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Key Points:
e Hg-enrichment recognized in the middle Gaoyuzhuang Formation, North
China, coincides with the transient oxygenation event at ~1.57 Ga.

o Positive 202Hg, Rb/Al and negative AY9Hg shifts suggest that the en-
richment was resulted from enhanced continent weathering.

e Enhanced weathering may have increased phosphorous input and primary
production in the ocean, thus triggering the oxygenation event.

Abstract

The mid-Proterozoic (~1.8-0.8 Ga) is characterized by low atmospheric oxygen
and pervasive oceanic anoxia, with transient oxygenations. One of the promi-
nent oxygenation events happened at ~1.57 Ga, during which atmospheric O,
may have reached 4% present atmospheric level (PAL) and thus promoted the
evolution of multi-cellular eukaryotes. The causes for this oxygenation event,
however, remained unknown. Here, we report the result of 2°2Hg and !'"“Hg,
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P concentration, Rb/Al, and y4(t) across this oxygenation interval in the
Gaoyuzhuang Formation of North China. The positive 20?Hg, yq(t), and neg-
ative A1%9Hg shifts, and the accompanied peaks in Rb/Al, P and I/(Ca+Mg)
suggest that this oxygenation was likely resulted from enhanced weathering of
intermediate to mafic rocks, which may have promoted primary production via
increasing P influx to the ocean and led to the rise in oxygen levels. The data in-
dicate that enhanced weathering input can trigger transient oxygenation events
during the mid-Proterozoic.

Plain Language Summary (<200 words)

During mid-Proterozoic (~1.8-0.8 Ga), the oxygen concentrations in atmosphere
and shallow seawater were persistently low but occasionally interrupted by tran-
sient oxygenation events. The origin of these short oxygenation events, however,
is not properly known. To reveal the potential causes behind the events, we
take the prominent oxygenation event at ~1.57 Ga as an example to perform
Hg isotope, yq(t), major and trace element analyses. The result shows that
this oxygenation event is associated with relatively high mass dependent mer-
cury isotope ( 2°2Hg), nq(t), Rb/Al and low mass independent mercury isotope
(A99Hg) values, and an increase in phosphorus concentration as well. The most
plausible explanation for these data is that a short-term enhanced continental
weathering has resulted in an increase of nutrient input (e.g., phosphorus) to
the ocean, stimulating a higher ocean primary production and therefore the
transient oxygenation event.

1 Introduction

The oxygenation state of the mid-Proterozoic (~1.8-0.8 Ga) ocean- atmosphere
system has been intensively studied in the last decade, and remained highly con-
troversial. Both low (<0.1-1% PAL; Planavsky et al., 2014) and high (>1-4%
PAL; Zhang et al., 2016; Canfield et al., 2018) atmospheric O, levels have been
proposed. Increasing evidence, however, indicates that the mid-Proterozoic re-
dox conditions were highly dynamic, with several intervals of high oxygen levels
against an overall low backdrop, including the oxygenation event at ~1.57 Ga
(Zhang et al., 2018; Shang et al., 2019). The ~1.57 Ga oxygenation event is
characterized by high I/(Ca+Mg) values, positive Cr isotopes coupled with a
negative carbon isotope ( 13C) excursion that was interpreted as the result of dis-
solved organic carbon (DOC) oxidation in response to increased oxygen (Shang
et al., 2019; Xie et al., 2022). Closely associated with this oxygenation event is
the occurrence of decimeter-scale multicellular eukaryotes, suggesting a possible
causal relationship between oxygenation and early evolution of eukaryotes (Zhu
et al., 2016; Zhang et al., 2018; Shang et al., 2019).

One of the intriguing phenomena for the ~1.57 Ga oxygenation event is its
transient nature: geochemical proxies indicative of oxygenation quickly return
back to mid-Proterozoic background values (Shang et al., 2019; Xie et al., 2022).
In spite of the general consensus that enhanced organic carbon/pyrite burial
is the most efficient way for oxygen increase in Earth’s surface environment



(Berner, 2003), the cause(s) for such transient oxygenation events in the mid-
Proterozoic remain uncertain. Existing hypotheses for oxygen increase include
enhanced nutrient supply from upwelling of deep, anoxic seawater (Wang et al.,
2020) or from weathering of large igneous provinces (LIPs; Horton et al., 2015;
Diamond et al., 2021), and volcanic SO, injection into ferruginous seawater that
may have led to fast pyrite burial (Olson et al., 2019).

