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GEOLOGY

Subaerial volcanism broke mid-Proterozoic

environmental stasis

Shuichang Zhang'*, Huajian Wang’, Xiaomei Wang', Wang Zheng?, Jihua Hao?,
Philip A. E. Pogge von Strandmann®®, Yuntao Ye"%, Miao Shi?, Yuke Liu', Yitong Lyu1

The mid-Proterozoic, spanning 1.8 to 0.8 billion years ago, is recognized as a phase of marine anoxia, low marine
primary productivity (MPP), and constrained eukaryotic biodiversity. However, emerging evidence suggesting
intermittent environmental disturbances and concurrent eukaryotic evolution challenges the notion of a stag-
nant Earth during this era. We present a study detailing volcanic activity and its consequential impact on terres-
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trial weathering and MPP, elucidated through the examination of 1.4-billion-year-old tropical offshore sediments.
Our investigation, leveraging precise mercury (Hg) and lithium (Li) isotopic analyses, reveals the introduction of
fresh rock substrates by local volcanism. This geological event initiated a transformative process, shifting the ini-
tial regolith-dominated condition in tropical lowland to a regime of enhanced chemical weathering and denuda-
tion efficiency. Notably, the heightened influx of nutrient-rich volcanic derivatives, especially phosphorus, spurred
MPP rates and heightened organic carbon burial. These factors emerge as potential drivers in breaking the long-

term static state of the mid-Proterozoic.

INTRODUCTION

The narrative of planetary habitability and its intricate evolution is
woven from the interplay of deep-seated tectonic forces, surface bio-
geochemical cycles, and life’s transformative prowess (I). Against the
backdrop of Earth’s geological history, the mid-Proterozoic era [1.8
to 0.8 billion years (Ga) ago] heralded the emergence of single-celled
eukaryotes, followed by the emergence and flourishing of multi-
cellular eukaryotic life forms (2, 3). However, this epoch’s portrayal
as the “boring billion” is rooted in the absence of widespread glacia-
tions and iron (Fe) formations, persistent inorganic carbon isotope
stasis around 0 per mil (%o) (4), and lower atmospheric oxygen con-
tent relative to subsequent epochs (5). This lull in environmental and
biological evolution has been attributed to subdued orogenic activity
(6). Concurrently, the coalescence of the Columbia supercontinent
(~1.8 Ga) likely sustained its integrity for hundreds of millions of
years (7). Diminished tectonic activity could have reduced the expo-
sure of fresh rocks to continental weathering (termed soil shielding)
(6), culminating in the reduced conveyance of essential nutrients
such as phosphorus (P) and trace metals from continents to oceans
(8, 9). Given the importanceof these nutrients for marine primary
productivity (MPP) (10), the mid-Proterozoic ocean endured a re-
gime of sustained low MPP (11).

Nonetheless, recently increasing evidence challenges the narra-
tive of a quiescent mid-Proterozoic Earth. The emergence of exten-
sive organic-rich black shales from mid-Proterozoic epochs (12)
signals sporadic surges in MPP. Geochemical probes of these shales
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and associated sedimentary strata unveil enrichments in redox-
sensitive elements along with prominent isotopic fractionations (e.g.,
chromium, molybdenum, and uranium) (13-15). These indicators
point to oscillations in atmospheric and oceanic oxygenation levels,
which may potentially be linked to bio-diversification during the
mid-Proterozoic. Although these trace elements and their corre-
sponding environmental implications have been intensely studied
and are relatively well characterized (16, 17), the mechanisms driving
the formation of their host black shales are not fully understood.

Prompted by these considerations, the role of large igneous prov-
inces (LIPs) in punctuating the mid-Proterozoic status quo emerges
(12, 18), potentially instigating shifts in biogeochemical dynamics and
evolutionary pathways. Precedent studies underscore the concur-
rence of notable climate and ecosystem shifts, including variation in
the oceanic redox state and deposition of black shales, with LIP events
(1). Geochronological and geological alignment strengthens the case
for a temporal and causal nexus between LIPs and black shale deposi-
tion during 1.8 to 0.8 Ga (12). It is postulated that LIPs at ~1.57, ~1.38,
and beyond ~1.1 Ga induced changes in the surface environments of
the Earth system, potentially propelling the rise and evolution of eu-
karyotic life (18, 19). However, the intricate web of causality remains
enigmatic. Weathering of fresh volcanic rocks may enhance the re-
lease of pivotal nutrients such as P (8), sulfur (S) (20), and trace metals
(21), ultimately contributing to the flourishing of MPP via riverine
transport (22). This backdrop warrants an exploration of the symbi-
otic relationship between volcanic activity and environmental pertur-
bations during the mid-Proterozoic.

Metal isotopes emerge as sensitive indicators of surface environ-
mental evolution. Mercury (Hg), sourced predominantly from vol-
canic processes, is transported through global atmospheric circulation
and subsequently stored within sedimentary rocks (23). The isoto-
pic imprint of Hg showcases both mass-dependent fractionation
(MDF; 62°2Hg) and mass-independent fractionations (MIFs; A199Hg,
A*"Hg, A*'Hg). Critically, MIF arises predominantly through aque-
ous or atmospheric photochemical interactions antecedent to Hg
sedimentation, and its isotopic signals are resilient against postdepo-
sitional diagenetic alterations (24). Thus, mercury isotopes emerge as
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a cardinal tracer of Hg sources within sedimentary records. Lithium
(Li), recognized for its high mobility, endows its content and isotopic
composition (8’Li) with distinction as a proxy for weathering pro-
cesses (25). The selective incorporation of ®Liinto secondary minerals
formed during weathering produces “Li enrichment within river
catchments and seawater, relative to average crustal values (26). Nota-
bly, the relationship between detrital 8’Li and weathering intensity,
expressed as the ratio of weathering rate to denudation rate (W/D),
can adopt a negative (27) or “boomerang” (28, 29) configuration. In
the latter configuration, 8'Li values are low at both low and high
weathering intensity, and high at medium intensity (28). While Hg
and Li isotopic proxies have heretofore been explored in isolation, the
combined use of them has not been explored.

Within this context, our study delves into the 1.41- to 1.35-Ga
Xiamaling Formation in North China. Imbued with high-precision
age-constrained Hg, Li content, and isotopic data, alongside supple-
mentary geochemical and mineralogical insights, our study delin-
eates a narrative of local subaerial volcanic events preceding a LIP
episode [1382 million years (Ma)] (30) that augmented continental
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weathering. The ensuing nutrient input propelled MPP and triggered
the deposition of black shales. Our findings suggest that the influence
of subaerial volcanism could have been pivotal in disrupting the pro-
longed stagnation of the mid-Proterozoic, thereby exerting a sub-
stantial impact on the evolution of Earth’s surface environments.

