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Large igneous provinces played a major
role in oceanic oxygenation events during
the mid-Proterozoic

Check for updates

Anbo Luo1, Guangyi Sun2, Stephen E. Grasby 3 & Runsheng Yin 1

Low atmospheric oxygen levels during themid-Proterozoic were occasionally interrupted by transient
high oxygen levels. The cause of mid-Proterozoic ocean redox variability remains unclear. Here we
investigate mercury chemostratigraphy across the Jixian section of North China Craton through two
oxygenation intervals. Abnormal spikes inmercury concentration and excursions of mercury isotopes
are observed in the Dahongyu and Hongshuizhuang formations, which occur just below the two
oxygenation intervals, respectively. These mercury anomalies suggest that the two oxygenation
events were preceded by subaerial volcanism. Furthermore, the two oxygenation intervals show
increased nutrient concentrations and negative shifts in mercury isotopes, indicating that enhanced
weathering and terrestrial nutrient influx occurred during oxygenation intervals. We infer that in the
breakup setting of the Columbia supercontinent, large igneous province volcanism and its efficient
low-latitude weathering could rapidly increase terrestrial nutrient influx into the ocean, promoting
oceanic productivity and a pulsed rise in oxygen levels.

The mid-Proterozoic interval (1.8 to 0.8 billion years ago [Ga]) has long
been recognized as a phase of environmental and biological stasis. Geo-
chemical studies have suggested a generally low atmosphere oxygen partial
pressure (pO2) during the mid-Proterozoic, perhaps <0.1% present atmo-
spheric level (PAL; ref. 1). However, growing evidence supports that the
redox state of themid-Proterozoicwas likely dynamic, with several intervals
of high oxygen levels that punctuated overall low background levels2–10. The
earliest evidence comes from geochemical records of redox-sensitive trace
metals (Mo, U, V) in the ca. 1.4 Ga Xiamaling Formation on the North
China Craton (NCC)3. Subsequently, ocean-atmosphere oxygenation dur-
ing the earlier depositional periods of both theGaoyuzhuang (1.60–1.55Ga)
and Tieling (1.45–1.42 Ga) formations also in NCC have been suggested
based on the carbonate I/(Ca+Mg) value proxy, which is one of the few
available indicators that can semi-quantitatively trace the redox state of
carbonate sedimentary environments4,5. Recent results onCe anomalies and
δ53Cr isotopes of Tieling and Gaoyuzhuang formations have been broadly
consistent with previous results for carbonate I/(Ca + Mg), providing
more independent evidenceof atmospheric oxygenation6,7. According to the
Raman spectroscopic analysis of organic matter in black shales from the
Gaoyuzhuang andXiamaling formations, aswell as the ShennongjiaGroup,
the recycled graphite carbon was very rare, further constraining atmo-
spheric oxygen contents to be 2–24% PAL from 1.73 to 0.74 Ga (ref. 8).

Although these oxygenation events are currently only documented from the
Yanliao Basin, northeast NCC (Fig. 1), the high I/(Ca + Mg) values up to
3.5 μmol/mol frommultiple sections7 and positive δ53Cr values up to 0.66‰
(ref. 5), aswell as theopen-basin settingof theYanliaoBasin strongly suggest
an increase of atmospheric O2 of global, not merely local, significance2–9.
Therefore, emerging diverse geochemical indicators suggest that at least
three oxygenation intervals occurred at 1.59–1.56, 1.44–1.43, and 1.40–1.36
Ga (refs. 2–9), which may have been sufficient to fuel the respiration of
multicellular eukaryotes during the mid-Proterozoic3.

Although enhancing organic carbon/pyrite burial has generally been
recognized as themost effectiveway to increaseoxygen in theEarth’s surface
environment11, the causes of these pulsed oxygenation events are still con-
troversial. Existing views include increasing oceanic productivity due to
elevated nutrient (including P, and micronutrients Cu, Zn, and Ni) flux
from upwelling12 or continental erosion due to strong weathering9 or
regional climate dynamics13. A root cause for these environmental pertur-
bations may be large igneous province (LIP) eruptions, which could trigger
changes in biogeochemical dynamics and evolutionary pathways14. Abun-
dant greenhouse gases and mafic magma can be released at the surface
during LIP eruptions, whichwould increase global temperature, resulting in
a cascade of events including increased silicate weathering, terrestrial
nutrient supply into the ocean, oceanic productivity, organic matter burial,

1State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. 2State Key Laboratory of
EnvironmentalGeochemistry, Institute ofGeochemistry, ChineseAcademyofSciences,Guiyang,China. 3Department of Earth Energy andEnvironment, University
of Calgary, Calgary, Canada. e-mail: yinrunsheng@mail.gyig.ac.cn

Communications Earth & Environment |           (2024) 5:609 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01780-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01780-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01780-2&domain=pdf
http://orcid.org/0000-0002-3910-4443
http://orcid.org/0000-0002-3910-4443
http://orcid.org/0000-0002-3910-4443
http://orcid.org/0000-0002-3910-4443
http://orcid.org/0000-0002-3910-4443
http://orcid.org/0000-0002-8072-0774
http://orcid.org/0000-0002-8072-0774
http://orcid.org/0000-0002-8072-0774
http://orcid.org/0000-0002-8072-0774
http://orcid.org/0000-0002-8072-0774
mailto:yinrunsheng@mail.gyig.ac.cn
www.nature.com/commsenv


and oxygenation15,16. Recent research has suggested a close relationship
between mid-Proterozoic LIP events and environmental disturbance
through Hg isotopic analyses of 1.4 Ga tropical offshore sediments of the
Xiamaling Formation17. However, the details and strength of the potential
causal relationship betweenmid-Proterozoic LIP events and environmental
disturbances remains enigmatic.