To better constrain the potential causes of the ~1.57 Ga oxygenation event, we
investigated the mercury (Hg) enrichment and Hg isotopes (particularly 20?Hg
and 199Hg) from the middle Gaoyuzhuang Formation in North China where
evidence for oxygen increase were reported (Shang et al., 2019). We first use the
Hg enrichment and isotopes data as proxy to distinguish possible Hg sources —
particularly those from LIPs (e.g., Percival et al., 2015; Grasby et al., 2019; Shen
et al., 2019), hydrothermal emission (e.g., Jones et al., 2019), and terrestrial
weathering input (Fan et al., 2021; Liu et al., 2021). In combination with
I/(Ca+Mg), P concentration, Rb/Al, y4(t), and 3C profiles from the same
section, we then discuss the potential causes the transient oxygenation event at
~1.57 Ga.

2 Geological Setting

The Gaoyuzhuang Formation constitutes the basal stratigraphic unit of the Jix-
ian Group (1600-1400 Ma) in North China and is dominated by dolostone and
dolomitic limestone with a few of calcareous shale interbeds, which were inter-
preted to have deposited from deep subtidal to supratidal environments on the
North China Platform (Zhang et al., 2018; Shang et al., 2019). The sedimentary
succession is well preserved, with regional metamorphic grades generally below
prehnite-pumpellyite facies (Chu et al., 2007). The Gaoyuzhuang Formation
consists of four members (I-IV) and the oxygenation event was documented in
the upper Member II to III (Shang et al., 2019).

The age of the Gaoyuzhuang Formation is constrained by zircon U-Pb ages of
1577 + 12 Ma and 1560 £+ 5 Ma from tuffaceous beds in the lower and upper
Member III, respectively (Li et al., 2010; Tian et al., 2015). The oxygenation
event reported by Shang et al. (2019) was estimated to be between ~1580 and
~1560 Ma in age, with its peak at ~1.57 Ga.

3 Materials and Methods

Carbonate samples were collected with meter-scale resolution from the
middle Gaoyuzhuang Formation at the Gan’gou Village (40°39 35.05 N,
116°14 35.63 E), Yanqging County, ~160 km north of Beijing (Figure 1). The
samples analyzed in this study are the same as those used for I/(Ca+Mg)
analyses by Shang et al. (2019). Major elements (Fe, Al, P), total organic
carbon (TOC), total sulfur (TS), nq(t), Hg concentration and Hg isotopes are
further analyzed in this study. In addition, 57 calcareous shale and muddy
carbonate samples were collected from the same section for Rb/Al analysis.

For major elements analysis, ~50 mg sample powder was dissolved in 250 mg



lithium metaborate at 990 °C for 20 min and then diluted to 100 mL by MQ be-
fore element measurement using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) at China University of Geosciences (Beijing). For
TOC analysis, about 10 g sample powders were weighed, decarbonated with
10% HCI, rinsed by deionized water and dried. About 200 mg decarbonated
residues were weighed and wrapped in tin capsules and analyzed using an Ele-
mentar Macro Cube element analyzer. For content of total sulfur (TS) analysis,
~25 mg sample powder without decarbonation was analyzed using an Elementar
Macro Cube element analyzer. The relative analytical uncertainties for TOC
and TS monitored by repetitive analyses of the reference material sulfanilamide
are <0.5%. Mercury concentration was measured at the National Research Cen-
ter for Geoanalysis, Beijing, on whole-rock powders using an AFS-830a mercury
analyzer (atomic fluorescence spectrometer) with uncertainty <20%.
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Figure 1. Geological setting of the studied area. (a) Distribution of the mid-
Proterozoic rifts in North China (modified from Zhai and Liu, 2003). (b) A
generalized Mesoproterozoic paleogeographic map of the central North China
Platform (modified after Wang et al., 1985). (c) Simplified geological map of
the study area, showing locality of the studied Gan’gou Section in Yanqing
County, north of Beijing (modified from the 1:200,000 Geological Map of China,
The China Geological Survey, 2013).



