotopes
For carbon and oxygen stable isotope analysis, powdered samples were
treatedwith 100%phosphoric acid at 90 °C. The releasedCO2was extracted
and purified before being introduced into aDelta-VPlusmass spectrometer
at the College of Marine Sciences, Shanghai Ocean University. The carbon
and oxygen isotope compositions are expressed in delta notation (δ) in per
mil relative to the Vienna-Pee Dee Belemnite (V-PDB) standard. Precision
was on the order of 0.1‰ for both δ13C and δ18O values.

Individual sampleswere split into two for repeatedmeasurement of the
lithium isotope composition of bulk samples and carbonate phases,
respectively. For bulk analysis, about 50mg samples were treated with HF/
HNO3 solution (3:1) in Teflon beakers at 120 °C for two days. After eva-
poration, sampleswere redissolved in aqua regia and heated to 120 °C for an
additional two days. After mineral digestion, solutions were subsequently
dried at 90 °C and redissolved in HCl solution before purification. For
carbonate phases, about 50–150mg samples were dissolved in 5% acetic
acid solutions, a method previously validated for accurate carbonate Li
isotopemeasurement59,60. Each samplewas vortexed for 10min, centrifuged
at 3000 rps for 15min, and the supernatant was collected. This procedure
was repeated once, followed by two rinses with deionized water using the
same vortex-centrifugation process. All collected solutions were dried at
90 °C and redissolved in HCl solution before purification. The solution was
also used for Li and Ti content analysis of the carbonate phase using a
Thermo iCAP ICP-MS. Lithium separation was achieved using two-step
cation exchange chromatography60,61. The obtained purified solutions
(~100 ng Li) were analysed for lithium isotope composition using aThermo
Finnigan Neptune MC-ICP-MS. The instrumental mass fractionation
generated during determination was corrected by using the following test
procedure: Blank 1, Standard (L-SVEC), Blank 2 and Sample. Each sample
was analysed four times.The results are expressed indeltanotation (δ) inper
mil relative to the L-SVEC standard. Standards (IRMM016, RGM-2, AGV-
2 and BCR-2) were used to evaluate external accuracy and precision. The
δ7Li values of IRMM016, RGM-2, AGV-2 and BCR-2 were 0.23 ± 0.09‰
(2 SD, n = 5), 2.63 ± 0.45‰ (2 SD,n = 12), 6.45 ± 0.40‰ and 2.35 ± 0.15‰,
falling within the isotope range reported in previous studies (GeoReM58).

The Li isotope composition of the fluids from which carbonate
minerals precipitated (δ7Lifluid values) was calculated using the factors of Li
isotope fractionation (i.e., Δδ7Licarbonate-fluid = δ7Licarb − δ7Lifluid) and their
mineralogical compositions (δ7Lifluid = δ7Licarb-Δ

7Li1*f1-Δ
7Li2*f2), follow-

ing Miyajima et al.47 In the equation, fn represents the proportion of the
carbonate mineral N in the carbonate phase. Note that siderite (a calcite
group mineral) was treated as calcite for the calculation since the fractio-
nation factor of Li for siderite is unknown to date. The Li isotope compo-
sition of the silicate phase (δ7Lisilicate) in the carbonates was calculated using
the Li content ([Li]) and the δ7Li values of bulk rock samples and carbonate

phase based on the conservation of elements and isotopes in a binarymixing
system:

Li½ �bulk ¼ ½Li�silicate� f silicate þ ½Li�carbonate� f carbonate ð1Þ

δ7Libulk
� ½Li�bulk ¼ δ7Lisilicate

� ½Li�silicate� f silicate
þ δ7Licarb

� ½Li�carbonate� f carbonate
ð2Þ

Thus, the δ7Lisilicate value can be calculated

δ7Lisilicate ¼ δ7Libulk
� Li½ �bulk � δ7Licarb

� Li½ �carbonate� f carbonate=
Li½ �bulk � Li½ �carbonate� f carbonate

� �
:

ð3Þ

It shouldbenoted that theuncertaintyof the calculatedδ7Lisilicate values
depends heavily on the proportion of carbonate minerals that are qualita-
tively determined by XRD data, as well as the analysing uncertainties of Li
content and the δ7Li values.

Data availability
All data used in the publication, as well as the original data for the Figures,
can be found at the following link https://doi.org/10.6084/m9.figshare.
29978509.
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