The Xiamaling Formation characterized by siliciclastic rocks was
established within a tropical gulf during the disintegration of the Co-
lumbia supercontinent (fig. S1). A lithological and geochemical tab-
leau partitions the Xiamaling Formation into six units, with U6, U5,
and U4 in the lower part composed of organic-lean sediments, while
U3, U2, and Ul in the upper part are predominantly organic-rich
black shales (31). In the Xiahuayuan section, multiple volcanic ash
layers within U3 and U2 provide direct evidence of coeval volcanic
activity (Fig. 1). Notably, the Isotope Dilution Thermal Ionization
Mass Spectrometry (ID-TIMS) zircon U-Pb ages of the tuff layers
(~211 m) within U2 (1384.4 + 1.4 Ma) and the K-bentonite layer
(262.4 m) within U3 (1392.2 + 1.0 Ma) (32) synchronize U2 deposi-
tion with the 1382-Ma LIP event (Fig. 2 and fig. S2) (30), while U3
predates this LIP occurrence.

Qutcrop photographs

Fig. 1. Lithological column, volcanic ash layers, and outcrop photos of U4 and U3 sediments in the Xiahuayuan section of the Yanliao Basin in the North China
Craton. Because of the lithological (A), mineralogical and geochemical evidence (see Results), U3 was proposed to be further divided into lower part (U3L, 307 to 290 m),
middle part (U3M, 290 to 270 m), and upper part (U3U, 270 to 255 m). The zircon U-Pb age of the K-bentonite at 262.4 m (B) is 1392.2 + 1.0 Ma (32). The ash layers in (Cand
D) are newly found without zircon U-Pb age. Outcrop images show the interbedding of black shale and gray chert and the interbedding of black shale and green siliceous
mudstone in U3U (E), the interbedding of black shale and gray chert in U3M (F), the interbedding of black shale and green silty mudstone in U3L (G), as well as the inter-
bedding of red mudstone and green silty mudstone in U4 (H). Depth locations of these outcrop photographs of (B) to (H) were marked in (A). Photograph credit: Huajian

Wang, Research Institute of Petroleum Exploration and Development.
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Fig. 2. Sedimentary TOC, mercury (Hg), and Hg/TOC values of the Xiamaling Formation. Red arrows represent volcanic ash layers. The dash lines in the Hg and Hg/
total organic carbon (TOC) panels are Hg content (50 ng/g) of the upper crust (33) and the mean Hg/TOC value (71.9 ng/g per wt %) of the Phanerozoic sediments (23),
respectively. The shadows in Hg/TOC panel represent depth ranges with Hg/TOC values over 71.9 ng/g per wt %, consistent with the appearance of volcanic ash layers.

Our focal point lies within the sedimentary strata of U4 and U3.
Unit 4 is delineated by grayish-green siltstone at its extremities, with
intermittent interstratifications of grayish-green argillaceous silt-
stone and purplish-red mudstone in the middle (Fig. 1A). Mean-
while, U3 is characterized by alternating layers of organic-rich black
shales and organic-lean green mudstones or cherts (Fig. 1A). Intrigu-
ingly, U3 is also punctuated by at least three volcanic ash layers at
depths of 262.4, 300.0, and 307.0 m (Fig. 1, B to D). Both U3 and U4
unveil rhythmic sequences of lithologic unit thicknesses, spanning
centimeters to meters (Fig. 1, E to H), which are likely indicative of
climatic alternations (32).

RESULTS

The sedimentary Hg content exhibits a distinctive two-stage pat-
tern, ascending from the organic-lean U5 and U4 (7.2 + 5.2 ng/g;
means + SD) to the organic-rich U3 (84.0 + 76.9 ng/g) and U2
(286.1 + 82.5 ng/g) (Fig. 2; refer to Materials and Methods for
detailed analytical procedures). This trend is followed by a decline
in Ul (90.4 + 50.5 ng/g) (Fig. 2). The majority of organic-rich
shales exhibit Hg levels surpassing the upper crustal value of 50 ng/g
(33) and also the mean value of Phanerozoic sediments at 62.4 ng/g
(23). However, when normalized to total organic carbon (TOC),
most Hg/TOC ratios are lower than the mean value of Phanero-
zoic sediments, which is 71.9 ng/g per wt % (Fig. 2) (23). Intrigu-
ingly, elevated Hg/TOC ratios occur in the lower parts of U3 and
U2 (U3L and U2L), coinciding with horizons where volcanic ac-
tivity is evident due to the presence of ash layers (Fig. 2). The Hg/
TOC ratios of U3L, containing volcanic ash layers, span from
6.0 to 294.2 ng/g per wt % with a mean value of 75.0 + 81.2 ng/g
per wt %, surpass that of the middle part of U3 (U3M) (33.0 +
29.0 ng/g per wt %), which lacks identifiable ash layers (Fig. 3A
and Table 1).

Zhang et al., Sci. Adv. 10, eadk5991 (2024) 29 March 2024

Transitioning from U4 to U3, the Hg isotopic compositions dis-
play opposing shifts in Hg-MDF (6°°*Hg) and Hg-MIFs (A'*’Hg and
A?Hg) (Fig. 3A and Table 1). The §*"*Hg values show a positive shift,
progressing from U4 (—1.54 + 0.74%o) to U3 (—0.67 = 0.30%o).
Meanwhile, both A'’Hg and A**Hg undergo a negative shift, transi-
tioning from slightly positive values in U4 to near-zero values in U3.
One-way analysis of variance (ANOVA) tests of 8°°*Hg and A'*Hg
values between U4 and U3L shows statistical significance (P < 0.01
for 8*°*Hg and P < 0.05 for A'*’Hg; figs. $3 and S4). For A**Hg val-
ues, a slightly larger P value of 0.08 (fig. S3C) of the one-way ANOVA
test between U4 and U3L is probably due to the low A*Hg values
(within £0.04%o). Box glots of all Hg isotope values also show signifi-
cantly more negative 8°"*Hg, more positive A'*’Hg, and slightly more
positive A**®Hg in U4 than those in U3L (fig. S3).

In the context of sediment compositions, U4 sediments display
relatively low Li/Al ratios (3.9 + 1.4 pg/g per wt %), coupled with high
8’Li values that decrease as the unit progresses upward (a negative
shift from 2.35 to —1.03%o) (Fig. 3B and Table 1). In contrast, U3L
sediments exhibit higher Li/Al ratios (6.3 + 0.5 pg/g per wt %) and
concurrently lower 8'Li values (—1.31 + 0.31%o) (Fig. 3B and Table 1).
Between U4 and U3L, variations of both Li/Al ratios and 8’Li values
show statistical significance (ANOVA, P < 0.001; Fig. 3B and fig. S3).
U3M sediments demonstrate slightly increased Li/Al ratios (8.0 +
1.6 pg/g per wt %), alongside higher 8’Li values, oscillating from
—0.26 to 6.79%o (mean value, 2.25 + 2.33%o) in comparison to U3L
(Fig. 3B and Table 1).