The methods for trace element analysis were adopted from Zhou et al. (2018).
Approximately 25 mg sample powder for each sample was weighed out and
dissolved using 1.5 mL HF and 0.5 mL HNO; in a Teflon bomb, and heated
at 220 °C for 24 h. After evaporating sample solution to dryness on 170 °C
hot plate, 0.5 mL HNO,; was added, and repeated four times. After adding
2.5 mL of HNOs, the Teflon bomb was sealed and heated at 150 °C for 4 h.
After cooling, the solution was transferred to a PFA vial, and diluted with MQ
water to 25 mL. The trace elements were measured by PerkinElmer NexION
300Q inductively coupled plasma mass spectrometry (ICP-MS) at the National
Research Center for Geoanalysis, Beijing. The accuracy for all ICP-MS analyses
is better than 5—10% (relative) for analyzed elements.

A subset of samples (n = 24) were chosen for Hg isotope analysis at the State Key
Laboratory of Environmental Geochemistry, Institute of Geochemistry (Chi-
nese Academy of Sciences, Guiyang). Analytical method and processing pro-
cedure follow those of Fan et al. (2021). Hg in the samples was preconcen-
trated into 10 mL of 40% mixed acid solution (v/v, HNO4/HCl = 2:1) using
a double-stage combustion method developed for Hg isotope analysis (Sun et
al., 2013). Immediately after the preconcentration, the trapping bottle and im-
pinger were rinsed three times with 10 mL of Milli-Q water, which was then
added into the trapping solution to yield an ultimate acid concentration of
~20%. The final solutions were kept in refrigerator at 2-4 °C until the Hg iso-
tope analysis was performed. Hg isotope ratios were analyzed using cold vapor-
multicollector inductively coupled plasma mass spectrometry (CV-MC-ICPMS,
Nu Instruments, U.K.) (Fu et al., 2019). Isotopic ratios were corrected for mass
bias by standard-sample-standard bracketing using the Standard Reference Ma-
terial (SRM) 3133 from the National Institute of Standards and Technology
(NIST). Mass-dependent fractionation (MDF) of Hg isotopes ( 2“?Hg) was re-
ported in standard notation relative to the NIST 3133 Hg standard: 292Hg =
[(*?Hg/'*Hg)cample/ C°*Hg /" *HE) tandara — 1] X 1000%0. Mass-independent
fractionation (MIF) of Hg isotopes was reported as AXHg= *Hg — x 292Hg,
where x is the mass number of Hg isotopes (199, 200, 201 and 204) and is a
scaling factor calculated from kinetic mass dependent fractionation law (0.2520,
0.5024, 0.7520 and 1.493, respectively). Analytical uncertainty of the Hg iso-
topic analysis was monitored by repeated analysis of the UM-Almaden standard.
The mean values of 202Hg, A'"9Hg, A2°Hg, A29'Hg and A2*Hg for the stan-
dard were —0.51 + 0.12%o, —0.00 £ 0.06%0, —0.02 & 0.07%0, —0.01 + 0.07%o0
and —0.01 + 0.10%0 (2SD, n = 7; Table S1), respectively, which are in perfect
agreement with previously reported values (Blum & Bergquist, 2007).

For Nd isotope analysis, the trace element Sm and Nd were first determined
following the method of Zhou et al. (2018). About 3 g sample powders were
weighed, decarbonated with 10% HCI, rinsed by deionized water and dried, and
then Sm and Nd concentrations in the decarbonated sample powders were de-
termined. Nd isotopic compositions were determined at the National Research
Center of Geoanalysis, Beijing. For the analysis, part of solutions for trace ele-



ment analysis containing about 200 ng Nd was taken out from the PFA bottle,
and purified following the procedure of Makishima et al. (2008). In brief, the
solution was dried and redissolved in 0.25 M HCI before being loaded onto an
Ln-spec column to separate Nd. The Nd isotope ratios were analyzed using a
MC-ICP-MS (Neptune Plus, Thermo Fisher Scientific, Germany). Calculated
143Nd/'4Nd isotopic ratios were normalized to 6Nd/1*4Nd ratios of 0.7219,
to correct for instrumental mass fractionation. The chondritic reference val-
ues used for g calculations are M3Nd/Ndqyyr = 0.512638 (Goldstein et
al., 1984), ¥7Sm /" Ndqyygr = 0.1967 (Jacobsen & Wasserburg, 1980), and
the decay constant for *"Sm was assumed to be 6.54 x 107'? a’! (Lugmair
& Marti, 1978). Analyses of repeat analyses of standard BHVO-1 and BCR-2
yielded 13Nd/!4Nd ratios of 0.512984 4 0.000006 and 0.512626 4 0.000006,
respectively. Total Nd procedural blanks were <50 pg.

