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Significance

 It has been hypothesized that the 
surface ocean was frozen for 
several million years during an 
ice age known as the Marinoan 
snowball Earth. When this event 
ended ~635 Mya, a plumeworld 
ocean developed, with buoyant 
meltwater sitting above denser 
hypersaline seawater that aged 
during the glaciation. We use 
lithium isotopes (δ7 Li) to test the 
plumeworld scenario, noting that 
δ7 Li signatures would be different 
between meltwater and 
hypersaline seawater, with the 
former leaving a stronger 
fingerprint in rocks deposited 
nearshore than those in offshore 
environments. Our data are 
consistent with the plumeworld 
scenario and further reveal low 
δ7 Li values of the hypersaline 
seawater, likely due to muted 
continental weathering but 
strong seafloor reverse 
weathering during the snowball 
Earth.
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The snowball Earth hypothesis predicts that continental chemical weathering diminished 
substantially during, but rebounded strongly after, the Marinoan ice age some 635 Mya. 
Defrosting the planet would result in a plume of fresh glacial meltwater with a different 
chemical composition from underlying hypersaline seawater, generating both vertical 
and lateral salinity gradients. Here, we test the plumeworld hypothesis using lithium 
isotope compositions in the Ediacaran Doushantuo cap dolostone that accumulated in 
the aftermath of the Marinoan snowball Earth along a proximal–distal (nearshore–off-
shore) transect in South China. Our data show an overall decreasing δ7Li trend with 
distance from the shoreline, consistent with the variable mixing of a meltwater plume 
with high δ7Li (due to incongruent silicate weathering on the continent) and hypersa-
line seawater with low δ7Li (due to synglacial distillation). The evolution of low δ7Li of 
synglacial seawater, as opposed to the modern oceans with high δ7Li, was likely driven 
by weak continental chemical weathering coupled with strong reverse weathering on 
the seafloor underneath silica-rich oceans. The spatial pattern of δ7Li is also consistent 
with the development and then collapse of the meltwater plume that occurred at the 
time scale of cap dolostone accumulation. Therefore, the δ7Li data are consistent with 
the plumeworld hypothesis, considerably reduced chemical weathering on the continent 
during the Marinoan snowball Earth, and enhanced reverse weathering on the seafloor 
of Precambrian oceans.

cryogenian period | plumeworld model | lithium isotopes | continental weathering |  
reverse weathering

 The Neoproterozoic snowball Earth events represent extreme climate conditions that pro-
vide information about the limits of climate change on our planet ( 1 ). The best studied 
example is the terminal Cryogenian Marinoan glaciation that occurred ca. 650 to 635 Ma, 
with its termination marked by the global deposition of fine-grained cap dolostones ( 1     – 4 ). 
Multiple hypotheses have been proposed to account for the source of alkalinity for cap 
dolostone deposition, which may have derived from continental weathering ( 5 ,  6 ), gas 
hydrate destabilization and oxidation ( 7 ,  8 ), or oceanic overturn of alkalinity-rich deep 
waters ( 9 ). Quantitative calculations indicate that continental weathering was likely the 
primary source ( 10 ,  11 ) because alkalinity from deep seawater or gas hydrate destabilization 
was insufficient and failed to account for the globally ubiquitous deposition of the cap 
dolostone ( 11 ). During the Marinoan snowball Earth, the hydrological cycle, and hence 
continental chemical weathering, was greatly reduced ( 1 ). However, immediately after the 
Marinoan snowball Earth, continental weathering resumed strongly, with rapid deglaciation 
resulting in a plumeworld ocean ( 11 ), in which buoyant low-salinity meltwater persistently 
overlaid denser hypersaline seawater. The plumeworld ocean plausibly developed in two 
steps: first, thick sea ice would melt with increasing temperature, resulting in a vertically 
stratified ocean with a surface layer of freshwater above hypersaline seawater; second, the 
melting of continental glaciers would further enhance the vertical stratification and also 
dynamically maintain a nearshore–offshore (or proximal–distal) lateral gradient. The com-
bined vertical and lateral gradients, along with the temporal sequence of the development 
and eventual collapse of the plumeworld ocean, would result in both spatial and strati-
graphic patterns recorded in the cap dolostone. Indeed, stratigraphic changes in Sr, Mg, 
and Ca isotopes of Ediacaran cap dolostones deposited in the aftermath of the Marinoan 
snowball Earth revealed three stages in cap dolostone deposition, with the middle stage 
(stage II) characterized by a large positive excursion in both 87 Sr/86 Sr and δ26 Mg coupled 
with a negative excursion in δ44 Ca ( 12 ,  13 ). These isotopic anomalies suggest a strong D
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influx of terrestrial meltwater with a continental source of radio-
genic Sr, heavy Mg isotopes, and light Ca isotopes during Stage II. 
In contrast, in the early and late stages of cap dolostone deposition 
(stages I and III), geochemical signal for continental influx is 
weaker, presumably related to initial sea ice melting (stage I) and 
eventual collapse of the plumeworld ocean (stage III). Boron iso-
topes are also consistent with rapid changes in the pH of postglacial 
seawater ( 12 ,  14 ), possibly associated with variable mixing of fresh-
water with low pH and hypersaline marine water with high pH. 
A recent box model based on δ26 Mg balance ( 13 ) and an energy 
model based on turbulent mixing ( 15 ,  16 ) further estimated a 
timescale of ~103  to 104  y for the persistence of the plume before 
it is fully mixed with seawater.

 The above-cited studies largely focused on chemostratigraphic 
patterns to reveal the succession of events over the time period 
when the cap dolostone was deposited. Few studies have explored 
the spatial patterns of isotopic systems from multiple cap dolos-
tone sections in the same sedimentary basin. Because the plume-
world hypothesis makes predictions about vertical oceanic 
stratification and lateral nearshore–offshore gradients, as well as a 
temporal sequence of events, it is important to analyze spatial 
variations in cap dolostone geochemistry. Here, we independently 
test the plumeworld hypothesis using Li isotope data of the 
Doushantuo cap dolostone in South China, from multiple sections 
representing a nearshore–offshore transect of the sedimentary 
basin. The geochemical data are supplemented by numerical mod-
eling to illuminate the intensity of synglacial isotopic distillation 
and postglacial mixing of the oceans.