Mercury (Hg) is a useful proxy for Earth’s surface environment evo-
lution and LIP eruptions, because volcanic emissions are the primary source
of Hg in the environment besides wildfire combustion of vegetation18.
Volcanic Hg can be transported globally in the atmosphere prior to
deposition, thus anomalously high Hg concentrations in sedimentary
records are typically linked to environmental perturbations driven by LIP
eruptions9,17–19. In addition, Hg isotopes undergo both mass-dependent
fractionation (MDF, expressed as δ202Hg) and mass-independent fractio-
nation (MIF; usually expressed asΔ199Hg), which provide useful constraints
on Hg sources and geochemical processes20. Hg(II) photoreduction results
in negative Δ199Hg values in the product Hg(0), leaving the residual Hg(II)
with positive Δ199Hg values21. Modern marine reservoirs (e.g., marine
sediments and seawater)mainly exhibit positiveΔ199Hg values derived from
the deposition of atmosphericHg(II) species22.Modern terrestrial reservoirs
(e.g., vegetationand soil) predominately shownegativeΔ199Hg values, due to
vegetation uptake of gaseous Hg(0) followed by deposition of vegetation-
derivedHg through litterfall23. Excursions ofΔ199Hg in sediments have often
occurred during LIP eruptions due to changes in Hg transport pathways to
the ocean from LIP-driven environmental perturbations17,18,24.

The biogeochemical cycling of Hg in the Precambrian is still poorly
constrained. Only a few studies have reported anomalous Hg concentra-
tions and isotopic ratios in limited stratigraphic sections corresponding
to Gaoyuzhuang and Xiamaling oxygenation intervals9,17, highlighting
the potential role of large volcanism in triggering the oxygenation events.
A lack of research on Hg in sedimentary sequences covering the full extent
of themid-Proterozoic currently limits our understandingof the connection

between volcanism and oxygenation events. Here, we present Hg con-
centration and isotopic composition data across the mid-Proterozoic Jixian
Section in the Yanliao Basin, North China Craton (Fig. 1), to gain insights
into the geochemical cycle of Hg in the mid-Proterozoic and the potential
link between oxygenation events and volcanism.

Results
In the Jixian section (Supplementary Table 1), the micronutrients Cu, Zn,
and Ni exhibit concentrations (enrichment factors) of 0.7–357 ppm
(0.03–12.4), 0–361 ppm (0–7.9), and 0–114 ppm (0–5.7), respectively. P
concentrations range from <10 to 4620 ppm, yielding P/Al from 15–1413
ppm/wt.% (Fig. 2b, c and Supplementary Table 2). The Cu, Zn, and Ni
enrichment factors, along with P and P/Al, are relatively high across the
oxygenation intervals marked by high I/(Ca +Mg) (Fig. 2a–c).

Hg concentrations are highly variable throughout the Jixian section
(0.84–192 ppb, mean 11 ppb; Fig. 2d). Most of the samples show low Hg
concentrations around a baseline of ~3 ppb (ref. 14). However, two Hg
spikes,withHg concentrationsup to31.2ppband192ppb,were observed in
the Dahongyu and Hongshuizhuang formations, just prior to the onset
of the Gaoyuzhuang and Tieling oxygenation intervals, respectively. Also,
total organic carbon (TOC) content in the Jixian section varies greatly
(0.36–8.15 wt.%, Fig. 2e), and generally shows elevated levels in the oxy-
genation intervals. As Hg has a strong affinity to organic matter, Hg/TOC
ratios are used to assess the validity of trueHg anomalies18. In this study, two
Hg/TOC spikes, corresponding to the locations of two Hg concentration
spikes, were observed just prior to the onset of Gaoyuzhuang and Tieling
oxygenation intervals, respectively (Fig. 2e). Similarly,Hg/Al (Al > 0.3 wt%),
Hg/Fe, and Hg/Mn show clear peaks just prior to the onset of oxygenation
intervals (Fig. 2f-h). Moreover, the intervals with high I/(Ca + Mg) have
higher Rb/Al values (up to 33 ppm/wt%) (Fig. 3a), suggesting an incon-
gruent dissolution of biotite and other mica minerals from fresh volcanic
rocks25.