Assessing chemical weathering, the chemical index of alteration
(CIA) values of U3L sediments (82.2 + 0.8) are notably reduced,
when compared to those of U4 (84.4 + 1.0) and U3M (84.6 + 1.1)
sediments (Fig. 3B and Table 1; note that the correction of CIA can
be found in fig. S5) (34, 35). The zircon (Zr) weight content normal-
ized to aluminium (Zr/Al) is widely recognized as a proxy for ter-
restrial erosion and riverine transport efficiency (32). It displays a
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Fig. 3. Geochemical proxies indicative of volcanic activities, continental weathering intensity, nutrient supply, and redox conditions of paleo-water column of
U4 and U3 sediments of the Xiamaling Formation. Lithological legends are the same as in Fig. 1. Red arrows represent volcanic ash layers. Black dots and circles in the
TOC in (A), zircon weight content normalized to aluminium (Zr/Al) and phosphorus (P) panels in (B) represent core and outcrop samples, respectively. Gray dots in the
mercury normalized to TOC (Hg/TOC) panel in (A) represent the values with TOC value lower than 0.2 wt %. Dash line in the Hg/TOC panel in (A) is the mean value of
Phanerozoic sediments (71.9 ng/g per wt %) (23). Dash lines in the Hg in (A), lithium weight content normalized to aluminium (Li/Al), lithium isotope composition (8L,
and P panels in (B) are corresponding values of the upper crust, representing 50 ng/g, 2.9 pg/g per wt %, 0.6%o, and 0.07 wt %, respectively (33, 65). Black dots and circles
in the ratio of highly reactive Fe to total Fe contents (Fenr/Fer) and ratio of pyrite-Fe to highly reactive Fe (Fep,/Fey) panel in (B) represent their respective ratios. Dash and
dot lines in Feyr/Fer and Fep,/Feyr panel at 0.38 and 0.80 represent the extreme upper limits for oxic deposition and ferruginous deposition (37), respectively. Hg contents,
Hg/TOC values, MDF of Hg (52°>Hg), and MIFs of Hg (A"*°Hg, A%°°Hg) in (A) were the proxies of volcanic activities. Li/Al ratios, 8’Li values, chemical weathering index (CIA),
and Zr/Al ratios in (B) were the proxies of continental weathering intensity. P in (B) represent nutrient element. Fenz/Fer and Fepy/Feyg in (B) were the proxy of redox condi-
tions of paleo-water column. The CIA values were calculated by using the formula of CIA = x(Al,03)/{x(Al,03)/[x(Al,03) + x(CaO*) + x(Na,0) + x(K,0)] x 100, where x refers
to the mole fraction and CaO* is the CaO in silicates with correction. The TOC, Zr/Al, and Fe species data are cited from (37, 32).

continuous ascending pattern from U4 (31.4 + 3.6 pg/g per wt %) to
U3L (33.4 + 5.6 pg/g per wt %), further increasing in U3M (41.8 +
8.8 pg/g per wt %) (Fig. 3B and Table 1). Similarly, P content shows
consistent growth from the upper part of U4 (0.02 + 0.01 wt %) to U3L
(0.08 + 0.06 wt %) and further to U3M (0.12 + 0.06 wt %) (Fig. 3B
and Table 1). Between U4 and U3L, the differences of both CIA val-
ues and P contents (including core and outcrop samples) show statis-
tical significance (ANOVA, P < 0.001; Fig. 3B and fig. S3). The molar
ratios of C:P from the lower, middle, and upper parts of U3 (U3L,
U3M, and U3U) sediments are 212:1, 397:1, and 56:1 (Fig. 4), pre-
sented as double, nearly quadruple, and half of the Redfield ratio

Zhang et al., Sci. Adv. 10, eadk5991 (2024) 29 March 2024

(106:1), respectively, further indicating coupled dynamic variations
of continental weathering, nutrient input, as well as MPP at that time.

DISCUSSION

Subaerial volcanic eruptions 1398 Ma ago

In the era preceding industrialization, one of the foremost sources of
Hg entering the marine environment was volcanic emissions. This
source was particularly crucial, potentially accompanied by contri-
butions from hydrothermal emissions in the deep ocean, which add-
ed to the overall Hg content in seawater (23). Nonetheless, Hg within
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Table 1. The range, mean values, and SDs of the geochemical proxies of U3 and U4 of the Xiamaling Formation. TOC and pyrite data are from (37).

Proxy U4 (347 to 307 m) U3 (307 to 250 m) U3L (307 to 290 m) U3M (290 to 270 m)

0.1t020.0 (4.9 + 5.4)
6 to 8
74101273

TOC (wt %)*

0.04 to 0.2 (0.08 + 0.04)

).

0.05t023.8 (3.7 +4.7) 0.06 t0 23.8 (4.5 +5.9)

Hg (ng/qg)
Hg/TOC (ng/g per wt %)t =

6.0 t0 294.2 (75.0 + 81.2)

6.0t0 294.2 (53.9 + 61.1)

—2.21 to —0.40%0 —1.39 to —0.06%0 —1.39 to —0.26%0 —1.11 to —0.06%0
(—1.54 + 0.74%0) (=0.67 + 0.30%o) (=0.75 =+ 0.32%0) (—0.55 =+ 0.24%0)

—0.15 to 0.11%o —0.15 to 0.06%o —0.03 to 0.11%o
(0.01 + 0.05%o) (0.00 =+ 0.06%o) (0.03 + 0.05%o)

—0.01 to 0.04%o

~1.03 t0 2.35%0 ~3.85t0 6.79%o ~1.76 t0 —1.16%o ~0.26106.7%%0
(0.74 + 0.99%o) (0.74 + 2.78%0) (=131 + 0.31%0) (2.25 + 2.33%0)

CIA 81.9t085.7 (84.4 +1.0) 80.7 t0 85.9 (83.9 + 1.6) 80.7t0 83.3 (82.2 +0.8) 82.2t085.9 (84.6 + 1.1)

ZUA (ug/gperwt %y 2601037.7(314£36) 122101063 (43.5+124)  25210466(330+56) 272t0582(418+88)
Pwtoos 002t00.04(0.02£001) 00210064 (0.18+0.12)  002t0024(0.08£006)  0.06t00.29(0.12+006)
Pyritewt%) 000t00.08(0.03+002)  001t01.64(034+037)  002t0024(0.11:£007)  0.09t01.64(044+040)

*Data are from outcrop and core, while other proxies only include data from core.

available Hg/TOC values for U4 samples for the low TOC values.