4 Results

The measured Hg abundance is persistently high (up to ~50 ppb) across the
increased oxygenation interval marked by high I/(Ca+Mg), but it is low (<10
ppb) in the rest of the section (Figure 2; Table S2). Because anomalously low
TOC could lead to false Hg/TOC anomalies, samples with TOC <0.2 wt% were
removed from the reliable dataset (cf. Grasby et al., 2019). Similarly, samples
with TS <0.05 wt% and Al <0.3 wt% were also excluded, because below these
thresholds the Hg/TS or Hg/Al values are abnormally high and do not fall on
a temporal trend.
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Figure 2. Geochemical profiles of the middle Gaoyuzhuang Formation at




Gan’gou (Yanqging County, north of Beijing), showing the geochemical trends of
I/(Ca+Mg), 3Cruuins >Cearn, Hg content, Hg/Al, Hg/TOC, Hg/TS, A¥9Hg,
202Hg, P and TOC content, yq4(t) and Rb/Al Positive excursions occurred in
Hg, Hg/Al, Hg/TOC, Hg/TS, Hg/Al, 292Hg, P, \4(t) and Rb/Al in stage IL
Negative shift in A”?Hg are in well agreement with the increase in I/(Ca+Mg).
LIPs and possible LIP fragments (Ernst et al., 2008): (a) 1595 + 3.5 Ma, 0.059
MKm? dykes in Sweden; (b) 1592 + 3 Ma sills in NW Laurentia; (c) 1592 =+ 2
Ma, 0.131 MKm? mainly felsic volcanics in S Australia; (d) 1569 & 3 Ma 0.021
MKm? dykes and sills in Scandinavia. Data of 1/(Ca+Mg) and 13C_,,, are
from Shang et al. (2019), data of ®3Cr,,,, from Xie et al. (2022), while the
others from this study. Some °3Cr,,,, data from the Jixian Section were also
illustrated in this figure for display the secular variation (cf. Xie et al., 2022).

After normalized by Al, TOC and TS, the Hg peaks remain (Figure 2). The in-
terval with high I/(Ca+Mg) up to ~3.5 mol/mol and positive *3Cr, ., up
to 0.66%c¢ in the Gaoyuzhuang Member III has apparently higher values of
Hg/TOC (up to ~150 ppb/wt%), Hg/TFe (up to ~60 ppb/wt%), Hg/TS (up
to ~600 ppb/wt%), Hg/Al (up to ~40 ppb/wt%), P (up to ~1200 ppm) and
Rb/Al (up to ~150 ppm/wt%; Figure 2; Table S2 and Table S3) than those in
the underlying and overlying intervals. The Hg concentrations show positive
correlations with Al and TOC (Figures 3A and B), but not with TS (Figure
30).
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Figure 3. Cross plots showing the relationships between Hg abundance and
other geochemical proxies. (a) Al vs. Hg. (b) TOC vs. Hg. (c) TS vs. Hg.

Mass-dependent fractionation (MDF) and mass-independent fractionation
(MIF) of Hg isotopes (2°?Hg and A'%9Hg) show consistent and opposite
trends with I/(Ca+Mg), respectively (Figure 2). Coupled with the increase of
I/(Ca+Mg), 2°2Hg exhibits a positive excursion from ~—1.5%0 (Stage I) to
~—0.50%0 (Stage II) and then back to ~—1.5%o (Stage III). In contrast, A%"Hg
shows low value of ~0.10%o in Stages I and II, with a higher value of 0.26%o in
one sample in upper Stage I, and displays a positive shift to ~0.25%0 in Stage
IIT (Figure 2; Table S4). Corresponding to Stages I and II, contemporaneous
LIPs are documented from other continents but not known in North China
(Ernst et al., 2008; Figure 2). Distinctively, rq(t) does not covary with Hg
geochemistry but shows a negative shift from —5.8 to —14.4 in Stage I, then
a positive shift from —16.7 to —0.9 in Stage II, and retains the high values




in stage III (Figure 2; Table S5). The peaks of 1/(Ca+Mg) and Hg/TOC
correspond to the low y4(t) values around —10 and the peak of Rb/Al at ~150
ppm/wt% (Figure 2; Table S3; Table S5).