Fig. 1 | Geological background for the Proterozoic strata in Jixian Section.
aDistribution of 1.6–1.3 Ga and 1.3–1.2 Ga LIP and 1.8–1.0 Ga extensional basins in
a paleogeographic reconstruction map of supercontinent Columbia (Nuna)43, red

box marks the North China craton. b Distribution of the mid-Proterozoic exten-
sional basins in North China Craton5,6. c Regional map of the Proterozoic outcrop
within the Yanliao Basin, showing the position of the Jixian section.
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The overall variation of Δ199Hg for the samples is 0.43‰ (–0.34 to
0.09‰; Fig. 3b and Supplementary Table 3), ~7 times the analytical
uncertainty of ±0.06‰ (2 SD) forΔ199Hg.Δ200Hg values range from–0.11 to
0.09‰ (Fig. 3c), yielding a variation of 0.20‰, ~3 times the analytical
uncertainty of ±0.06‰ (2 SD) for Δ200Hg. A large variation of 0.36‰ in
Δ201Hg (–0.32 to 0.04‰; Fig. 4a) is also observed in the samples studied,

which is ~5 times the analytical uncertainties for Δ201Hg (±0.08‰; 2 SD).
The overall variation of δ202Hg for the samples is 2.65‰ (–2.48 to 0.17‰;
Fig. 3d), ~16 times the analytical uncertainty of ±0.16‰ (2 SD) for δ202Hg.
Despite 5 samples that display Δ199Hg values of close to 0.05‰, most of the
samples studied show strongly negative Δ199Hg values (–0.34 to –0.02;
Fig. 3b). A strong positive correlation between Δ199Hg and Δ201Hg

Fig. 2 | General Proterozoic stratigraphic column and the geochemical trends
of the Proterozoic strata in the Jixian Section. a I/(Ca + Mg) (data sources in
refs. 6,7); (b) enrichment factors of Cu, Zn, and Ni; (c) P concentration (ppm) and
ratio of P/Al (ppm/wt%); (d) Hg content (ppb); (e) TOC (wt%) and ratio of Hg to

TOC (ppb/wt%); (f) Al content (wt%) andHg toAl (ppb/wt%); (g) Fe content (wt%)
and Hg to Fe (ppb/wt%); (h) Mn content (ppm) and Hg toMn (ppb/wt%). The rock
lithology, thickness, and age data are cited from refs. 30,32.

Fig. 3 | Key geochemical profiles to show geochemical trends of the study strata. a ratio of Rb/Al (ppm/wt%), (b) Δ199Hg (‰), (c) Δ200Hg (‰), (d) δ202Hg (‰). Lithologic
legend as in Fig. 2.
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(r2 = 0.75), with a Δ199Hg/Δ201Hg ratio of ~1, is observed for our sam-
ples (Fig. 4a).

Discussion
AqueousHg(II) photoreduction asamajor cause ofHg-MIF in the
mid-Proterozoic
Research into Hg isotopes has demonstrated Hg-MIF in the modern
atmosphere-land-ocean system, with a Δ199Hg/Δ201Hg ratio of ~1, arguing
for a vital role for aqueousHg(II) photoreduction ingoverning the globalHg
biogeochemical cycle20. The consistency of Δ199Hg/Δ201Hg for our samples
(Fig. 4a) and aqueous Hg(II) photoreduction experiments21 confirms aqu-
eous Hg(II) photoreduction as a potentially leading cause of Hg-MIF in the
mid-Proterozoic. Therefore, the variation of Δ199Hg values in our samples
may be partially explained by analogy tomodern examples. PositiveΔ199Hg
values, with Δ199Hg/Δ201Hg of ~1, have been observed in Precambrian
marine/offshore sediments (e.g., shale), which have been explained by the
deposition of atmospheric Hg(II) (refs. 17,19,26,27). From a mass-balance
point of view, an unrecognized Hg pool characterized by negative Δ199Hg
values should exist in the Precambrian. The overall negative Δ199Hg values
observed in the Jixian samples provide a clue to this missing pool. A recent
study attributed negative Δ199Hg values of Precambrian sedimentary rocks
to be caused by sulfur-bound Hg(II) photoreduction under euxinic condi-
tions in the photic zone28. However, this process may be difficult to explain
the oxygenation and volcanism intervals, and even the overall negative
Δ199Hg values observed in the Jixian section require the existence of a long-
termphotic zone euxinia. Instead, according to the carbonate δ238U isotopes
from the Gaoyuzhuang, Wumishan, and other formations, the estimated
extent of the global euxinic seafloor from 1.8–0.8 Ga is <7% (ref. 29).
Although oxidation of atmosphericHg(0) by low-molecular-weight organic
compounds may explain negative Δ199Hg in late Archean sediments26, the
presence of organic compounds or organic haze could have limited further
Hg-MIF formation in the Proterozoic by limiting the penetration of ultra-
violet radiation and inhibiting the photochemical reactions of Hg.

The Jixian samples (conglomerate, sandstone, shale, dolomite, and
limestone) mainly reflect shallow water depositional environments that
received a large amount of terrigenous clastic material via continental
erosion30–32. In modern oceans, coastal sediments mostly show negative
Δ199Hg values due to riverine input of terrestrial Hg, as terrestrial materials
have negative Δ199Hg (refs. 18,23,24). Hence, the results of this study could

suggest a terrestrial Hg pool characterized by negativeΔ199Hg values existed
during the mid-Proterozoic. Although studies have demonstrated a few
lichen records in the mid-Proterozoic33, there was a lack of abundant vas-
cular plants on land during the Precambrian34. Therefore, gaseous Hg(0)
with negativeΔ199Hg taken up by vegetation in the limitedmid-Proterozoic
terrestrial biosphere is anunlikely explanation for thenegativeΔ199Hgvalues
observed in our samples.