tData do not include the sample values with TOC lower than 0.2 wt %. No
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Fig. 4. Relationships of P and TOC of the U3 sediments. (A) Lower part of U3 (U3L, 307 to 290 m), with evidence of volcanic eruptions; (B) middle part of U3 (U3M,
290 to 270 m), no evidence for volcanic activity; (C) upper part of U3 (U3U, 270 to 255 m), with evidence of volcanic eruptions.

seawater predominantly found its way into sediments, forming as-
sociations with host phases such as organic matter and sulfide
minerals (e.g., pyrite) (23). These phases, especially abundant and
well-preserved under anoxic or sulfidic conditions, serve as effective
sedimentary sinks (23). Hence, the enrichment of sedimentary Hg
detected in mid-Proterozoic rocks may indicate two distinct possi-
bilities: either a heightened discharge of hydrothermal emissions be-
neath the ocean’s surface or an increased emission of Hg from
subaerial volcanic activities. Moreover, these enrichments would
likely be influenced by oceanic anoxic events. Our previous studies
(31, 36) used geochemical indicators encompassing Fe speciation,
the augmentation of redox-sensitive trace metals, and biomarkers
linked to anaerobic phototrophs. This evidence allowed us to infer
that the paleo-water column of U4 and U3 sediments resembled an-
cient oxygen minimum zone (OMZ) structures. These zones were
characterized by anoxic intermediate water and oxygenated bottom

Zhang et al., Sci. Adv. 10, eadk5991 (2024) 29 March 2024

water, the latter of which can be demonstrated by the low ratios
(mostly <0.38) of highly reactive Fe to total Fe contents (Feygr/Fer;
Fig. 3B) (37). However, the increased ratio of pyrite-Fe to highly re-
active Fe concentrations (Fep,/Fepr) from U4 (0.008 + 0.006) to U3L
(0.05 + 0.03) and the further increase to 0.34 + 0.23 in U3M (Fig. 3B)
are taken to indicate an expansion of marine anoxia in interme-
diate water.

Our investigation has unveiled compelling correlations between
sedimentary Hg and various parameters, reinforcing the role of ma-
rine anoxia in Hg enrichment. Notably, a positive linear relationship is
evident between Hg and TOC [coefficient of determination (R
=0.59, P < 0.001; fig. S6A] and also with pyrite content (R* = 0.37,
P < 0.001; fig. S6B) across our samples. The significantly linear posi-
tive relationship between sedimentary Hg and P contents (R* = 0.73,
P < 0.001; fig. S6C) further highlights the shared sinks for Hg and
P. These sinks are attributed to organic matter and/or authigenic
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apatite. The latter, involving the formation of mercury phosphate on
apatite’s active surfaces (38), represents a plausible Hg host. Nonethe-
less, the interplay between sedimentary Hg and clay content demon-
strates a distinctive pattern (fig. S6D), deviating from the anticipated
relationship based on available mineralogical data (23). The reduced
Hg content within clay-rich U4 sediments (fig. S6D) is likely a result
of insufficient sedimentary organic matter, pyrite, apatite, and, most
importantly, a low seawater Hg concentration, influenced by minimal
volcanic Hg input (Fig. 5A).

A particularly notable observation lies in the higher Hg content in
U3L compared to U4 with significant statistical difference (ANOVA,
P <0.001; Fig. 3A and fig. S3H). This disparity indicates an intensified
Hg flux from seawater into sediment. However, no statistically signifi-
cant difference was found in the Hg/TOC values between U3L and U4
(ANOVA, P = 0.66; fig. S31). This might be due to the low TOC values
(<0.2 wt %) of U4 sediments (Fig. 3A). The Hg/TOC ratio, an indica-
tive proxy of volcanic activity, may produce misleading outcomes as
the TOC values approach the limit of quantitation (~0.05 wt %). The
Hg limitation is evident from the U5 sediments, with TOC > 0.2 wt %
and a low mean Hg/TOC ratio of 24.6 ng/g per wt % (Fig. 2). This
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finding further substantiates the notion of diminished seawater Hg
concentration and subsequently low Hg flux into sediments. In con-
trast, some U3L sediments with TOC values higher than 0.2 wt %
exhibit slight higher Hg/TOC ratios (75.0 + 81.2 ng/g per wt %) com-
pared to the mean value of Phanerozoic sediments (71.9 ng/g per wt
%) (23). These enhanced ratios are concurrent with volcanic ash lay-
ers, indicating that the peculiar Hg enrichment in sedimentary re-
cords might be attributed to volcanic activity. Similar associations
have been identified in U2L (Fig. 2). Akin to these findings, elevated
Hg/TOC ratios observed in the ~1.1-Ga Tourist Formation in the
Taoudeni Basin, West Africa (39), and the ~1.57-Ga Gaoyuzhuang
Formation in the Yanliao Basin, North China (19), have been attrib-
uted to LIP events of that era. This contextualizes the elevated Hg
contents and Hg/TOC ratios within U3L and U2 as outcomes of aug-
mented volcanic activity, indicative of an increased inflow of seawater-
derived Hg. Although the mean Hg contents are close in the U3L
(75.8 + 61.1 ng/g) and U3M (76.8 + 79.0 ng/g) sediments, the Hg/
TOC values in U3M (33.0 & 29.0 ng/g) are lower than those in U3L
(75.0 + 81.2 ng/g) with significant statistical difference (ANOVA,
P <0.001; Fig. 3A and fig. S3]), consistent with the absence of volcanic
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Fig. 5. Schematic diagram of environmental disturbance caused by subaerial volcanic activities during the mid-Proterozoic. The age scale of the MIF of mercury
(Hg-MIF; A" Hg) and lithium isotope compositions (87Li) of the Xiamaling Formation were obtained from the anchored age (~262.4 m, 1392.2 + 1.0 Ma) at upper part of
U3 (U3U) and an average sedimentary rate of 0.66 cm/ka. The circle A'®Hg data are abnormal data without unambiguous explanation, see Discussion for details. The gray
curves in A'®°Hg and &’Li histograms represent Locally Weighted Scatterplot Smoothing (LOWESS) regression trends with 20% smoothing. Error bars for both A'**Hg and
&’Li values have been presented. However, because the relatively large data spread, the error bars of Li isotopes are barely visible in the plot. (A) U4, without volcanic ac-
tivities, the sedimentary Hg has positive Hg-MIF values (e.g., A'Hg). Continental weathering on the lowland under high atmospheric CO, and low rainfall resulted in low
terrestrial P flux to ocean. The oligotrophic ocean with P-famine has low MPP and is lack of black shale deposition. (B) Lower part of U3 (U3L), coinciding with the sub-
aerial volcanic eruption, the sedimentary Hg increased with near-zero Hg-MIF. Enhanced weathering of the fresh basalt and erosion from the volcano to ocean provide
nutrient P and promote the MPP. (C) Middle part of U3 (U3M), after the volcanic activities, the sedimentary Hg contents are back to intermediate values with positive
Hg-MIF values. Although the terrestrial phosphorus (P) flux to ocean decreased, the recycled P supported high MPP for millions of years or more.
29 March 2024

Zhang et al., Sci. Adv. 10, eadk5991 (2024) 60f12



SCIENCE ADVANCES | RESEARCH ARTICLE

ash layers and an increase in sedimentary organic matter in U3M. The
Hg spikes in U3L do not strictly follow those of TOC, indicating that
elevated Hg input rather than increased organic matter enrichment is
the main factor controlling Hg enrichments.