 The geochemical cycle of lithium in modern oceans is generally 
well understood ( 17 ,  18 ). Because of their substantial mass differ-
ence (~17%), 6 Li and 7 Li fractionate strongly during mineral-fluid 
interactions ( 18 ). Importantly, the fractionation factors are largely 
constant, with negligible dependence on temperature, salinity, Li/
Ca ratios, biological processes, and redox conditions ( 19     – 22 ). In 
the modern ocean, the two primary Li sources are riverine flux 
(1.0 × 1010  mol/y) derived from continental silicate weathering 
with an average δ7 Li of ~23‰ and marine hydrothermal flux (1.3 
× 1010  mol/yr) with an average δ7 Li of 8.3‰ ( 23 ). The two major 
sinks are authigenic clay formation associated with silicate reverse 
weathering and low-temperature basalt alteration ( 24 ,  25 ). The 
δ7 Li isotopic offset between the river and upper continental crust 
is primarily influenced by weathering congruency. Incongruent 
continental weathering of silicates causes the preferential uptake 
of 6 Li into secondary clay minerals, resulting in the riverine δ7 Li 
much higher than the average continental crust, while congruent 
continental weathering results in relatively little isotopic prefer-
ence during the dissolution of source silicate bedrocks, leading to 
a riverine input with bedrock-like δ7 Li values ( 26 ). As 6 Li is pref-
erentially partitioned into clays during mineral–fluid interactions 
on the seafloor (i.e., reverse weathering) ( 22 ), δ7 Li of modern 
seawater (~31‰) is higher than that of average riverine input. 
Additionally, since the residence time of lithium in modern oceans 
is 0.3 to 1.5 Myr ( 27 ), much longer than the oceanic mixing time 
of ~103  y ( 23 ), δ7 Li of modern seawater is homogeneous.

 In contrast, the lithium geochemical cycle during and imme-
diately after the Marinoan snowball Earth would have been 
remarkably different from that of the modern ocean. This can be 
illustrated by considering an end-member scenario of a hard snow-
ball Earth. During the Marinoan ice age, which lasted between 
3.0 and 15.2 Myr ( 2 ), riverine Li flux into the ocean would have 
been attenuated relative to modern inputs due to a reduced hydro-
logical cycle and limited chemical weathering on the continent. 
In contrast, silicate reverse weathering on the seafloor may have 
been faster due to generally higher dissolved silica concentrations 

(because biological sinks for the element were essentially absent 
in the Neoproterozoic), which would have accelerated clay mineral 
formation, leading to locally quantitative removal of lithium from 
diagenetic fluids and reducing the magnitude of Li isotopic frac-
tionation ( 25 ). Thus, the attenuated riverine Li flux coupled with 
reduced isotopic fractionation would hypothetically lead to the 
preferential distillation of 7 Li from seawater during the glaciation, 
resulting in lower Li concentrations and δ7 Li values in ice-covered 
hypersaline seawater. Upon the termination of the Marinoan 
snowball Earth, thick sea ice would have melted first, followed by 
the melting of continental glaciers and the resumption of conti-
nental weathering. Since sea ice would contain little to no Li ( 28 ), 
it could dilute the hypersaline reservoir but would not change its 
δ7 Li composition, which would be recorded in the early stage of 
cap dolostone deposition (stage I). The melting of continental 
glaciers and the resumption of continental weathering would 
deliver 7 Li-rich fluids that floated above the aged and 7 Li-depleted 
hypersaline seawater. A 7 Li-rich riverine influx in the aftermath 
of the snowball Earth is conceivable considering the balance of 
( 1 ) a strong hydrological cycle and warm temperatures and ( 2 ) 
superabundant silicate rock flour made available for chemical 
weathering by physical abrasion during the glaciation, leading to 
intermediate weathering intensities (i.e., weathering/denudation 
or W/D ratios) conducive to incongruent weathering ( 26 ). Thus, 
continental meltwater would have a δ7 Li value similar to or even 
higher than modern riverine influx (~23‰). The high δ7 Li values 
of postglacial riverine influx can also be recorded in the middle 
stage of cap dolostone deposition (stage II), particularly in near-
shore surface waters where this flux may have exerted the strongest 
influence. Eventually, as the meltwater plume collapsed, both 
vertical and lateral isotopic gradients would be homogenized, and 
δ7 Li would return to lower values. Therefore, δ7 Li of the plume-
world ocean would be spatially and stratigraphically heterogene-
ous, and depending on the degree of synglacial distillation, the 
hypersaline seawater may have δ7 Li lower than that of the melt-
water. Since Ediacaran cap dolostone was deposited in the plume-
world ocean, its δ7 Li values offer a powerful geochemical tool to 
assess the degree of synglacial distillation and the postglacial 
plumeworld ocean.

 In this study, we analyzed lithium isotope compositions of the 
post-Marinoan cap dolostone of the Doushantuo Formation in 
South China ( 4 ). Our samples cover depositional facies from inner 
shelf to basinal environments that would be influenced by melt-
water and hypersaline seawater to varying extents. Overall, the 
δ7 Li values are generally lower than those of Phanerozoic car-
bonates, and they also reveal an overall decreasing trend from 
platform to basinal facies. To interpret our data, a simple box 
model was constructed to show that δ7 Li data from the Doushantuo 
cap dolostone are consistent with an extremely limited riverine Li 
influx during the Marinoan glaciation and a plumeworld ocean 
in the aftermath. 

Geological Setting and Sampling

 The Ediacaran Doushantuo Formation in the Yangtze Block of 
South China ( Fig. 1A  ) consists of carbonate, siltstone, black shale, 
and phosphorite that overlie glacial diamictites of the Marinoan-
age Nantuo Formation and underlie the terminal Ediacaran 
Dengying Formation or its correlative Liuchapo Formation. The 
basal Doushantuo Formation is represented by a cap dolostone 
( Fig. 1B   and SI Appendix, Figs. S1A  and S2 ) that is a few meters 
in thickness, but is widely distributed across the Yangtze Platform 
from shelf to basinal environments ( 4 ). The cap dolostone is lat-
erally persistent and traceable with generally consistent lithology D
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Fig. 1.   Paleogeographic maps, stratigraphic columns, and δ7Li data from the post-Marinoan Doushantuo cap dolostone in South China. (A) Paleogeographic 
map showing depositional facies and approximate paleogeographical location of sample localities: Zhangcunping (ZCP), Jiulongwan (JLW), Daotuo (DT), Wuhe 
(WH), Siduping (SDP), and Daping (DP) sections, South China. (A) adapted from (33). (B) Generalized lithostratigraphic column of the Doushantuo cap dolostone, 
which is overlain by Member II (M2) of the Doushantuo Formation. See SI Appendix, Fig. S1 for detailed lithostratigraphic columns of all sampled sections.  
(C) Box-and-whisker plot of measured δ7Li data from six sections, arranged according to their paleogeographic location. The data of the DT section marked with 
an asterisk come from Taylor et al. (34). In each box and whisker plot, the box denotes interquartile range (IQR), horizontal line in the box represents the median, 
cross in the box represents the mean, whiskers represent 1.5 × IQR (or maximum/minimum values if they are within 1.5 × IQR). See (D–I) for chemostratigraphic 
plots of the same data. (D–I) Measured δ7Li data of Doushantuo cap dolostone at sampled localities. (J–N) Li/(Mg + Ca) ratios of Doushantuo cap dolostone at 
sampled localities. Previously published data from JLW and SDP by Yin et al. (35) and data from DT by Taylor et al. (34) are plotted as empty circles in (E, F, and H).  
Stages I–III, as recognized in previous work (13, 36–38) but applicable to the δ7Li profiles, represent cap dolostone deposition before the development of the 
plumeworld ocean, in a plumeworld ocean, and during the collapse of the plumeworld ocean (SI Appendix, Fig. S9).
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and internal stratigraphy for at least 350 km in platform-to-basin 
transects (SI Appendix, Text 1 ). It consists of thick beds of thinly 
laminated dolostone accumulated below storm wave base ( 4 ). A 
distinctive suite of closely associated tepee-like structures, 
stromatactis-like cavities, layer-parallel sheet cracks, and cemented 
breccias occurs in the cap dolostone, particularly in the lower 
interval. While the top of the cap dolostone appears to grade into 
overlying strata in slope and basinal facies, it is marked by a locally 
developed karstic unconformity in inner shelf and shelf margin 
facies (SI Appendix, Figs. S1A  and S2 ) ( 29 ,  30 ). Two indistinguish-
able zircon U–Pb ages from South China—a 634.6 ± 0.9 Ma age 
from the uppermost Nantuo Formation ( 31 ) and a 635.2 ± 0.6 
Ma age from an ash bed immediately above the cap dolostone 
( 32 )—constrain the age of the cap dolostone to ~635 Ma.        