5 Discussion
5.1 Hg Enrichment across the ~1.57 Ga Oxygenation Event

The Hg enrichment accompanied with I/(Ca+Mg) peak implies that during the
oxygenation event there was an increased Hg input or a more efficient Hg sink
in the depositional environment. In marine environments, Hg can be scavenged
to sediment by organic matter (Sanei et al., 2012), sulfides (Zheng et al., 2018;
Shen et al., 2019) or clay minerals (Pruss et al., 2019). The positive correlations
between Hg and Al, TOC and the lack of correlation between Hg and TS in our
samples (Figure 3) suggest that Hg was likely removed from seawater by clay
minerals and organic matter, but not by sulfide.

In the studied section, lithological changes toward the Hg peak were observed,
and higher Hg concentration tended to occur in the intervals with increased shale
and muddy dolostone layers (Figure 2). However, the significant enrichment
in Hg (Hg/TOC at ~150 m) does not correspond to the conspicuous change in
lithology, which is located at ~90 m around the Member II-11T boundary (Figure
2), suggesting that changes in lithology and depositional rate may not be the
major controlling factors on Hg enrichment. Thus, the Hg enrichment in the
carbonates associated with the ~1.57 Ga oxygenation event was not caused by
enhanced sink, but an increased Hg input to the shallow-marine environment.

5.2 Enhanced Weathering Input and Hg Anomalies

Hg sources in shallow marine depositional environments may include (1) atmo-
spheric Hg from subaerial volcanic activity (e.g., Percival et al., 2015; Grasby
et al., 2019), (2) riverine Hg input from oxidative weathering (e.g., Liu et al.,
2021), (3) release from remineralization of organic matter or oxidation of DOC
from deep seawater (e.g., Fan et al., 2021; Liu et al., 2021), and (4) hydrother-
mal input (Jones et al., 2019). Syn-depositional hydrothermal fluids can result
in local sediment Hg enrichment up to 90 ppm (Jones et al., 2019). In our
case, however, the lack of positive Eu anomalies throughout the middle-upper
Gaoyuzhuang Formation (Zhang et al., 2018) does not support a significant
source from hydrothermal fluids. Oxidation of DOC caused by the expansion
of oxygenated seawater during the ~1.57 Ga oxygenation event (Shang et al.,
2019) could potentially release DOC-bonded Hg into seawater. In this case, a
negative shift in 292Hg would be expected because DOC-bonded Hg commonly
has low 2°2Hg value, similar to that seen in the Ediacaran subsurface seawa-
ter (e.g., 292Hg < -1.6%o; cf. Fan et al., 2021). The increase—rather than
decrease—of 292Hg from —1.5%o¢ to —0.5%0 toward the Hg/TOC peak and the
lack of significant Hg/TOC change across the negative 3C excursion interval
in our samples (Figure 2) do not support DOC-bonded Hg as a main source
either.



MIF and MDF isotope features of Hg can be used to distinguish the Hg sources
from volcanic or continent weathering. Volcanic eruption, particularly that
associated with LIP, is one of the major causes for Hg enrichment in sedimen-
tary successions (e.g., Grasby et al., 2019). Volcanically emitted Hg(0) has
no MIF (e.g., A¥Hg = 0%0); photo-oxidation of Hg(0) to Hg(Il) will gen-
erate positive MIF, leaving a negative A'¥9Hg signal (A'%Hg < 0%o) in the
residual Hg(0) pool and a positive A¥9Hg signal (A%Hg > 0%0) in reactive,
water-soluble Hg(IT) (Blum et al., 2014; Shen et al., 2022). As a result, marine
sediments containing direct atmospheric Hg(II) deposition—such as those from
open ocean environments—would have positive *?Hg values (Shen et al., 2019,
2022); whereas terrestrial reservoirs such as plant biomass and soils that primar-
ily accumulate atmospheric Hg(0) would show negative A®"Hg values (Blum
et al., 2014).