An alternative explanation for negative Δ199Hg values is that the Pre-
cambrian Hg cycle was largely controlled by abiotic transformations in the
atmosphere-land-ocean system. One analogy is the modern polar envir-
onment, where vegetation is scarce and atmospheric mercury depletion
events (AMDEs) occur during spring ice melting35,36. During AMDEs,
melting of sea ice results in extensive emission of halides (e.g., Br and Cl)
from seawater to the atmosphere, which efficiently oxidizes gaseous Hg(0)
to Hg(II), causing accumulation of Hg in polar snow with negative Δ199Hg
(down to –5.50‰; ref. 35). Negative Δ199Hg (i.e., –0.50‰) has also been
measured in Antarctica aerosols containing mainly Hg(II) species36, sup-
porting the oxidation of gaseous Hg(0) during AMDEs. The Precambrian
land may have served as a net sink of atmospheric Hg(0) due to the oxi-
dation of gaseousHg(0) by atmospheric oxidants (such asOH-, halides, and
potentially low-molecular-weight organic compounds) emitted from the
ocean or volcanism26,37. Such oxidation processes can reduce the lifetime of
atmospheric Hg, as the product Hg(II) has a residence time of ~10 days in
the atmosphere, being readily adsorbed on atmospheric particles and
deposited onto the terrestrial surface35.

Overall, the negative Δ199Hg values we observe in nearshore sedi-
mentary rocks imply that the Precambrian land was a net sink of atmo-
spheric Hg(0), even without vegetation. The magnitude of negative Δ199Hg
values in nearshore sedimentary rocks can thus serve as a useful proxy for
the influx of terrestrial material into Precambrian oceans.

Host phase of Hg enrichment intervals on the eve of two
oxygenation intervals
Althoughmost of Hg concentrations at the Jixian section are lower than the
average for Phanerozoic sedimentary rocks18, they all show a distinctive
increasing trend through the intervals just prior to Gaoyuzhuang and
Tieling oxygenation intervals. Two main Hg peaks occur, peak1 in the
Dahongyu Formation (from 4 to 31 ppb) right before the onset of the
Gaoyuzhuang oxygenation interval and peak2 in the Hongshuizhuang

Fig. 4 | Crossplot of geochemical proxies. a Δ199Hg vs Δ201Hg, and (b) Δ199Hg vs
Δ200Hg for Jixian Section samples. Experimental studies of aqueous solutions with
natural organic matter have demonstrated that photochemical reduction of Hg(II)
yields residual Hg(II) with a Δ199Hg/Δ201Hg ratio of 1 (ref. 21), whereas measured

natural samples plot within analytical uncertainty of the bounding Δ199Hg/Δ201Hg
ratios of 1.00 and 1.36 (ref. 20). Data of Hongshuizhuang Formation are from ref. 19.
Analytical uncertainties (2 SD) for the data are 0.08‰ for Δ201Hg and 0.06‰ for
Δ199Hg and Δ200Hg.
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Formation (from 3 to 192 ppb) right before the onset of the Tieling oxy-
genation interval (Fig. 2d). A positive correlation betweenHg and TOC can
be observed in most marine sediments, due to the adsorption of Hg by
organic-rich particles18. Reduced sulfur compounds18,38 and, more rarely,
clay minerals39 or Mn-Fe-oxides40 can also be important Hg host phases,
making it essential to determine formation-specific Hg host phases when
usingHg as a volcanic proxy. The correlations betweenHg andTOC, TS, Al
contents, and Mn-Fe-ox values were used to assess the main host phase of
Hg in previous studies17–19,38.

In the Dahongyu Formation (Hg peak 1), a positive correlation
(r2 = 0.65) is observed between Hg and Al concentrations (one exception;
Fig. 5a). In contrast, we did not observe correlations between TOC and Hg
contents (Fig. 5b) and betweenHg andMn-Fe-ox (Fig. 5c, d). This suggests
that clay minerals are likely the dominant host of Hg in the Dahongyu
Formation. In the Hongshuizhuang Formation (Hg peak 2), we observed a
negative correlation (Fig. 5e) between Hg and Al contents, but positive
correlations between Hg and TOC (r2 = 0.53) and TS (r2 = 0.47) contents
(Fig. 5e, f). These results indicate thatHg in theHongshuizhuangFormation
was mainly scavenged from seawater by organic matter, followed by
sulfide19. Changes in redox conditions can also affect Hg accumulation in
sediments41. Samples from the Hongshuizhuang Formation show a very
strong positive correlation (r2 = 0.89) between Hg and Mo (Fig. 5h), sug-
gesting that increased Hg levels were possibly driven by enhanced anoxic
conditions19,38. Under anoxic conditions, organicmatter burial is promoted,
and therefore greater amounts of Hg can be removed from the water
column18, although this would not change the Hg/TOC ratios, and without
increased Hg availability, this would lead to eventual Hg depletion in the
water column.

Large volcanism on the eve of the two oxygenation intervals
Several factors can contribute to sedimentary Hg enrichments. However,
changes in lithology cannot explain theDahongyuandHongshuizhuangHg
concentration peaks, as most of the samples studied show varying lithology
but consistently lowHgconcentrations (<10ppb). It has also been estimated
that a ~ 5- to 10-fold reduction indeposition ratemaygenerate ameasurable
Hg enrichment42. Based on the high-resolution stratigraphic framework of
the JixianGroup (Fig. 2; SupplementaryTable 1), the averagedeposition rate
during theHongshuizhuangFormation (~10Myr and~131m) is estimated

tobe~13m/Myr.This deposition rate is just ~3-fold lower than~42m/Myr
in the Wumishan Formation (~80Myr and ~3,336m), suggesting that
changes in the deposition rates may not explain the temporal variations in
Hg concentration. Althoughwe cannot estimate changes in deposition rates
between the Gaoyuzhuang and Dahongyu formations, due to the lack of
accurate thickness and age data, the difference must be minor compared to
that between the Dahongyu dolostone and the Tuanshanzi dolostone.