 Samples of the Doushantuo cap dolostone were collected from 
five sections at Zhangcunping (ZCP, N31°17′34″, E111°12′30″) 
and Jiulongwan (JLW, N30°48′54″, E111°03′20″) in Hubei 
Province, Daping (DP, N28°59′01″, E110°27′42″) and Siduping 
(SDP, N28°55′05″, E110°26′55″) in Hunan Province, and Wuhe 
(WH, N26°45′46″, E108°25′7″) in Guizhou Province ( Fig. 1A  ). 
These sections, along with the previously published δ7 Li data from 
the Daotuo (DT) section in Guizhou Province ( 34 ), represent a 
transect from inner shelf to slope facies ( Fig. 1A  ) ( 33 ). It is impor-
tant to point out that the JLW section may represent deposition 
in a highly restricted intrashelf basin ( 39 ,  40 ), thus it may distort 
the general nearshore–offshore pattern if the transect is not rep-
resented broadly ( 35 ).  

Results

 Lithium isotope compositions of the 36 samples from the five 
sections were analyzed on a Q-ICP-MS at University of North 
Carolina at Chapel Hill (UNC), and 10 cap dolostone samples 
from the ZCP section were measured on a MC-ICP-MS at 
University of Maryland, College Park (UMD). The data, along 
with previously published δ7 Li data from the Jiulongwan and 
Siduping sections ( 35 ) and data from the Daotuo section ( 34 ), 
are presented in  Fig. 1 C–I   and SI Appendix, Fig. S1 B–E  and 
Table S1 . Twenty-six of these samples measured at UNC were also 
reanalyzed for δ7 Li on a MC-ICP-MS at UMD for interlaboratory 
comparison, and the results are presented in SI Appendix, Fig. S3 
and Table S1 . The two sets of data agreed excellently, although the 
UMD dataset has much better analytical uncertainties (approxi-
mately ±0.3‰, 2σ) than the UNC dataset (approximately 
±1.9‰, 2σ). As a conservative treatment of analytical errors for 
the 26 duplicate analyses, we choose to use the UNC dataset for 
discussion, except for the ZCP section with a more complete 
UMD dataset. Consistent with the previously published data ( 34 ), 
the 46 new measurements show that the δ7 Li values range from 
–1.7 to 18.6‰ with an average of 5.4‰ (n = 46, SD = 4.5‰), 
which are significantly lower than those of previously published 
Precambrian (average = 7.7‰, n = 217, SD = 5.7‰; P﻿-value ≈ 
5.0 × 10−4 , one-tailed t  test), Paleozoic (average = 10.1‰,  
n = 263, SD = 4.3‰, P﻿-value ≈ 3.7 × 10−13 , one-tailed t  test), and 
Cenozoic-Mesozoic carbonates (average = 23.1‰, n = 45,  
SD = 3.8‰, P﻿-value ≈ 1.0 × 10−34 , one-tailed t﻿-test) ( 25 ).

 Although our sample preparation procedures were carefully 
designed to minimize clay mineral contamination during leaching 
experiments ( 41 ) (SI Appendix, Text 2 ), we attempted to assess 
and correct the measured δ7 Li values for potential clay mineral 
contamination using Al/(Mg + Ca) ratios (SI Appendix, Text 3 to 
5 and Tables S2–S4   ). As clay minerals typically have lower δ7 Li 
values than carbonates ( 42 ), the corrected carbonate δ7  Li values 
are expected to be higher than the measured values. The corrected 

δ7 Li values (SI Appendix, Fig. S1 B –E ) have an average of 8.4‰ 
(n = 46, SD = 6.4‰) and range from –1.9 to 23.9‰, slightly 
higher than the measured δ7 Li values, but the spatial and strati-
graphic trends remain unchanged, which is shown in SI Appendix, 
Table S1 and Fig. S1 B –E .

 Both measured and corrected δ7 Li data show a decreasing trend 
from inner shelf (the ZCP section, average(measured)  = 10.4‰, 
 average(corrected)  = 14.1‰, n = 13,  Fig. 1D   and SI Appendix, Fig. S1B﻿ ) 
to slope facies in Guizhou (the WH section, average(measured)  =  
6.1‰, average(corrected)  = 11.9‰, n = 10,  Fig. 1G   and SI Appendix, 
Fig. S1D﻿ ) and Hunan (the SDP section, average(measured)  = 3.4‰, 
average(corrected)  = 4.8‰, n = 16,  Fig. 1H   and SI Appendix, Fig. S1E﻿ ; 
the DP section, average(measured)  = –0.3‰, average(corrected)  = 1.0‰, 
n = 4,  Fig. 1I   and SI Appendix, Fig. S1E﻿ ; combined average(measured)  =  
2.6‰, average(corrected)  = 4.0‰). The intrashelf JLW section 
( average(measured)  = 0.5‰, average(corrected)  = 1.6‰, n = 3;  Fig. 1E   
and SI Appendix, Fig. S1C﻿ ) represents an anomaly to this trend. 
The overall difference in δ7 Li between the inner shelf and lower 
slope facies reaches 10.7‰(measured)  or 13.1‰(corrected)  ( Fig. 1 C–I   
and SI Appendix, Fig. S1 B –E ).