The isotopic composition of Hg serves as an additional tool to
decipher sources and mechanisms underlying Hg enrichment. Mer-
cury emissions from subaerial volcanoes typically exhibit near-zero
MIF values with minimal variance (40, 41). In contrast, Hg ema-
nating from remote volcanoes experiences extended atmospheric
transport, potentially leading to isotopic fractionation due to atmo-
spheric redox processes (23, 42). These processes, in turn, result in
positive Hg-MIF and negative 6202Hg compositions within atmo-
spheric Hg(II) and sediments dominated by atmospheric Hg(II) de-
position (42). Furthermore, photochemical reduction of aqueous
Hg(II) to Hg(0) in the photic zone of euxinic waters, as observed
through the end-Permain mass extinction (43), could give rise to
negative excursions of Hg-MIF of odd-mass isotopes (A'*’Hg and
A?Hg) within organic-rich sediments. The converse holds true for
organic-poor sediments, characterized by predominantly positive
A"Hg and A*°'Hg values due to a more substantial contribution
from atmospheric Hg(II) deposition.

In light of these considerations, the slightly positive Hg-MIF val-
ues (A'"Hg, 0.05 + 0.04%o; and A**°Hg, 0.02 + 0.01%o) and the more
negative 8?92Hg values (—1.75 + 0.36%o) evident in U4 sediments,
devoid of large amounts of organic content, are comparable to the iso-
topic signatures found in modern offshore marine sediments (44) and
mid-Proterozoic marine sediments dominated by background atmo-
spheric Hg deposition (39). This alignment suggests a dominant input
of Hg from background atmospheric deposition to U4 (Fig. 5A). U3L
sediments, hosting volcanic ash layers, exhibit A'*’Hg values closer to
zero (0.01 =+ 0.05%o, except for a single sample with a A'*’Hg value of
—0.15%0) compared to U4. Despite the relatively small variation of
A'Hg, the difference between U4 and U3L is statistically significant
(ANOVA, P < 0.05; Fig. 3A and fig. S3B). Concurrent with the shift of
A" Hg and A* Hg also shifted toward near-zero, and 6°°*Hg shifted
to less negative values (around —0.5%o) in U3L (Fig. 3A, fig. S3A, and
Table 1). These Hg isotopic signatures in U3L are more consistent
with direct volcanic emission (40, 41), thus strongly supporting our
hypothesis of subaerial volcanism during the deposition of U3L
(Fig. 5B).

One sample from U3L shows a notably negative A'*’Hg value
(—0.15%o). Negative A'*Hg values in sedimentary rocks have been
typically ascribed to Hg inputs from terrestrial soils/plants or photic
zone euxinia (45, 46). Given the absence of terrestrial biomass during
the mid-Proterozoic, terrestrial Hg isotope compositions are posited
to align more closely with those of crustal rocks, characterized by
near-zero MIF (47). Moreover, the robustness of Hg-MIF against dia-
genesis has been established (24), further suggesting that these nega-
tive A'*’Hg values may arise from (photo)redox processes involving
Hg in seawater before sediment deposition. One conceivable contrib-
utor to these negative excursions is marine photic zone euxinia. How-
ever, this scenario finds contradiction from iron speciation data
(Fig. 3B) and the enrichment of redox-sensitive trace metals, which
counter the development of intense euxinic water bodies during U3L
sedimentation (36). In addition, the prospect of hydrothermal emis-
sions as an explanation for the negative Eu anomaly [(Eu/Eu*)sx;
fig. S7] is rendered unlikely. Even in U5 sediments with confirmed
hydrothermal activity (48), sedimentary Hg contents and Hg/TOC
ratios remain minimal (Fig. 2), implying a minor Hg contribution
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from hydrothermal fluids. Therefore, the transient negative excursion
of A" Hg in U3L necessitates further exploration.

Compared to U3L, the significantly reduced Hg/TOC ratios in
U3M (ANOVA, P < 0.01; Fig. 3A and fig. S3]) suggest that local vol-
canism experienced attenuation post U3L, concurrent with the ab-
sence of evident ash layers. However, sporadic instances of heightened
Hg/TOC in U3M and U3U indicate that volcanic activities persisted
albeit at a reduced frequency, with a confirmed volcanic ash layer dis-
covered at a depth of 262.4 m (Fig. 2B). Consequently, it is plausible to
assume that Hg within U3M and U3U sediments arises from a blend
of subdued local volcanic emissions and the background atmospheric
Hg input (Fig. 5C).

Stratigraphic analyses, involving zircon U-Pb dating (1392 +
1.0 Ma) of K-bentonite deposits (262.4 m) and the estimated depo-
sition rate of 0.66 cm/thousand year (ka) (32), suggest that the two
additional volcanic ash layers (307 and 300 m) originated around
1399 to 1398 Ma, with an approximate interval of 1 Ma. In compari-
son, the temporal distance between the U3L volcanic activity and the
1382-Ma LIP (30) extends beyond 16 Ma (fig. S2). This duration ex-
ceeds the conventional (<1 to 5 Ma) and maximum (10 to 15 Ma) span
associated with a single LIP event (49). Notably, volcanic activity
during 1.40 to 1.39 Ga has also been reported from other cratons,
including the South Laurentian, West Australian, North Australian,
Amazonian, and South African (table S1) (50-55). Despite uncer-
tainties concerning the paleogeographic reconstruction, available
evidence indicates that these cratons and the North China Craton
were not adjacent to each other during 1.55 to 1.25 Ga (fig. S1A)
(12). Therefore, this volcanism cannot be simply attributed to
the 1382-Ma LIP but more likely represent frequently occurred
regional volcanism.