Hg enrichment in marine sediments is generally related to either
excessiveHg inputs to the basin (e.g., volcanism, hydrothermal venting, and
terrestrial erosion) or increased burial efficiency of Hg into the
sediments17–19,22,23,43. The positive correlation between Hg and Al con-
centrations (r2 = 0.65; Fig. 5a) suggests that clay minerals are the main host
of Hg in the Dahongyu Formation. After normalizing Hg contents with Al
contents, the Hg/Al (ppb/wt%) show a clear increase (0.6–6.1 ppb/wt%)
during the Hg enrichment interval, suggesting that Hg enrichment is not
solely caused by enhanced burial of clay minerals, but is also linked to an
increased Hg flux to the ocean. Hg in the Hongshuizhuang Formation was
mainly scavenged from seawater by organic matter, followed by sulfide
(Fig. 5f, g). After normalizingHg contents with TOCcontents, theHg/TOC
(ppb/wt%) show a remarkable increase (214–27,400 ppb/wt%) during the
Hg enrichment interval, suggesting that Hg enrichment is linked to an
excessive Hg flux to the ocean.

Volcanoes are a primary source of Hg to the global atmosphere, and
large-scale volcanic activity has caused important Hg deposition events in
the world’s oceans with subsequent sequestration in marine
sediments17,18,24,37. Lithologically, there are volcanic rocks in the Dahongyu
Formation, providing direct evidence of volcanism throughout that interval
(Fig. 2). A similar increase in Hg concentrations (from 3.7 to 10.5 ppb) has
been observed in the Tuanshanzi Formation also containing volcanic layers
(Fig. 2d). The broad stratigraphic correspondence of Hg enrichment to
volcanic activity suggests that volcanismmayhave played amajor role inHg
enrichment in both the Dahongyu and Tuanshanzi formations.

Hg isotopes (Hg-MIF and Hg-MDF) can provide more clear con-
straints on the Hg sources26,27,36–38. Previous studies have shown that Hg
isotopic excursions in sediments often occur during LIP eruptions17.
Although δ202Hg is subject tomultiplemass-dependent influences related to
physical, chemical, andbiological processes20, positiveδ202Hg excursions can
be observed in each of the Hg enrichment intervals in the Tuanshanzi,

Fig. 5 | Comprehensive crossplots of geochemical proxies for different intervals
of Hg-rich and mid-Proterozoic oxygenation events in the Jixian section. a, eHg
concentrations (ppb) versus Al concentrations (wt%); (b) and (f) Hg concentrations
(ppb) versus TOC concentrations (wt%); (c) Hg concentrations (ppb) versus Fe-ox;

(d) Hg concentrations (ppb) versus Mn-ox; (g) Hg concentrations (ppb) versus TS
concentrations (wt%); (h) Hg concentrations (ppb) versus Mo concentrations
(ppm). Other data: Hongshuizhuang Formation19.
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Dahongyu, and Hongshuizhuang formations, respectively (Fig. 3f). This is
similar to that observed in the ca. 2.5 Ga lower Mt. McRae Shale, which
received abundant subaerial volcanic Hg (ref. 27).

Hg-MIF is caused primarily via photochemical reactions without
interference from other processes20, therefore, it can provide more direct
constraints on the Hg sources. Throughout the Hg enrichment intervals of
theTuanshanzi,DahongyuandHongshuizhuang formations,Δ199Hg shows
a shift toward more positive values consistent with a volcanic
contribution18,27 (Fig. 3d). Hg chemistry studies suggest that the isotopic
signature of large-scale subaerial volcanism has a slightly positive Δ199Hg
resulting from the photoreaction of fresh volcanogenic Hg(0) leading to
atmospheric deposition of Hg(II) carrying a positive Δ199Hg signature18,20.
Although themaximumΔ199Hg value does not correspond to themaximum
Hg value, it is obvious that during the Hg spike intervals, the Δ199Hg value
shows a steadily increasing trend (Fig. 3b). The increase ofΔ199Hgduring the
Hg spike intervalmaybe linked to one or bothof the following processes: (1)
a dominant contribution of direct atmospheric deposition of volcanically
derived Hg (II), and/or (2) increases in organic matter content which
effectively captures Hg (II) with positive Δ199Hg signals. The first process
seems the most reasonable in our study, as the second process is not sup-
ported by the strong correlations between Hg and TOC concentrations
(Fig. 5b, f). This is further supported by the presence of an obvious variation
of Δ200Hg for the samples in Hg enrichment intervals of the Dahongyu and
Tuanshanzi formations (from –0.11‰ to 0.04‰), as well as those of the
Hongshuizhuang Formation (this study: from –0.10‰ to 0.06‰; previous
study19: from –0.12‰ to 0.11‰; Figs. 3e and 4b). Since Δ200Hg anomalies
are exclusively produced via photochemical oxidation processes in the
stratosphere20,44, the obvious variation of Δ200Hg observed in these samples
(Fig. 4b) also implies that Hg-MIF signals were mainly formed in the upper
atmosphere.Moreover, we note that obviousΔ200Hg anomalies and positive
Δ199Hg are found in Archean and Phanerozoic strata with Hg that has a
volcanic origin (Supplementary Fig. S1a, c). Instead, temporally equivalent
strata with Hg of terrestrial origin generally lack these features (Supple-
mentary Fig. S1b, d). Given this, we suggest that LIP volcanism is the source
of excess Hg on the eve of Gaoyuzhuang and Tieling oxygenation intervals,
providing a clue to the cause of the oxygenation events.