 There are also stratigraphic variations at the ZCP and WH 
sections. At ZCP, δ7 Li starts at 10.8‰ (corrected value = 12.9‰, 
n =1; stage I in  Fig. 1D   and SI Appendix, Fig. S1B﻿ ), then increases 
to an average of 15.0‰ (corrected value = 21.4‰, n = 5; stage 
II), and finally decreases to an average of 7.0‰ (corrected value 
= 9.1‰, n = 7; stage III) in the upper cap dolostone. At WH, 
δ7 Li starts with relatively low values at an average of 1.8‰ (cor-
rected value = 5.5‰, n = 3; stage I in  Fig. 1G   and SI Appendix, 
Fig. S1D﻿ ) and then stabilizes at higher values at an average of 
7.9‰ (corrected value = 14.7‰, n = 7; stage II), consistent with 
the δ7 Li stratigraphic trends of the Doushantuo cap dolostone at 
the DT section ( 34 ). These stages are not recognized at the JLW, 
SDP, and DP sections, possibly because of insufficient stratigraphic 
coverage, restricted intrashelf basin at JLW ( 39 ,  40 ), or slight 
diachroneity of the cap dolostone at different sections on the time 
scale of 103  y ( 43 ). Similar to δ7 Li values, Li/(Mg + Ca) ratios also 
show a stratigraphic pattern with an increase followed by a decreas-
ing trend, best expressed at ZCP, WH, and SDP ( Fig. 1 J –N  ).  

Discussion

Diagenesis and Clay Mineral Contamination. In order to interpret 
the variable Li isotopic compositions of the Doushantuo cap 
dolostone across the South China basin in the context of the 
plumeworld hypothesis, we should have confidence that the 
δ7Li values in different localities and stratigraphic positions 
within each unit reflect evolving depositional conditions. Like all 
geological samples, the Doushantuo cap dolostone undoubtedly 
experienced diagenesis. The question most relevant to this study 
is whether diagenetic alteration significantly modified the spatial 
and stratigraphic patterns of carbonate δ7Li, and whether it can 
account for the observed geochemical patterns.

 We used petrographic observations and geochemical data to 
assess the potential for diagenetic alteration of δ7 Li ( 44 ). Detailed 
hand sample and thin section observations (SI Appendix, Fig. S4 ) 
and diagenetic screening by geochemical proxies—including δ18 O, 
Rb/Sr, Mn/Sr, Mn/(Mg + Ca), and Sr/(Mg + Ca) (SI Appendix, 
Fig. S5 )—suggest minimal diagenetic alteration of δ7 Li values, 
with the possible exception of the WH section. Importantly, the 
spatial and stratigraphic patterns of the δ7 Li values cannot be 
explained by diagenetic alteration alone (SI Appendix, Text 3 ).

 To aid in the assessment of clay mineral contamination during 
sample leaching processes, the leachate for δ7 Li measurement was 
also analyzed for elemental concentrations. Because clay and D
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carbonate minerals have significantly different Al and Rb concen-
trations, these elements were chosen as proxies for clay contami-
nation. The Rb/(Mg + Ca) ratios of Doushantuo cap dolostone 
samples (n = 46) range from 0.06 × 10–6  to 2.37 × 10–6  ppm/ppm 
(SI Appendix, Fig. S5A﻿ ), all below the proposed threshold value 
of 3.0 × 10–5  ppm/ppm ( 25 ), suggesting minimal clay mineral 
contamination. In contrast, Al/(Mg + Ca) ratios of Doushantuo 
cap dolostone samples range from 0.19 × 10–3  to 9.31 × 10–3  ppm/
ppm (SI Appendix, Fig. S5B﻿ ), and many are above the 0.54 × 10–3  
ppm/ppm threshold chosen to screen for clay contamination ( 25 ). 
Nonetheless, no correlation is observed between either measured 
or corrected δ7 Li values and element ratios of Rb/(Mg + Ca), Al/
(Mg + Ca), and Li/(Mg + Ca) (SI Appendix, Fig. S5 A–C﻿ ), indi-
cating that clay mineral contamination is unlikely to be a major 
driver of the observed δ7 Li variations. To further assess clay min-
eral contamination in samples with elevated Al/(Mg + Ca) ratios, 
Monte Carlo modeling was conducted to quantify the probability 
of likely clay content in our samples (SI Appendix, Text 4 ). The 
model suggests that the maximum probability corresponds to a 
clay mineral content ≤ 0.5 wt.% (SI Appendix, Figs. S6 and S7 ).

 As stated in the Results  section, an effort was made to correct 
the measured δ7 Li for potential clay mineral contamination 
because even 0.5 wt.% clay mineral contamination could have a 
notable impact on δ7 Li owing to the higher Li content of clay 
compared to carbonate minerals. Taking into consideration that 
clay minerals typically have lower δ7 Li values than carbonates 
( 42 ), we use a binary mixing model to show that the corrected 
carbonate δ7 Li values could be 1 to 6‰ higher than the measured 
values (SI Appendix, Text 5 and Table S4   ). However, the corrected 
data do not change the temporal and nearshore–offshore patterns 
of δ7 Li.  

The Depositional Setting. Sedimentological evidence indicates 
that the Doushantuo cap dolostone was deposited in a marine 
environment below storm wave base, in contrast to Paleozoic and 
modern dolostones, which are typically found in evaporitic or 
lagoonal conditions. However, if kinetic barriers (SI Appendix, Text 3)  
were overcome in the postglacial plumeworld (due to increased 
temperature, freshening of seawater, reduction or dilution of sulfate, 
and wholesale precipitation of calcium carbonate), cap dolostone 
could have formed in relatively deep waters across the basin. The 
lower Doushantuo cap dolostone is characterized by widespread 
and persistent facies containing ubiquitous tepee- and stromatactis-
like cavities that have been interpreted as related to methane 
cold seeps (4). Similar cavities and cements have been observed 
in cap dolostones from Australia (45), Namibia (7, 46), eastern 
California (47), and Norway (48). If the cold seep environmental 
interpretation is correct (8), methanogenic mats must have carpeted 
the seafloor across the basin, and sulfate reduction would likely have 
been the dominant recycling metabolism creating alkalinity and 
primary dolomite (49). We envision that sea level could have risen 
rapidly during the deglaciation, so this phenomenon could have 
been broadly isochronous, or it could have happened more slowly, 
and the cap dolostones were slightly diachronous (43, 50). In the 
latter model, as sea level progressively rose during the deglaciation, 
the locus of cap dolostone accumulation would have moved up 
the continental slope and then onto the continental platform; 
however, as long as the timescale of cap dolostone diachroneity 
(43) did not exceed that of plumeworld persistence estimated to 
be 103 to 104 y (15, 16) or the duration of the cap dolostone 
(31, 51), the nearshore–offshore gradient should still be recorded 
in cap dolostone sections deposited along the gradient. In either 
case, distal settings would have accumulated Li from the evolved 
seawater, while more proximal ones would have felt the effects 

of Li in the continental meltwater plume. This is driven by both 
the vertical stratification and lateral gradient as predicted by the 
plumeworld hypothesis.