Enhanced continental weathering and terrestrial input after
volcanic eruptions

Volcanic activity and the release of acidic gases (CO,, SO,, HCI,
etc.), coupled with associated temperature increases, have been pro-
posed as triggers or drivers of major environmental disturbances,
including intensified continental weathering, alterations in the hy-
drological cycle, and enhanced riverine transport, as observed dur-
ing the Permian-Triassic boundary (56) and the Palaeocene-Eocene
Thermal Maximum (PETM) (57, 58). In our present investigation,
we use the detrital silicate fraction as a repository for Li isotopes.
Although less studied compared to marine carbonates, this archive
is presumed to have originated in riverine catchment areas as a re-
sult of weathering, subsequently eroded to its present location (27,
28, 57). Hence, detrital 8’Li values are expected to encapsulate local
weathering processes occurring in the upstream catchment regions
(mainly soils and rivers) that supply material to the depositional site
(57, 59). The 8’Li values in catchment sediments can reflect weath-
ering intensity through two potentially conflicting mechanisms.
One mechanism is the inverse relationship between ALigne-source
(difference in 8"Li between fine-grained sediment and source mate-
rial) and W/D ratios observed in modern rivers (27, 29). In scenar-
ios of low W/D (high erosion, limited weathering, and a kinetically
limited weathering regime), the A"Ligne-source hovers around 0%o
due to minimal clay formation, resulting in sediments primarily
consisting of source material (27). Conversely, in a transport-limited
weathering regime characterized by high W/D, the A”Liine-source be-
comes low (as low as —9%o) due to the generation of isotopically
light clays (27, 60).
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The magnitudes of detrital 5'Li excursions are closely linked to pa-
leotopography and surface runoff flux (61). Modern comparisons of
riverine 8’Li across diverse geomorphic settings reveal that rivers
draining flat lowlands at middle and high latitudes exhibit higher §'Li
values (associated with intermediate W/D) compared to those origi-
nating from mountainous regions (characterized by low W/D) (61,
62). Another explanation for the detrital ’Li excursion involves sec-
ondary materials primarily formed from surface and, more likely,
pore waters within the catchment area, adsorbing Li from various
sources. This scenario is especially relevant when considering detrital
material of marine sediments, distinct from direct collection of river
deposits. Consequently, detrital 8'Li can manifest both negative ex-
cursions (e.g., PETM’s hothouse phase with declining W/D) (57) and
positive excursions (e.g., Hirnantian glaciations icehouse phase with
increased W/D) (59). Similar patterns have been observed in modern
rivers at different latitudes (28), where intermediate W/D corresponds
to elevated detrital 5'Li values (often surpassing initial rock values)
(59). In this context, detrital 8’ Li would generally follow a boomerang
plot with W/D (28, 29, 57).

In this study, we use detrital Li contents and isotopic compositions
(87Li) as proxies for continental weathering and terrestrial input. The
U4 sediments are characterized by low Li/Al ratios (3.9 + 1.4 pg/g per
wt %), intermediate 8'Li values (0.74 + 0.99%o), high CIA values
(84.4 + 1.0), and low Zr/Al ratios (31.4 + 3.6 pg/g per wt %) (Fig. 3B
and Table 1). Notably, during the mid-Proterozoic, a greenhouse-
dominated climate prevailed, marked by elevated atmospheric pCO,
level (~2 to 50 times modern level) (63). Paleomagnetic reconstruc-
tion places the Yanliao Basin, housing the Xiamaling Formation sedi-
ments, within the northern tropics (10°N to 20°N) during 1400 to
1300 Ma (fig. S1A), positioning it within the high rainfall regions of
the Hadley Cell. The Yanliao Basin was encompassed by several paleo-
lowlands (e.g., Shanhaiguan and Shanxi), and it was generally a peri-
od of relative orogenic quiescence and a lowland landscape (Fig. 5A)
(6). Collectively, these climatic and paleogeographic conditions likely
fostered heightened chemical weathering while maintaining rela-
tively low denudation rates (Fig. 5A), sustaining a high-intensity
supply-limited weathering regime (64).

The negative 8’Li excursion (—2.0%o) observed from U4 to U3L is
comparable yet smaller than the detrital 8'Li excursion induced by
volcanic activity during the PETM, which recorded around —3%o
(57). Given the extended duration of our detrital 8’Li excursion
(spanning several million years), it is probable that the 8’Li excursion
signifies changes in the steady-state composition of seawater (gener-
ally of smaller magnitude), as opposed to dynamic non-steady-state
variations seen during the PETM (lasting only tens of thousands of
years) (57). Meanwhile, the emergence of fresh rock facilitated denu-
dation rates to ensure high capacity for debris transport with reduced
chemical weathering, i.e., low W/D ratios (28). From U4 to U3L, the
former can be reflected by the statistically significant increase of Li/Al
ratios (ANOVA, P < 0.001; Fig. 3B and fig. S3D), and the latter is from
the significant decrease of CIA values (ANOVA, P < 0.001; Fig. 3B
and fig. S3F). Both factors would lead 8’Li values to approach those of
the continental crust (~0.6%o) (65). Reciprocal variations of Li/Al and
&’Li in U3L point to an intensified continental denudation process
that removed more Li-enriched detrital material from land to ocean
(Fig. 5B). A reverse relationship of Li/Al ratios and W/D values has
also been found in modern river sediments (27). Analogous behavior
has been documented during periods characterized by volcanic erup-
tions and CO, release in the Phanerozoic, such as the Cretaceous
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Oceanic Anoxic Events (66, 67) and the PETM (57, 68). Consequent-
ly, it is conjectured that the enhanced erosion and reduced W/D val-
ues during U3L deposition resulted from an accelerated hydrological
cycle, akin to conditions observed in certain Phanerozoic and mod-
ern sedimentary records (28, 57, 66, 67).

Compared to U3L sediments, U3M sediments exhibit elevated
values of Li/Al (ANOVA, P < 0.01; fig. S3K) and &’Li values (P < 0.001;
fig. S3L), featured by notable statistical significances (Fig. 3B and
Table 1). As discussed previously, the evidence from Hg content and
isotopic data indicates diminished volcanism and decreased detrital
Li input from land to ocean. Simultaneously, the transition from U3L
to U3M witnessed an increase in quartz content and a decrease in
clay content (fig. S7). For U3M samples with quartz content exceed-
ing 70% (designated as chert), strong positive linear correlations be-
tween quartz content and Li/Al ratios (R*=0.87; fig. S8A) as well as
&’Li values (R* = 0.95; fig. S8B) are evident, indicating the critical
role of authigenic quartz in sequestering Li from seawater. Even so, Li
contents in U3M are generally low (mean value, 36.3 + 8.2 ng/g),
which are consistent with a detrital origin with Li content lower than
50 pg/g and against with the authigenic clay with Li content up to
500 pg/g (69).

The cyclic alternation of cherts or green mudstones with black
shales in U3 has been attributed to Milankovitch-scale orbital climate
forcing, during which the Yanliao Basin occupied the downwelling
limb of the Hadley Cell, with alternating intensities of high and low
trade winds (32). The shifting positions of the Hadley Cell could influ-
ence the hydrological cycle and terrestrial weathering intensity (70).
However, existing evidence indicates no notable changes in climate
zones between the depositions of U4 and U3. It has been suggested
that the Yanliao Basin was situated in the descending limb of the Had-
ley Cell for both units (31). Thus, variations in Li isotopes are most
likely attributed to changes in volcanism-related weathering intensity.
The post-volcanic weathering conditions were probably kinetically
limited, yielding high dissolved 8'Li and low detrital sediment §'Li
values (Fig. 5C) (28, 57).