Linkage between LIPs and dynamic redox
In the Precambrian, atmospheric pO2 and oceanic productivity were cou-
pled through photosynthesis, with P being a major limiting nutrient45. In
addition, primary productivity in the euphotic zone was significantly con-
trolled by the availability of other micronutrients (e.g., Cu, Zn, and Ni) in
seawater46, which are ultimately buried in sediments with sinking organic
matter; therefore, their sedimentary enrichments can be used to infer ori-
ginal productivity12,17. Nutrient enrichment factors in the studied samples
show a good coupling relationship with oxidation intervals calibrated by
the I/(Ca+Mg) as shown in Fig. 2a–c. This coupling is evident during the
Gaoyuzhuang and Tieling oxygenation intervals, indicating the crucial role
of nutrients in Proterozoic oxygenic photosynthesis. Notably, nutrient
enrichment factors are high during the volcanism of the Tuanshanzi,
Dahongyu, and Hongshuizhuang formations, which record low atmo-
spheric oxygen levels. This correspondence provides further evidence of a
causal relationship between volcanism and oxygenation, because initial
volcanismmay have not only supplied nutrient flux from ash loading47, but
also may have released reducing gases, such as CO or H2S (Fig. 6b), that act
as O2 sinks

27,48. Such gas emissions and ash fall fertilizationmechanisms are
short-lived compared to the much longer effect of the weathering of fresh
volcanic rock. The cessation of intense volcanismwould thus have switched
off this kinetically rapid O2 sink, thereby promoting O2 accumulation27.

Nutrients (such as P, Cu, Zn, Ni) are mainly derived from terrestrial
runoff over geological timescales and have a profound impact on the redox
state of Earth’s surface14–17,49. However, intense open-marine upwelling
events may similarly drive high productivity by importing excess nutrients
to the photic zone12,50. As discussed above, similar to the present day, con-
tinental reservoirs mainly show negative Δ199Hg values, while marine

reservoirs mainly exhibit positive Δ199Hg values, which provides a clear
constraint on the source region of abundant nutrients. A recent investiga-
tion revealed that open ocean upwelling of nutrient-rich waters shows
positive Δ199Hg values of 0.13–0.24‰ and positive Δ200Hg values of
0.05–0.10‰ (ref. 50). Our data from the Gaoyuzhuang and Tieling oxy-
genation intervals show relatively weak Hg enrichment paired with sig-
nificant negative Δ199Hg (–0.33 to 0.03‰), consistently suggestive of a
terrestrial origin.

Factors potentially increasing terrestrial nutrient influx into the ocean
include climate,high continental surface topography, land colonization, and
the composition of exposed continental crust13,16,17. Previous studies showed
that the total length of Mesoproterozoic orogenic belts was short51, and
crustal thickness was at a minimum52. Therefore, orogenic activity was
unlikely strong enough to cause enhanced nutrient influx to the ocean
during the mid-Proterozoic. Colonization of vegetation on land may have
facilitated continental weathering, causing fertilization of the ocean and
promoting O2 production, such as proposed for the Neoproterzoic53.
However, carbon isotope studies on carbonates suggest that large-scale land
colonization propagated sometime after 850Ma (ref. 54), thus, this
mechanism cannot be a leading driver of the sharp increase in nutrient flux
and transient oxygen production observed. Given these constraints, we
propose that changes in climate and continental surface composition are
responsible for increasing terrestrial nutrient influx into the ocean during
the mid-Proterozoic. Although the Changcheng Group deposited before
volcanism initiated received large amounts of continental material, Cu, Zn,
and Ni enrichment factors and P/Al ratios were relatively low (Fig. 2b, c).
This observation indicates that the continental surface contributed limited
nutrients to the oceans prior to the volcanism, limiting as well marine
primary productivity at that prior time17.

Throughout geological history, LIP volcanism not only released
abundant greenhouse gases (CO2, SO2, etc.) and massive Hg to the
atmosphere17,18,27,37, but also produced abnormally large volumes of basaltic
magma, which repeatedly covered the continental surface and changed
the surface composition14–16 (Fig. 6b). The two Hg concentration spikes
we identify are coeval with multiple LIPs in neighboring Australia, Siberia,
and Laurentia14 (e.g., the 1.63 Ga Melville–Bugt and 1.59 Ga Gawler Range
LIPs, and the 1.47 Ga Moyie and 1.46 Ga Lake Ladoga LIP). Thus, we
suggest that the intensified weathering of LIP basalts was the critical con-
straint of the dynamic redox in the mid-Proterozoic oceans, based on the
following facts: (1) they occur after our Hg evidence for a LIP event, and (2)
Mostmid-Proterozoic LIPs were positioned close to the equator13,43,55 where
chemical weathering would be most intense. Thus, the abundant basalt
erupted by LIP volcanism provides a material basis for contributing nutri-
ents to the ocean through strong chemical weathering under the warm and
wet tropical paleoclimate9,17. (3) Abundant greenhouse gases (CO2, SO2,
etc.) released from the mid-Proterozoic LIP volcanism would lead to
greenhouse climates and abundant acid rain, further accelerating the che-
micalweatheringofLIPbasalts24,56, thus increasingnutrientflux to theocean
(Fig. 6c). Intensified weathering during the Gaoyuzhuang and Tieling
oxygenation intervals is further supported by high Rb/Al ratios of fine-
grained sediments (Fig. 4a), which are seen as a reliable proxy for chemical
weathering intensity9,25.