Low δ7Li Values, Synglacial Distillation, and Reverse Weathering. 
Broadly consistent with a previous compilation of Precambrian 
carbonate δ7Li values (25), the average δ7Li value of Doushantuo 
cap dolostone samples (8.4‰) is markedly lower than that of 
modern carbonates (>20‰) (44, 52). This indicates that the δ7Li 
values of Neoproterozoic seawater were substantially lower than that 
of modern oceans (31‰). The lower δ7Li values of Precambrian 
seawater have been interpreted as the result of muted isotopic 
fractionation in association with clay authigenesis on the seafloor 
(25). Because of the scarcity of Si-biomineralizing organisms in 
Precambrian oceans, the concentration of dissolved silica was high, 
leading to high rates of reverse weathering, low isotopic fractionation 
in association with clay authigenesis, reduced removal of the light 
Li isotope from Precambrian oceans, and consequently low δ7Li 
values of Precambrian seawater and carbonate proxies (25, 53). 
This may also be true during the snowball Earth when continental 
weathering was limited, because silicon and iron needed for reserve 
weathering can be supplied from hydrothermal input, as evidenced 
by the deposition of banded iron formations following the Sturtian 
snowball Earth (2). As an end-member scenario, it is possible that 
reverse weathering rate was so high that Li+ with high affinity for 
clay minerals may have been quantitatively removed from porewater, 
resulting in near-zero isotopic fractionation between porewater and 
clays (54). Furthermore, laboratory experiments have shown that 
the formation of particular types of clays in seawater may have 
limited Li isotopic fractionation; for example, synthetic saponite 
and stevensite have ∆Seawater–Sediment as low as 4.4‰ (55), and the 
interlayer complexation in smectite barely causes any Li isotopic 
fractionation (56). We note that the average δ7Li value of 2.6‰ 
(corrected value= 4.0‰) from the lower-slope Doushantuo cap 
dolostone at the SDP and DP sections is even lower than the average 
δ7Li value (7.7‰) of Precambrian carbonates (25), suggesting that 
additional factors may have affected the seawater δ7LiSW values 
during the Marinoan snowball Earth.

 Inference of post-Marinoan δ7 LiSW  from the δ7 Lidolomite  values 
of the Doushantuo cap dolostone is associated with several sources 
of uncertainty. These include the poorly constrained isotope frac-
tionation during dolomite precipitation (Δdolomite–SW ), spatial and 
chemostratigraphic variations in δ7 Lidolomite  of the Doushantuo 
cap dolostone, potential clay mineral corrections as discussed 
above, and analytical uncertainty. We have demonstrated that clay 
contamination and analytical uncertainty are relatively minor, and 
they do not account for the low values and observed spatial pattern 
of δ7 Li values. Therefore, the following discussion will focus on 
the uncertainty in isotope fractionations and the spatial and che-
mostratigraphic variations.

 Some studies have suggested that dolomite formed under 
fluid-buffered diagenetic conditions in the Great Bahama Bank 
and South China Sea has δ7 Lidolomite  values similar to that of mod-
ern seawater ( 44 ,  52 ,  57 ), indicating a Δdolomite–SW  value of ~0‰. 
If so, δ7 Lidolomite  values of the Doushantuo cap dolostone would 
mean a very low δ7 LiSW  composition; for example, average 
δ7 Lidolomite  of the lower slope facies (the SDP and DP sections 
where seawater influence would have been the strongest) would 
mean a δ7 LiSW  value of ~3 to 4.0‰. Other studies have shown 
that stronger isotopic fractionation associated with calcite/arago-
nite precipitation (Δcalcite/aragonite–SW ) is averaged around –10‰ 
( 58   – 60 ). If this fractionation applies to cap dolomite precipitation, 
then the average δ7 Lidolomite  value of the lower slope facies would 
mean a δ7 LiSW  value of 13 to 14‰.D
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 We used a mass balance model ( 61 ) to test whether synglacial 
distillation in an ice-covered ocean during the Marinoan glaciation 
could drive δ7 LiSW  from a modern seawater value of 31 to ~13‰ 
as needed to explain the lower slope δ7 Lidolomite  data ( Fig. 2  and 
﻿SI Appendix, Text 6 and Fig. S8   ). For a conservative assessment, 
we set the pre-Marinoan δ7 LiSW  to the modern seawater value of 
31‰ and the model tracks δ7 LiSW  throughout the glaciation to 
see whether post-Marinoan δ7  LiSW  can reach 13‰. The 
post-Marinoan target δ7 LiSW  of 13‰ is informed by the average 
δ7 Lidolomite  value of the lower slope facies data (3 to 4‰) and an 
average Δdolomite–SW  of –10‰, which is further explained in 
﻿SI Appendix  (SI Appendix, Text 6 ). We emphasize that the model 
is for illustrative purposes and not meant to reproduce the exact 
δ7 LiSW  values because of the large uncertainty associated with the 
inversion of δ7 LiSW  from δ7 Lidolomite .        

 In this model, the seawater lithium reservoir (M) depends on 
the influxes from riverine input (Friv ) and high-temperature alter-
ation at the mid-ocean ridges ( FHT  ), as well as outfluxes through 

authigenic clay mineral formation ( Fa  ) and low-temperature alter-
ation ( FLT  ). The isotopic composition of seawater (δ7 LiSW ) 
depends on the size of the lithium reservoir, influxes, outfluxes, 
and their isotopic compositions (δ7 Liriv  and δ7 LiHT ) or fractiona-
tion factors (Δ7 Lia  = δ7 Lia  – δ7 LiSW  and Δ7 LiLT  = δ7 LiLT  – δ7 LiSW ). 
We set the model time to 10 Myr in light of the estimated duration 
of the Marinoan glaciation of <15 Myr and most likely ~12 Myr 
( 2 ,  62 ). The high-temperature input ( FHT  and δ7 LiHT ) was set the 
same as modern values since geophysical models estimate hydro-
thermal heat flux to be near-modern and to have stayed constant 
during our studied time interval ( 63 ,  64 ). A series of sensitivity 
tests were performed to explore a wide range of possible values for 
Friv  (0%, 10%, and 20% of modern values;  Fig. 2  and SI Appendix, 
Fig. S8A﻿ ), Δ7 Lia  (–20 to 0‰;  Fig. 2  and SI Appendix, Fig. S8C﻿ ), 
Δ7 LiLT  (–18‰, –10‰, and –8‰;  Fig. 2  and SI Appendix, 
Fig. S8C﻿ ), δ7 Liriv  (1‰ to the modern value of 23‰; SI Appendix, 
Fig. S8A﻿ ), preglacial δ7 LiSW  (10‰ to the modern value of 31‰; 
﻿SI Appendix, Fig. S8B﻿ ), and δ7 LiHT  (SI Appendix, Fig. S8C﻿ ). 
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Fig. 2.   Model results of seawater Li isotope evolution during snowball Earth. Contours and color scale represent seawater Li isotope values (δ7LiSW) as a function 
of three variables: riverine flux (Friv), isotopic fractionation associated with marine authigenic clay mineral formation ( Δ7