The A Hg values from the Gaoyuzhuang Members I and III are all positive.
Particularly, the interval with high Hg/TOC value in the studied section has
a median A Hg value of 0.14%0 (Stage II in Figure 2), which is comparable
to that of the pre-anthropogenic marine sediments dominated by atmospheric
Hg(II) deposition (A Hg = 0.12 £ 0.05%0; Zheng et al., 2018). In contrast,
Stage IIT has the highest A Hg value of 0.29%0 and Stage I has a high A"9Hg
value of 0.26%o. Taking the A'"9Hg data alone could have two possible in-
terpretations: (1) the relatively lower AHg values in Stage II represent the
background values that may have captured atmospheric Hg(II) deposition, and
the higher values in Stages IIT and I may have recorded signals from subaerial vol-
canic eruptions (cf. Grasby et al., 2017); or alternatively (2) the higher A*9Hg
values in Stages III and I represented the background values, and the lower
A Hg values in Stage II reflected the addition of terrestrial Hg input, with
potential contributions from less aqueous photoreduction or enhanced Hg(0)
deposition. The first scenario is not supported by the low Hg/TOC values in
Stages III and I. Hence, the second scenario appears to be the most likely inter-
pretation. In other words, enhanced continental weathering input rather than
volcanic eruption has resulted in the lower A”?Hg and higher Hg/TOC values
than the neighboring Stages I and III. However, this interpretation also requires
a higher (than Phanerozoic) background A% Hg value for the Mesoproterozoic
marine Hg(II) reservoir.

Low atmospheric oxygen levels in Mesoproterozoic may have resulted in a per-
vasive anoxia in photic zone (e.g., Lyons et al., 2014), which could promote pho-
toreduction of Hg(II) in the surface ocean. Aqueous photoreduction of Hg(II)
in cloud droplets and surface waters generates large odd-MIF (e.g., Bergquist
& Blum, 2007). If this was intensified in anoxic Mesoproterozoic surface oceans,
it would increase the A1%Hg value of the marine Hg(II) reservoir. This expla-
nation seems also to be supported by the high A'"9Hg value in Late Archean
sediments prior to the Great Oxidation Event (up to 0.6%o; e.g., Zerkle et al.,
2020; Meixnerova et al., 2021). With a high background A'%Hg value in the
marine Hg(IT) reservoir, an increase in terrestrial Hg input would best explain
the coupled rise of Hg/TOC and fall of A'%Hg in Stage II (Figure 2). As
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there existed no land plant, the mid-Proterozoic terrestrial Hg reservoir was
most likely dominated by Hg(II) retained in lithological crust (non-MIF) that
would have 2°2Hg ranging from —0.6%o to —0.1%0 and A'%"Hg value close to
~0%o, similar to those in volcanic ash and silicate rocks (cf. Zambardi et al.,
2009; Fan et al., 2021; Liu et al., 2021). Hence, an increase in weathering in-
put would result in lower A Hg but higher 2°?Hg values in the marine Hg(IT)
reservoir. Thus, the most possible explanation for the lower A Hg, higher
202Hg, and higher Hg/TOC values in Stage II than those in Stages I and III
(Figure 2) is the enhanced continental weathering input. Decreased aqueous
Hg(II) reduction in surface waters in response to oxygenation and increase of
direct Hg(0) uptake (e.g., Jiskra et al., 2021) may have also contributed to the
positive shift in 2°?Hg and negative shift in AHg during Stage II (Figure 2),
but the current Hg geochemical data cannot distinguish the potential roles that
these processes may have played in the oxidation event.

The enhanced weathering during Stage II is further supported by the increase
of Rb/Al (Figure 2). Rb/Al ratio in fine grained sediments has been proposed
as one of the most reliable proxies for intensity of chemical weathering (Bayon
et al., 2022). Rb is enriched in K-feldspar, biotite and other mica minerals that
are preferentially dissolved during the early stage of chemical weathering. The
incongruent dissolution of biotite on continent could result in the high Rb/Al
ratio in clay-size fraction of fine-grained sedimentary rocks, whereas accelerated
feldspar weathering would derease the Rb/Al ratio (Bayon et al., 2021, 2022).
Furthermore, Rb is depleted in seawater, diagenetic fluids, and metamorphic
fluids (e.g., van de Kamp, 2016), and Rb in fine grained sediments would not
be altered significantly by post-depositional processes. In our case, the peaks
of Hg/TOC, P and I/(Ca+Mg), are well consistent with the peak of Rb/Al
(Figure 2), suggesting that the enrichment of Hg and P, and the oxygenation
of seawater were intimately connected to the enhanced chemical weathering of
mica-rich rocks on continent.