Conclusions
Long-term Hg chemostratigraphic variations in the Jixian section may
reveal the dynamic redox history in the mid-Proterozoic oceans. Our data
from the Jixian section documented two seemingly compelling cases of the
causal link: pulses of LIP volcanism, followed by pulses of atmospheric
oxygen. Therefore, it is proposed that LIP played a major role in oceanic
oxygenation events during the mid-Proterozoic. We admit that there is an
intricate web in the causal relationship between LIP volcanism and oxyge-
nation events; that is, not every LIP eruption will lead to a change in Earth’s
surface redox state, and even if LIP volcanic activity triggered oxygenation
events, the lag time may be short17 or slightly longer (this study). These
differences may be related to the scale of LIP volcanism or its

https://doi.org/10.1038/s43247-024-01780-2 Article

Communications Earth & Environment |           (2024) 5:609 6

www.nature.com/commsenv


paleogeographic location andgeodynamic background, thus,more data and
future studies are needed to quantify them.

Methods
Study section
Thick Meso-Neoproterozoic sedimentary sequences were developed in
the Yanliao Basin, North China Craton, in response to the breakup event of

the Columbia (Nuna) supercontinent30–32,57 (Fig. 1a and b). Among them,
the Jixian section in the middle of the Yanliao Basin contains the well-
preserved sedimentary record of the mid-Proterozoic, which, from bottom
to top, can be divided into 4 groups and 12 formations2,30–32 (Fig. 2):
Changcheng Group (Changzhougou, Chuanlinggou, Tuanshanzi and
Dahongyu formations), Jixian Group (Gaoyuzhuang, Yangzhuang,
Wumishan, Hongshuizhuang and Tieling formations), undetermined

Fig. 6 | Schematic illustration of Proterozoic Hg
cycling to show links of nutrients and oxygenation
feedbacks. a pre-LIP eruptions, (b) syn-LIP erup-
tions, and (c) post-LIP eruptions. Photoreduction of
Hg(II) produces gaseousHg(0) with negativeΔ199Hg
values and gaseous Hg(II) with positive Δ199Hg
values. Gaseous Hg(II) is readily deposited into the
marine reservoir (light blue area), whereas gaseous
Hg (0) is preferentially oxidized to Hg(II) species by
the reactive halogen compounds and low-
molecular-weight organic compounds (purple dot-
ted arrow). In the Proterozoic, the absence of vege-
tation would have led to frequent dust storms on
land, increasing the possibility to trap gaseous
Hg(II) and deliver this Hg onto the terrestrial sur-
face, and thus the settled atmospheric Hg(II) with
negative Δ199Hg was mostly preserved on terrestrial
systems. Although some of this Hg(II) can enter the
ocean, the negative Δ199Hg signals would be diluted
by the abundant Hg with positive Δ199Hg in oceanic
reservoirs. The red color represents LIP volcanic
emissions, including ash, Hg(0), reducing gases and
greenhouse gases. This LIP volcanic Hg
(Δ199Hg ~ 0‰ and Δ200Hg ~ 0‰) has been the pri-
mary source of Hg to the Earth’s surface over geo-
logic history and can yield Δ200Hg anomalies via
photochemical processes at the stratosphere (blue
dotted arrow). The huge scale of basaltic fissure
eruptions of the LIPwas capable of injecting ash into
the stratosphere. Such basaltic ash is more reactive
than silicic ash, ensuring a short-lived and sub-
stantial nutrient flux from ash loading which may
promote oceanic productivity and O2 release.
However, the O2 was quickly consumed by the
reducing gases released by LIP volcanoes, resulting
in no rise in atmospheric O2 levels. The cessation of
LIP volcanism would thus have switched off this ash
fall fertilizationmechanism and the kinetically rapid
O2 sink. Abundant greenhouse gases released from
the mid-Proterozoic LIP volcanism would lead to
greenhouse climates and abundant acid rain, further
accelerating the chemical weathering of mid-
Proterozoic LIP, and may facilitate an unprece-
dented flux of bioavailable nutrients to the ocean,
thus triggering oxidation of the ocean-atmosphere
system. Note: atmospheric pO2 < 0.1% is cited from
ref. 1; atmospheric pO2 > 4% is cited from refs. 3,6,7.
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Group (Xiamaling Formation and missing stratum), and Qingbaikou
Group (Luotuoling and Jingeryu formations). The sedimentary sequence of
the Jixian section was deposited in shallow subtidal to intertidal environ-
ments of the epicontinental sea, which consists of essentially undeformed
sedimentary rocks30–32. Based on zircon U-Pb ages from tuffs, flows, and
dykes, the age of the bottom boundary of the Jixian section has been
redefined, andmost stratigraphic groups/formationshaveobtainedaccurate
chronological constraints30–32, thus establishing a high-resolution strati-
graphic framework. Meanwhile, geochemical evidence (e.g., I/(Ca+Mg);
Fig. 2a) showing notable atmosphere-ocean oxygenation has been widely
observed in the Gaoyuzhuang, Tieling and Xiamaling formations2–8.