Li
a
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7

Li
a
− �

7

Li
SW

  ), and isotopic 
fractionation associated with low-T seafloor alternation ( Δ7

Li
LT

= �
7

Li
LT

− �
7

Li
SW

  ). The riverine flux Friv is set at 20% (Top row; A–C), 10% (Middle row; D–F), and 0% 
(Bottom row; G–I) of modern flux. Along each row, Δ7LiLT is set at –18‰ (Right column; C, F, and I), –13‰ (Middle column; B, E, and H), and –8‰ (Left column; A, D, 
and G). The y-axis Δ7Lia varies from –20 to 0‰. All other parameters are held constant and are equal to their modern values (SI Appendix, Table S5). Initial values 
of δ7LiSW and M in the model are both the same as their modern ocean values. Sweep in this three-parameter space highlights a scenario (panel G) where δ7LiSW 
can evolve to be as low as 13‰ on a timescale of ~7 to 8 Myr when riverine flux is vanishingly small (Friv = 0) and Li isotope fractionation associated with reverse 
weathering is muted (Δ7Lia ≈ 0), consistent with reduced chemical weathering on continent and enhanced reverse weathering on seafloor during the snowball Earth.D
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Additional parameter details for the model are provided in the 
﻿SI Appendix, Table S5 .

 The model results show that within the parameter space 
explored, δ7 LiSW  can evolve from a modern seawater value of 31 
to <13‰ on a timescale of ~7 to 8 Myr when the riverine flux is 
low (Friv  ≈ 0% of modern value) and the isotopic fractionation 
associated with authigenic clay mineral formation and 
low-temperature alteration is limited (Δ7 Lia  ≈ 0‰; Δ7 LiLT  ≈ 
−8‰) ( Fig. 2G  ). A low riverine flux would be expected during a 
snowball Earth, particularly toward the peak of glaciation ( 1 ,  6 ). 
Additionally, elevated reverse weathering, driven by the high con-
centrations of dissolved silica in Precambrian oceans prior to the 
ecological rise of Si-biomineralizing organisms ( 53 ), may have 
effectively limited Li isotopic fractionation during rapid formation 
of authigenic clay minerals ( 25 ), favoring the evolution toward 
lower δ7 LiSW  values. A low riverine δ7 Liriv  composition (<13‰) 
can also drive δ7 LiSW  to lower values (SI Appendix, Fig. S8A﻿ ), 
although it is uncertain whether δ7 Liriv  would have been lower 
during the Marinoan snowball Earth relative to before and after 
the ice age. On the one hand, congruent continental weathering 
of silicates would be expected during the glaciation because of low 
chemical weathering rates. On the other hand, a recent study 
suggests that silicate weathering on continents during glacials 
tends to be incongruent compared to interglacials, as inferred from 
δ7 Li values recorded in speleothems ( 65 ). Nonetheless, as long as 
isotopic fractionation associated with the outfluxes is limited 
(Δ7 Lia  ≈ 0‰; Δ7 LiLT  ≈ −8‰), a δ7 LiSW  value of <13‰ is possible 
through synglacial distillation either when Friv  approaches to 0% 
of modern value ( Fig. 2 ) or when δ7 Liriv  is lower than 13‰ 
(SI Appendix, Fig. S8A﻿ ). It does not necessarily require both low 
Friv  and low δ7 Liriv . This conclusion is insensitive to the choice of 
preglacial δ7 LiSW  values (SI Appendix, Fig. S8B﻿ ). Given the uncer-
tainty with regard to congruent vs. incongruent continental weath-
ering of silicates during glaciations, we favor a low Friv  as a key 

driver, considering that chemical weathering flux was likely low 
during the Marinoan glaciation. Thus, it is plausible that evolved 
seawater at the end of the Marinoan snowball Earth could have a 
δ7 LiSW  value of ~13‰ ( Fig. 3B  ), much lower than that of the 
modern seawater (31‰) and even lower than that of the modern 
riverine input (23‰). If so, upon the termination of the snowball 
Earth when riverine input resumes, the Li isotopic gradient 
between seawater and riverine input (or freshwater plume) would 
be reversed ( Fig. 3C  ) relative to the modern ocean ( Fig. 3A  ).          

Li Isotope Evidence for a Post-Marinoan Plumeworld Ocean. 
A reversed δ7Li gradient between evolved seawater and riverine 
input is consistent with the observed spatial trend in δ7Li of the 
Doushantuo cap dolostone, supporting plumeworld hypothesis. 
This hypothesis predicts that the meltwater plume and, hence, 
the vertical stratification and δ7Li gradient would be sustained for 
~103 to 104 y (11, 15, 16). A nearshore–offshore gradient may be 
dynamically maintained as well, as long as there is a continuous 
supply of continental glacier meltwater. Insofar as the duration of 
the cap dolostone is similar to or greater than the longevity of the 
meltwater plume and its diachroneity is less (43), the spatial and 
temporal dynamics of the plumeworld ocean should be recorded in 
cap dolostone deposits. Indeed, the overall spatial gradient in δ7Li 
of the Doushantuo cap dolostone, from 10.4‰ in inner shelf facies 
to 6.1‰ in upper slope facies and to 2.6‰ in lower slope facies, is 
broadly consistent with a plumeworld ocean and can be explained 
by variable degree of isotopic mixing between riverine input from 
glacial meltwater and evolved hypersaline seawater (11). In other 
words, cap dolostones deposited in the inner-shelf environment 
would have been more strongly influenced by the meltwater plume 
and have higher δ7Li values than those in slope settings where aged 
hypersaline seawater asserted a greater influence.

 The Jiulongwan (JLW) data stand as an outlier from the overall 
spatial trend of decreasing δ7 Li values from shelf to slope 

Modern
 (0 Ma)

 Snowball Earth
    (~645–635 Ma)

Plumeworld 
  (~635 Ma)

7δ Li : 31‰SW
16 ~3.575×10  mol 

Seawater Seawater
Plume (freshwater)