While it is difficult to directly quantify the palaco-weathering re-
gime if weathering and denudation rates are not directly known, it is
possible to use modern river sediment relationships to make esti-
mates of the changes. Notably, the detrital sediment values from this
study, especially from U4 and U3M, have higher 8’Li than the initial
rock (Fig. 3B). Thus, a Rayleigh-like fractionation behavior, which
allows sediment 8’Li that is higher than the rock, must be occurring,
as also observed in modern Icelandic river sediments (29). Given po-
tential differences between modern and Proterozoic basaltic weath-
ering, the weathering regime started at a W/D > 0.1 (the high side of
intermediate weathering intensity, also observed globally during the
Middle-Eocene) (68) during U4 deposition. It then decreased to
W/D of ~0.002 (low weathering intensity) during U3L deposition
and then subsequently increased to a W/D of ~0.008 to 0.04 (on the
low side of intermediate weathering intensity) during U3M de-
position.

Enhanced nutrient fluxes and MPP following the

subaerial volcanism

Continental weathering and riverine transport stand as the princi-
pal sources of bio-essential nutrients (e.g., P) to the oceans. How-
ever, during the mid-Proterozoic era, the absence of large-scale
orogenic activity could have considerably curtailed the flux of
continental weathering-derived P (8). Potential inorganic P sinks in
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the predominately anoxic mid-Proterozoic oceans include authi-
genic calcium fluorapatite (71), vivianite (72), and green rust (73).
A P-depleted seawater condition has been inferred for the mid-
Proterozoic, as demonstrated in the U4 sediment record (Fig. 5A),
which exhibits a lower P content (0.02 + 0.01 wt %; Fig. 3B and
Table 1) compared to the upper continental crust (0.06 wt %) (33)
and pre-Cryogenian samples (0.05 + 0.003 wt %) (72). Subsequent
to the volcanic events at the base of U3, the mean sedimentary P
content of U3 rises to 0.18 & 0.12 wt %, about nine times higher
than that of U4 sediments (Fig. 3B and Table 1), and is comparable
to the mean value for post-Tonian samples (less than 720 Ma)
(0.21 + 0.02 wt %) (72). This substantial increase from U4 to U3
cannot be attributed solely to potential variations in water chemis-
try, as both U4 and U3 sedimentation occurred under similar con-
ditions within the OMZ settings (31).

Alternatively, the enrichment of P in U3 sediments could signify
an intensified continental influx of P prompted by volcanic activity
(Fig. 5B). Volcanic P sources have been proposed as a mechanism
for ocean fertilization throughout Earth history (8). Similar to ob-
servations during the PETM, escalated weathering and erosion fa-
cilitated the transport of dissolved P and other nutrients to the
ocean, potentially boosting MPP and aligning local organic carbon
burial (57, 68). Coinciding with this scenario, the TOC content of
U3 sediments increased to ~24 wt % after volcanic activity (Fig. 3A),
indicative of heightened MPP and/or enhanced preservation effi-
ciency. The C:P molar ratio (212:1; Fig. 4A) of U3L sediments is
double of the Redfield ratio (106:1), suggesting that, when organic
matter settled in coeval oceanic water column, more P than C was
released into the ocean through partial degradation (9). A similar
phenomenon is observed in U3M sediments with a C:P molar ratio
of 397:1 (Fig. 4B). This implies that recycled P further bolstered
MPP and the deposition of organic carbon (Fig. 5C) and could sus-
tain MPP for millions of years or even longer. The impact of P recy-
cling during U3 deposition can be evaluated by drawing parallels
with the modern Peruvian margin sediments, which is also depos-
ited under OMZ structures. The benthic flux of phosphate can
reach levels as high as 292 mmol m™ year™" through the Peruvian
shelf and OMZ core, coinciding with high organic carbon degrada-
tion rates (74).

The identified volcanic activities coincide with the onset of a well-
documented mid-Proterozoic oxygenation event (36). As modeled
by Laakso and Schrag (11), organic carbon burial rate is very sen-
sitive to P supply in the Proterozoic oceans. It is likely that a
volcanism-induced nutrient surplus and a correspondingly ele-
vated MPP could have resulted in a shift to a more oxygenated
environment, because net burial of organic carbon results in a rise
in atmospheric oxygen. Such a scenario is in line with the high
TOC concentrations (a maximum value of 23.8 wt %) and a posi-
tive 613C0rg excursion (an excursion of 6%o) throughout the depo-
sition of U3 (36). Because both TOC and 613C0,g are typically
considered as local proxies, whether an intrinsic relationship be-
tween the observed geochemical shifts and the oxygenation event
can be established would require data from additional profiles
worldwide. However, sediments from the time-equivalent Velk-
erri Formation in North Australia are also enriched in organic
matter (fig. S2) and has been suggested to record the influence of
mafic rocks (55, 75). Thus, an organic burial event occurred at
least in two cratons, which might have consumed CO, and re-
leased substantial oxygen into the atmosphere.
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It is difficult to constrain the scale of mid-Proterozoic volcanisms
that are needed to drive a global oxygenation event. Ash layer is con-
clusive evidence of explosive eruptions, but it may reflect changes in
eruption style and may not be indicative of overall volcanic activity
due to the biogeochemical and halmyrolysis processes (76). The best
demonstration of the answer is to compare to more recent examples.
For the late Pleistocene and Holocene volcanism in the tropical region
of Sumatra, most tephra layers from small subaerial volcanic erup-
tions (e.g., volcanic explosive index < 5) become invisible in offshore
sediments due to biogeochemical and halmyrolysis processes, espe-
cially at a low sedimentation rate (1.6 + 1.0 cm/ka) (76). Given that,
the visible ash layers with a thickness of 1 to 10 cm (Fig. 1, B to D)
preserved in the Xiamaling Formation might originate from volca-
noes with a volcanic explosive index of >5 to 7. Such volcano should
have a volume of ejecta over 1 to 100 km® or larger (77). The drivers of
enhanced subaerial volcanic activity are still under debate. Because of
their occurrence being mostly related to large-scale continental rifting
and breakup of Columbia (Nuna) supercontinent (53, 55), it could be
related to interior superplume activities and/or encircling subduction
systems (78). Nevertheless, our results emphasize that subaerial volca-
nism and its corresponding effect on weathering can break the long-
term stasis of the mid-Proterozoic.