5.3 Implication for Transient Oxygenation Event during the Mid-Proterozoic

Phosphorus is a bio-limiting nutrient and has played a pivotal role in modulating
net primary productivity over geological timescales (Bjerrum & Canfield, 2002;
Planavsky et al., 2010; Tang et al., 2022). During the ~1.57 Ga oxygenation, P
content increased significantly as evidenced by its concentration and abundant
apatite crystals observed in this interval (Figure 2; Figure 4 in Shang et al.,
2019). The significant increase in P concentration (at ~60 m), however, is not in
parallel with the conspicuous change in lithology at the Member II-TIT boundary
(Figure 2), likely suggesting that the changes in lithology and depositional rate
were not the major controls on P concentration.

Intensive continental weathering (e.g., Cox et al., 2018; Diamond et al., 2021),
particularly the weathering of basaltic crust during the emplacement of LIPs
(Horton, 2015), would significantly increase P supply to ocean, since mafic rocks
have a much higher P content than those of ultramafic or felsic rocks (Cox et al.
2016). Considering that there is no significant LIPs reported in North China
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during the oxygenation event, we argued that the elevated P input was most
likely caused by enhanced continental weathering on newly exposed intermedi-
ate to mafic rocks. In this study, the yq(t) was used to decipher the source
rock of continental weathering, since mantle-derived mafic rocks commonly have
relatively high y4(t) values while crustal felsic rocks have very low y4(t) values
(e.g., Wu et al., 2005). During Paleoproterozoic, due to the contamination of
crustal materials (possibly derived from subduction and/or collision) in North
China Craton, the mantle-derived mafic rocks show slightly negative yq4(t) val-
ues (Wu et al., 2005). Therefore, the high y4(t) value (up to —0.9) in Stage
IT likely reflects an enhanced weathering of (ultra)mafic rocks. It is worth to
note that the peak of P is not associated with the highest y4(t) value but with
the medium q(t) values (~—10) (Figure 2), consistent with the weathering of
intermediate to mafic source rocks (cf. Wu et al., 2005). This may imply that
enhanced chemical weathering have supplied abundant P into the seawater (cf.
Cox et al., 2016), which, via stimulating primary productivity and increased
burial of organic matter (Figure 2; Reinhard et al., 2017; Laakso et al., 2020),
may have eventually promoted the transient rise in oxygen levels at ~1.57 Ga.

Tt is noteworthy that the peaks of Rb/Al, Hg/TOC and P occur around 150 m,
the spike of 1/(Ca+Mg) is located at ~160 m, while the lowest 13C_,,, value
appears at ~190 m (Figure 2) in the studied section. Such a temporal sequence
likely indicates that (1) enhanced continent weathering first resulted in the
increased P input to ocean, (2) the increased P input stimulated the primary
productivity and enhanced oxygenation, and then (3) expansion of oxygenated
seawater resulted in the oxidation of DOC, and excessive consumption of oxygen
in seawater finally terminated the short oxygenation at ~220 m.

In Stage III, yq4(t) values remained high, while Rb/Al and I/(Ca+Mg) de-
creased. This likely suggested that though (ultra)mafic rocks were still the
possible provenance, whereas the intensity of chemical weathering was subdued.
This is likely one of the significant causes leading to a fall in oxygen concentra-
tion to the background level. The potential causes for the increase and decrease
in chemical weathering intensity during Stage II and Stage III are not properly
known. One plausible explanation would be the decrease in atmospheric CO,
level and temperature due to the rapid consumption of CO, by chemical weath-
ering during Stage II, which reduced the chemical weathering intensity during
Stage III. The reduced weathering input, limited P recycling in ferruginous sea-
water conditions (Guilbaud et al., 2020; Laakso et al., 2020), and oxidation
of DOC (Shang et al., 2019), may together have caused the rapid ending of
mid-Proterozoic oxygenation events.

6 Conclusions

The ~1.57 Ga oxygenation event is coupled with Hg enrichment (Hg/TOC in-
crease from ~20 to ~150 ppb/wt%), positive excursion of 20?Hg (~—1.5%0 to
~—0.5%0), negative shift in A%9Hg (~0.25%0 to ~0.10%o), increase of Rb/Al
(~25 ppm/wt% to ~150 ppm/wt%) and positive shift of yq4(t) (—16.7 to —0.9).
These can be well explained by an enhanced continent weathering of interme-
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diate to mafic rocks. The enhanced weathering may have led to increase of
nutrient inputs to the ocean, particularly P, thus accelerating primary produc-
tivity, organic matter burial and eventually a rise in oxygen level.
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