Seawater16 <3.575×10  mol 

7δ Li : <13‰SW

7δ Li : >23‰riv

7δ Li : <13‰SW

Friv FHT

Fa FLT

7δ Li :23.0‰riv

101×10  mol/yr 101.3×10  mol/yr

7δ Li :8.3‰HT

7∆ Li : –13.0‰a

101.1×10  mol/yr 101.2×10  mol/yr

7∆ Li : –20.0‰LT
7∆ Li : ~0‰a

7∆ Li : ~–8.0‰LT

A B C

101.3×10  mol/yr

7δ Li :8.3‰HT

101.3×10  mol/yr

7δ Li :8.3‰HT

10~1.1×10  mol/yr 10~1.2×10  mol/yr

7∆ Li : ~0‰a
7∆ Li : ~–8.0‰LT

101.1×10  mol/yr 101.2×10  mol/yr

7δ Li :23.0‰riv

101×10  mol/yr

FHT Friv FHT

Fa FLT Fa FLT

Friv

7δ Li :? ‰riv

10<1×10  mol/yr

Fig. 3.   Schematic lithium cycle in the modern ocean (A, modified after ref. 66), in a snowball Earth ocean (B, based on Figs. 2G and 3), and in a plumeworld ocean 
(C). Note that in the snowball Earth ocean (B), the riverine Li flux (Friv) has been marked in gray, denoting a diminished riverine input of Li. A Δ7Lia value of ~0‰ 
is chosen to illustrate conditions during the snowball Earth as informed by the most favorable modeling scenario (Fig. 2G, Upper Right).D
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environments. It is possible that the cap dolostone from Jiulongwan 
accumulated in a restricted intrashelf lagoon ( 39 ,  40 ). Stratigraphic 
evidence for such a scenario comes from the distribution of karst 
atop the cap dolostone: the inner-shelf (ZCP) and shelf margin 
(e.g., Weng’an section) cap dolostones are strongly karstified with 
clear topographic reliefs ( 30 ), but there is little topographic relief 
at the inferred exposure surface atop the cap dolostone at the 
Jiulongwan section, indicating a rimmed platform with topo-
graphic highs at both inner shelf and shelf margin, but topo-
graphic low in the intrashelf basin. While some consider that the 
intrashelf lagoon developed after  the deposition of the Doushantuo 
cap dolostone ( 33 ), we argue that it was initiated during  the 
Marinoan ice age by glacial scouring ( 29 ). Thus, the intrashelf 
lagoon may depart from the general nearshore–offshore gradient 
of δ7 Li.

 We note that a previous study of the Doushantuo cap dolostone 
reported a spatial trend of increasing  δ7 Li values from shelf to slope 
facies using data from two sections ( 35 ) rather than the decreasing  
trend we demonstrate here from five. However, that study was 
based on the Jiulongwan (JLW) and Siduping (SDP) sections, so 
that the anomalous data from the aberrant JLW section drove the 
spatial pattern they documented. In contrast, our more complete 
coverage of the nearshore–offshore transect shows an overall pat-
tern of decreasing δ7 Li values from the shallow shelf to the slope, 
consistent with synglacial distillation of saline seawater, as well as 
a postglacial plumeworld.

 The plumeworld model may also help to explain the δ7 Li che-
mostratigraphic trend observed in the Doushantuo cap dolostone 
( Fig. 4 ). The more complete chemostratigraphic profiles in the 
upper slope environment show that the basal cap dolostone (stage 
I) has the lowest δ7 Li values and lowest Li/(Mg + Ca) ratios ( Fig. 1 
﻿G  and L   and SI Appendix, Fig. S1D﻿ ). These low values are con-
sistent with the predicted low δ7 Li values and Li concentrations 
in evolved hypersaline seawater ( Fig. 4B  ). We hypothesize that 
stage I cap dolostone was deposited during early deglaciation but 
prior to the development of the plumeworld ocean, and was thus 
strongly influenced by hypersaline seawater ( Fig. 4C  ). During this 
stage, the melting of sea ice may have diluted the Li concentrations 
of seawater, but it would not have influenced the δ7 LiSW  value 
because sea ice contains little Li.        

 In stage II, a meltwater plume formed, nearshore–offshore and 
vertical δ7 Li gradients developed, and stage II cap dolostone at 
different localities was variously influenced by the mixing of melt-
water plume and hypersaline seawater ( Fig. 4D  ). Because of intense 
postglacial weathering of large amounts of silicate rock flour gen-
erated during the glaciation ( 5 ), terrestrial meltwater was rich in 
alkalinity and characterized by high δ7 Li values (due to incongruent 
continental weathering of silicates). Thus, in addition to the vertical 
and lateral gradients discussed above, there is also an overall increase 
in both δ7 Li and Li/(Mg + Ca) from stage I to stage II ( Fig. 1 G  
and L   and SI Appendix, Fig. S1D﻿ ), reflecting the arrival of a melt-
water plume from the terrestrial realm. We note that this 
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Fig. 4.   Schematic diagrams showing lithium cycles before, during, and after the Marinoan snowball Earth event [modified from (13)]. (A) Pre-snowball ocean 
with lithium reservoir size and fluxes similar to those in modern ocean. (B) Syn-glacial ocean, showing the end-member scenario of a hard snowball Earth. (C) 
The first stage of cap dolostone deposition during the melting of sea ice. The geochemistry of stage I cap dolostone is strongly influenced by the low δ7LiSW of 
hypersaline seawater. (D) The second stage of cap dolostone deposition, showing freshwater plume from terrestrial meltwater that imparts higher δ7Li values 
to the cap dolostone. (E) The third stage of cap dolostone precipitation, showing the collapse of the plumeworld, mixing of meltwater and seawater, and return 
of cap dolostone δ7Li to lower values. (F) Idealized cartoon showing the evolution of seawater δ7LiSW values before, during, and after the snowball event in places 
where the meltwater plume can reach. Labels (A–E) on the curve correspond to panel (A–E), and the three stages of cap dolostone deposition correspond to 
those marked in Fig. 1 D–G.D
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stratigraphic trend is not observed at all sections, possibly because 
of poor stratigraphic coverage (e.g., JLW and DP) or limited extent 
of the meltwater plume (e.g., not reaching lower slope sections at 
SDP and DP). The average stage II δ7 Li of 15.0‰ (measured) and 
21.4‰ (corrected) in the inner shelf section at ZCP may be taken 
as an approximation of the meltwater plume δ7 Li composition 
( Fig. 1D   and SI Appendix, Fig. S1B﻿ ), which would be 15.0 to 
25.0‰ and 21.4 to 31.4‰ depending on Δdolomite–fluid , indicating 
incongruent continental weathering of silicates in the aftermath of 
the Marinoan glaciation.

 Finally, the stage III cap dolostone may have witnessed the 
collapse of the plumeworld and the mixing of meltwater and sea-
water ( Fig. 4E  ) or a shift to more congruent silicate weathering 
on continents, as evidenced by the return of δ7 Li to lower values 
( Fig. 1D   and SI Appendix, Fig. S1B﻿ ). We note that the strati-
graphic trends are not as robust as the spatial pattern, partly 
because of variable stratigraphic coverage, and also because the 
exact shape of the chemostratigraphic profile depends on the pale-
obathymetric location (hence the mixing ratio of the meltwater 
and seawater) and is further complicated by the small-scale dia-
chroneity of cap dolostone ( 43 ). However, the chemostratigraphic 
trend is bolstered by other geochemical proxies. For example, the 
three stages of cap dolostone deposition can also be recognized on 
the basis of δ44﻿Ca, 87﻿Sr/86﻿Sr, 88﻿Sr/86﻿Sr, and δ26﻿Mg ( 13 ,  36   – 38 ) 
(SI Appendix, Fig. S9 ). Stage II cap dolostone is characterized by 
geochemical signatures of a terrestrial meltwater plume, with lower 
δ44 Ca, higher 87 Sr/86 Sr, and lower δ26 Mg values than stage I and 
stage III cap dolostone. Together, multiple lines of geochemical 
evidence offer support to the plumeworld hypothesis and point 
to a physically and chemically dynamic ocean system at the end 
of the Marinoan snowball Earth.  