A total of 56 fresh rock samples (conglomerate, sandstone, shale,
dolomite and limestone; Supplementary Table 1) were collected from all 4
groups and 12 formations in the Jixian Section for major elements, trace
elements (Supplementary Table 2), total organic carbon (TOC), Hg con-
centrations analysis. BasedonTOCand totalHg concentrations, 29 samples
were further chosen for Hg isotope composition analyses (Supplementary
Table 3).

Elemental analyses
Major element (Fe, Al, Si, Mn, P) analyses of these samples were conducted
at ALS Chemex Co., Ltd., China, using X-ray fluorescence spectrometry
(XRF), with an analytical uncertainty of better than 3% for the elements
>1 wt% and 10% for elements <1 wt%. Trace element (Mo,U,V,Cu, Zn,Ni,
Rb, and Th) analyses of these samples were based on Agilent 7900 induc-
tively coupled plasma mass spectrometry (ICP-MS) at the Institute of
Geochemistry, Chinese Academy of Sciences (IGCAS), with analytical
uncertainty of better than 5% for the trace elements reported.

To eliminate potential influences from changes in lithology or the
detrital fraction, P/Al (ppm/wt%) ratios and Cu-Zn-Ni enrichment factors
(EFs), rather than the absolute concentrations, were used to assess paleo-
productivity. Comparatively immobile elements such as Al and Th are
rarely influenced by diagenetic or biogenic processes and, thus, are good
proxies for the detrital siliciclastic fraction of the sediment58. Trace-metal
enrichment factors (EFs) are calculated as:

XEF ¼ ðX=AlÞsample=ðX=AlÞPAAS ð1Þ

where X and Al represent the concentrations of elements X and Al,
respectively, and PAAS is Post-Archean Average Shale58.

Detrital and authigenic Fe-Mn oxyhydroxides (Mn-ox and Fe-ox) that
accumulate inoxic sediment layers canalsobe important scavengers ofHg59.
Mn-ox and Fe-ox were calculated as:

Mn�ox ¼ Mntotal � Alsample × ðMn=AlÞPAAS ð2Þ

where the Mn-ox and Mntotal represent the oxide fraction and total Mn in
each sample (Fe-ox was calculated in a similar manner). (Mn/Al)PAAS
represents the ratio of Mn to Al in PAAS.

TOC content was determined using an Elemental analyzer (Elementar
varioMACROcube, Germany), after the sampleswere treatedwith 2mol/L
HCl for carbonate removal. The precision of TOC measurements is <0.3%
absolute error. generally better than 0.3% based on standard and duplicate
samples. Total Hg concentrations of the samples were measured using a
DMA-80 Hg analyzer, with Hg detection limit of 0.01 ng/g. Measurements
of standard reference material (GSS-4 and GSS-5) showed recoveries of 90
to 110%. The coefficients of variation for triplicate analyses were <10%.

Hg isotope analysis
For Hg isotope analysis, the samples were prepared using double-stage
thermal combustion and pre-concentration protocol26. Standard reference
material (GSS-4) and method blanks were prepared in the same way as the
samples. The former yielded Hg recoveries of 90–100% and the latter
showed Hg concentrations lower than the detection limit (0.05 ng Hg),
precluding laboratory contamination. The preconcentrated solutions were

diluted to 1 ng/mL Hg and measured by a Neptune Plus multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS)60.

Hg-MDF is expressed in δ202Hg notation in units of ‰ referenced to
the NIST-3133 Hg standard (analyzed before and after each sample):

δ
202

Hgð%Þ ¼ ½ð202 Hg= 198
HgÞ=ð202 Hg= 198

HgÞ � 1�× 1000 ð3Þ

MIF is reported in Δ notation, which describes the difference between the
measured δXXXHg and the theoretically predicted δXXXHg value, in units of‰:

Δ
xxx

Hg ¼ δ
xxx

Hg� δ
202

Hg× β ð4Þ

β is 0.2520 for 199Hg, 0.5024 for 200Hg, and 0.7520 for 201Hg61. Analytical
uncertainty was estimated based on the replication of the NIST-3177
standard solution. The overall average and uncertainty of NIST-3177
(δ202Hg: −0.59 ± 0. 16‰; Δ199Hg: 0.01 ± 0.06‰; Δ200Hg: 0.00 ± 0.07‰;
Δ201Hg: −0.03 ± 0.07‰, 2 SD, n = 11) and GSS-4 (δ202Hg: −1.57 ± 0.17‰;
Δ199Hg: −0.44 ± 0.05‰; Δ200Hg: 0.01 ± 0.08‰; Δ201Hg: −0.43 ± 0.06‰,
2 SD, n = 6) (Supplementary Table 4) agrees well with previous studies9,37,61.
The larger values of 2 SD for NIST-3177 and GSS-4 represent the analytical
uncertainties of our samples.

Data availability
All data is available in the main text or the supplementary materials.
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