MATERIALS AND METHODS

Samples

Samples analyzed here were collected as a core, which was drilled
with fresh water to minimize contamination from drill fluids. For the
poor recovery of the U3 rocks in the core, only a few organic-rich
samples were available to do isotopic composition analyses of Hg and
Li. To better demonstrate the situation of black shales in U3, the pub-
lished TOC, P, and Zr/Al data from fresh outcrop samples (32),
which collected and analyzed in 10 years ago, are also used for statis-
tical analysis.

Mineralogical and elemental analysis

Mineralogy of samples was determined through x-ray diffraction
analysis with a Rigaku MiniFlex X-ray diffractometer using a 600-W
Cu-ka source. The measurement was performed at the Key Labora-
tory of Petroleum Geochemistry, China National Petroleum Corpo-
ration, and following procedures described in (48). Major and trace
elements were determined at the Analytical Laboratory of Beijing Re-
search Institute of Uranium Geology, China National Nuclear Corpo-
ration, after the methods described in (32).

Mercury contents and isotopic composition analyses
Mercury (Hg) contents were analyzed on a Lumex R-915F Hg Ana-
lyzer at Tianjin University. Mercury in samples was released as Hg(0)
vapor by pyrolysis at a temperature of ~750°C and then measured by
a cold vapor atomic absorption spectroscopy with a detection limit
lower than 0.5 ng/g. Two certified reference materials, GBW07311
(GSD-11, freshwater sediment, with an average Hg concentration of
72 ng/g) and GBW07405 (GSS-5, yellow-red soil, with an average Hg
concentration of 320 ng/g), were measured repeatedly alongside
samples to monitor analytical accuracy and reproducibility. Our
measurements of GBW07311 and GBW07405 yielded average Hg
concentrations of 72.2 + 2.8 ng/g (1SD, n = 3) and 319.9 + 13.1 ng/g
(1SD, n = 23), respectively, which are consistent with their certi-
fied values.
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Mercury isotopes were analyzed using a multi-collector inductive-
ly coupled plasma mass spectrometer (MC-ICPMS; Neptune Plus,
Thermo Fisher Scientific) at Tianjin University based on previously
described methods (39). Before isotope analysis, Hg in samples was
first extracted by acid digestion and then purified by ion-exchange
chromatography. Briefly, powdered samples were weighed into 30-ml
Teflon beakers and digested with a mixture of trace metal grade con-
centrated acids containing HNO3, HCI, and BrCl (2 M) with a volume
ratio of 12:6:1 at ~100°C for 48 hours. After centrifugation, an anion-
exchange chromatographic method was applied to separate Hg from
matrix. The overall Hg yield of the digestion and anion-exchange
chromatographic procedures was 102 + 7% (2SD, n = 113) for all
samples. Procedural blanks were processed alongside samples, as
were three standard reference materials, including NIST 2702 (ma-
rine sediment), GBW07311 (freshwater sediment), and GBW07407
(laterite), and the pure Hg isotope standard NIST SRM 3133. Recov-
eries for NIST SRM 3133 and the reference materials were 100 + 5%
(28D, n = 8). Mercury concentrations in procedural blanks were typi-
cally less than 1% of the Hg present in samples.

Mercury isotope ratios in the purified solution were analyzed at
~1 to 1.5 ng/g. The Hg in the diluted solutions is first reduced by SnCl,
(3%, w/v) to gaseous Hg(0), which is then carried into the plasma of
MC-ICPMS by Hg-free argon gas. Simultaneously, thallium (T1) aero-
sol (NIST SRM 997) generated by Aridus II desolvator was introduced
together with Hg(0) vapor into the plasma. Five Hg isotopes (***Hg,
Hg, **Hg, **'Hg, and ***Hg) and two Tl isotopes (***TI and ***T1)
were simultaneously measured via Faraday cups. Instrumental mass
bias was corrected for using a combination of internal calibration with
measured “*T1/** Tl ratios and standard-sample-standard bracketing
(relative to the NIST SRM 3133 Hg standard). The bracketing stan-
dard was matched to samples in terms of both matrix and Hg concen-
tration (less than 10% difference). On-peak zero corrections were
applied to all measured masses. Mercury isotope compositions are
reported using & notation defined by the following equation:

SXHg = [(ng/lgng)sample/(ng/lgng)std - 1] %1000

where *Hg is '*’Hg, *"’Hg, *°'Hg, or ***Hg, and “std” represents the
NIST SRM 3133 mercury standard. The MDF is reported as 5***Hg,
and MIF is reported as the capital delta notation (A) according to
the following equation:

A*Hg = §"Hg — (8*"Hg x B)

where x is the mass number of Hg isotope 199, 200, and 201. f is
a scaling constant used to estimate the theoretical kinetic MDEF,
and it is 0.2520, 0.5024, and 0.7520 for '*’Hg, **°Hg, and *°'Hg,
respectively.

Each sample was measured twice, and a commonly used reference
standard NIST SRM 8610 (UM Almadén) was measured every five
samples to monitor instrument performance. The average of all NIST
8610 is 5°"*Hg = —0.53 + 0.05%0, A'*’Hg = —0.03 + 0.05%o, and
AZOOHg = 0.00 + 0.03%o0 (2SD, n = 12). The certified reference mate-
rial GBW07311 yielded average 5°*Hg, A'*’Hg, and A**Hg values of
—0.55 + 0.02%o0, —0.26 + 0.01%o, and — 0.01 + 0.01%o (1 = 2, 2SE),
respectively. The measured values of NIST 8610 and GBW07311 are
both consistent with published values. All isotope data are reported as
either 2SE of sample replicates or 2SD of all measurements of the
NIST 8610, whichever is higher.

Zhang et al., Sci. Adv. 10, eadk5991 (2024) 29 March 2024

Lithium isotopic composition analysis

Chemical procedures and determination of Li isotopes were per-
formed at the State Key Laboratory of ore deposit geochemistry, In-
stitute of Geochemistry, Chinese Academy of Sciences. A two-step
column chemistry was used to isolate Li from the sample matrix, fol-
lowing the method described in (79). Briefly, sample solutions first
passed through a column loaded with 7 ml of Dowex 50WX8 (200 to
400 mesh) resin for the removal of most matrix elements. Residual
Na in samples was further eliminated through another column load-
ed with 2.5 ml of the resin. Li isotope ratios of the purified solutions
were obtained using the standard-sample bracketing protocol in a
Neptune MC-ICPMS. All data were reported per mil relative to
IRMM-016. To monitor the isotopic fractionation during the chemi-
cal pretreatment, seawater (CASS-5; National Research Council of
Canada), rock references (BCR-2), and Li isotopes standard solu-
tions (IRMM-016) were treated as unknown samples. The results
yielded 8Li values of 30.91 + 0.16%o for CASS-5, 2.69 =+ 0.31%o for
BCR-2, and —0.01 =+ 0.17%o for IRMM-016.

Supplementary Materials
This PDF file includes:

Figs.S1to S8

Table S1

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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