Summary. Lithium isotope data from the Ediacaran Doushantuo 
cap dolostone in South China are consistent with reduced 
continental weathering on the continent and enhanced reverse 
silicate weathering on the seafloor during the Marinoan snowball 
Earth, as well as a plumeworld ocean in its aftermath. The δ7Li 
values are lower than those of Phanerozoic carbonates, and 
they show a decreasing trend from inner shelf to slope facies. 
We hypothesize that the spatial trend reflects differential mixing 
between meltwater with a relatively high δ7Liriv value and evolved 
hypersaline seawater with a low δ7LiSW value, irrespective of 
whether the caps were isochronous or diachronous on the timescale 
of 103 to 104 y. The cap dolostone δ7Li gradient from proximal 
and distal facies is thus consistent with a postglacial plumeworld 
ocean, where a persistent, terrestrially derived meltwater plume 
occurred nearshore and on top of evolved hypersaline seawater. 
The Doushantuo cap dolostone also exhibits a recognizable 
stratigraphic trend, beginning with low δ7Li and Li/(Mg + Ca) 
values followed by an increasing and then a decreasing trend. 
Although this chemostratigraphic trend remains to be confirmed, 
it is also consistent with the development of a postglacial 
meltwater plume, reflecting the influence of evolved seawater at 
the beginning of cap dolostone deposition, followed by increasing 
impact of terrestrial meltwater and then mixing of meltwater 
and seawater. Additionally, the inferred δ7Li composition of the 
evolved seawater (~13‰) requires isotopic distillation of the ocean 
during the Marinoan snowball Earth, with little riverine influx 
from continental weathering and muted isotopic fractionation 
associated with enhanced reverse weathering of the seafloor in 
a silica-rich ocean. The lithium isotope data presented here may 
ultimately allow us to test the severity of the Marinoan glaciation, 
as well as extreme biogeochemical reorganization associated with 
its aftermath.

Methods

Lithium Isotopic Analyses and Elemental Analyses. Lithium isotope com-
positions of 36 samples were analyzed using quadrupole inductively coupled 
plasma mass spectrometry (Q-ICP-MS, Agilent™ 7,900) at the University of North 
Carolina, Chapel Hill (UNC). Lithium isotope ratios were measured using the 
standard-sample bracketing method (67). After lithium chromatographic puri-
fication (67, 68), samples and lithium standard IRMM-016 were diluted to 0.5 
ng/g in 2% nitric acid to match matrix. Lithium was then introduced through a PFA 
nebulizer and analyzed under the hot plasma (1,550 W) condition. The integration 
time for 7Li and 6Li are 1 s and 12 s, respectively. Each analysis consisted of 1,000 
integrations and was repeated 7 times, followed by a long washing time (180 s) to 
decrease memory effects. Li isotope compositions were expressed relative to the 
IRMM-016 Li standard, defined as δ7Li(‰) =[(7Li/6Li)sample/(7Li/6Li)IRMM-016] − 1 × 
1,000. The long-term external precision is 1.1‰ (67).

Ten samples from ZCP section (sample number ZCP-××) and 26 sample solu-
tions of the 36 samples analyzed at UNC were measured for δ7Li on a Thermo 
Scientific Neptune Plus MC-ICP-MS with an Apex-IR inlet system in Department 
of Geology at University of Maryland, College Park (UMD); the 26 duplicate 
analyses were conducted for interlaboratory comparison. Lithium isotopes were 
measured with a 50 µL/min PFA nebulizer at low resolution using X skimmer 
and Jet sampler cones. A typical 7Li signal intensity was 2 to 3 V for 5 ppb Li 
solution. Samples and the international lithium standard LSVEC were diluted to 
5 ppb in 2% nitric acid to match matrix, and δ7Li values were analyzed using a 
standard-sample bracketing method relative to the LSVEC standard. Each sam-
ple was measured three separate times to report SD (2SD), and each individual 
measurement consisted of 40 cycles in one block with 4.194 s integration time 
for each cycle. Nitric acid (2%) was measured before each sample and standard for 
background subtraction. Accuracy and precision were also assessed from repeated 
measurements of a 5 ppb in-house standard (UMD-1), reporting δ7Li 55.3‰ ± 
0.4 (2SD, n = 22), in good agreement with the published values of δ7Li 54.7 ± 
1.0‰ (2SD, n = 31) (69).

Aliquots of the 36 samples analyzed for δ7Li at UNC were measured for ele-
mental concentrations on an Agilent Q-ICP-MS at UNC, using the ultra-high 
matrix introduction (UHMI) mode. Samples were calibrated against matrix-
matched multielement standards before being analyzed under UHMI mode, in 
which helium gas was used to reduce potential isobaric interferences. Background 
intensities were monitored periodically by aspirating 2% v/v HNO3 blank, and an 
internal standard solution containing Be, Ge, In, and Bi was used to correct for 
the instrumental drift. A limestone standard, NIST-1d, obtained from the National 
Institute of Standards and Technology (NIST), was measured routinely, yielding 
long-term accuracy of <10% for major elements (70).

Aliquots of the 10 samples analyzed for δ7Li at UMD were measured for ele-
mental concentrations on a Thermo Scientific® iCAP-Q ICP-MS at the Arizona 
State University, operated in both standard mode and kinetic energy dispersion 
(KED) mode using He in the collision cell. All elements, except for B and Li, were 
analyzed in KED mode to eliminate polyatomic interference species, and this was 
followed by standard measurement mode (i.e., no collision gas) for B and Li. A 
custom internal standard composed of 400 ppb Sc, and 200 ppb of Ge, In, and 
Bi was introduced with the sample at equal flow rates to the spray chamber to 
account for sample matrix variation and the high-frequency ionization physics 
inherent to plasma techniques. External calibration relies on in-house calibration 
solutions prepared gravimetrically from certified single-element standards, and 
the calibration is validated with several QA/QC solutions of known composition 
to ensure results match within usual accuracy and precision limits.

Data, Materials, and Software Availability. All geochemical data generated 
here are included in SI Appendix, Table S1. A description of the Li mass-balance 
model and quantifying clay contamination through Monte Carlo sampling are 
available in SI Appendix. Additional code (in Python) has been posted on Zenodo 
(61). All other data are included in the manuscript and/or SI Appendix.
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