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Studies of Mesoproterozoic ocean chemistry have converged on a widely accepted scenario where a stable 
shallow layer of oxic waters occurred over deeper anoxic ferruginous waters, with mid-depth euxinic 
waters restricted to continental margins. However, several lines of evidence suggest shallow waters 
may not always have remained oxic, but fluctuated between oxic, anoxic, and euxinic conditions. Here, 
we present new Hg-C-S geochemistry data of ca. 1.5–1.4 Ga sediments in the Yanliao Basin to better 
understand the redox structure of shallow water environments, especially for the photic zone. In this 
study, positive �199Hg values suggest atmospheric Hg(II) deposition into oxic surface waters, whereas 
abnormally negative �199Hg values indicate enhanced sequestration of gaseous Hg(0) and photo-
reduction of reduced sulfur-bound Hg(II) in response to photic zone euxinia. Our highly fractionated 
�199Hg values reveal a new scenario, in which the extent of euxinia is more dynamic than generally 
thought, and may expand from the mid-depth to the photic zone, likely linked to the superimposed 
operation of enhanced oxidative weathering input of SO2−

4 and high OM flux in the water column. Given 
that euxinic waters may accelerate the sequestration of bio-essential elements, it is suggested that the 
dynamic euxinia of shallow water played a significant role in delaying the diversification of eukaryotes 
in the Mesoproterozoic oceans. Our study also highlights that Hg isotopes may act as a promising new 
proxy to trace redox changes in the surface ocean over geological time.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

Protracted oxygenation of Earth’s atmosphere and ocean sys-
tems significantly influenced the evolution of early life (e.g., Lyons 
et al., 2014). It is widely accepted that the Archean ocean–
atmosphere system (>2500 Ma) was dominantly reduced, except 
for some local oxygen oases (Anbar et al., 2007; Eickmann et al., 
2018), whereas the Phanerozoic surface environment (< 541 Ma) 
was well-oxygenated and coincided with animal radiation (e.g., 
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Knoll and Carroll, 1999). In contrast, the oxygen levels and ma-
rine redox structure of the transitional Proterozoic Eon, a critical 
period of diversification of early eukaryotes, have long been de-
bated (e.g., Canfield, 1998; Poulton et al., 2010; Planavsky et al., 
2011; Luo et al., 2014; Zhang et al., 2016, 2018).

The Mesoproterozoic Era (1600–1000 Ma) was a period of sig-
nificant changes in ocean chemistry and the diversification of early 
eukaryotes (Planavsky et al., 2011; Zhang et al., 2016, 2018). The 
Mesoproterozoic oceans are thought to have been characterized by 
widespread euxinic (H2S-rich) waters, following the disappearance 
of banded iron formations ca.1800 Ma ago (Canfield, 1998). Subse-
quent studies revealed a different scenario and suggested that the 
spatial occurrence of euxinia was confined to productive continen-
tal margins (e.g., Poulton and Canfield, 2011) and that deep waters 
still remained dominantly anoxic and ferruginous throughout most 
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of the Mesoproterozoic (e.g., Planavsky et al., 2011; Poulton and 
Canfield, 2011). Recent investigations in different basins further 
indicate that the redox structure of Mesoproterozoic oceans may 
be more complex than previously thought, and that deep waters 
may have been episodically oxic (Sperling et al., 2014; Zhang et al., 
2016; Planavsky et al., 2018). These contrasting results may reflect 
spatial and/or temporal redox heterogeneity of the Mesoprotero-
zoic oceans, especially for the deep waters.

Despite the redox heterogeneity of deep waters, shallow wa-
ters were thought to be more or less oxic in the Mesoproterozoic 
oceans (e.g., Poulton and Canfield, 2011; Zhang et al., 2018). Using 
various proxies (e.g., Fe-S-C geochemistry data), some studies have 
provided evidence for a very shallow chemocline and/or episodic 
anoxia in shallow waters (Luo et al., 2014; Doyle et al., 2018). 
Moreover, several lines of evidence (organic biomarkers and Hg 
isotopes) also indicate episodic euxinia of surface waters in the 
Mesoproterozoic oceans (e.g., 1.1 Ga), probably in the photic zone 
(Brocks et al., 2005; Zheng et al., 2018). These results reveal that 
the redox conditions of shallow waters may also be spatially and 
temporally heterogeneous, probably due to low atmospheric oxy-
gen levels (0.1–1% of present atmospheric levels (PAL); Planavsky 
et al., 2014). Eukaryotic fossils in the Mesoproterozoic were mainly 
confined to shallow environments (Javaux et al., 2001), and redox 
variations in shallow waters may have a specific significance for 
early eukaryotic diversification (Anbar and Knoll, 2002). Thus, more 
work is required to fully understand the links between the redox 
heterogeneity of shallow waters and the patterns of eukaryotic di-
versification in the Mesoproterozoic.

Fe speciation and trace metal redox proxies (e.g., Mo and U) 
have been widely used to trace redox variations among oxic, eu-
xinic, anoxic and ferruginous conditions (e.g., Anbar and Knoll, 
2002; Planavsky et al., 2011; Chen et al., 2020). These proxies pro-
vide valuable insights into the redox conditions of bottom or pore 
waters, but poor constraints on the redox information of surface 
waters, especially the photic zone. Particular organic biomarkers 
can provide evidence for photic zone euxinia due to anoxygenic 
photosynthesis via H2S in the photic zone (e.g., Brocks et al., 2005), 
but some factors (e.g., contamination from artificial hydrocarbons 
and diagenetic alteration) may mislead the interpretations of or-
ganic biomarkers in Precambrian sediments (Brocks, 2011), and the 
absence of key biomarkers cannot be directly interpreted as the 
absence of photic zone euxinia. Mercury (Hg) isotopes, especially 
its mass-independent fractionation (Hg-MIF), have recently been 
exploited as a promising proxy to trace the redox changes in sur-
face waters of Mesoproterozoic oceans (Zheng et al., 2018). This is 
because the photo-reduction of Hg(II) bound to oxygen-containing 
ligands and reduced sulfur ligands triggers positive and negative 
Hg-MIF in the residual Hg(II) of the water column, respectively, 
which is then inherited by sediments (Zheng et al., 2018).

A well preserved profile of sediments of the Yanliao Basin in the 
North China Craton records valuable information on redox changes 
in shallow waters of the Mesoproterozoic ocean (e.g., Luo et al., 
2014; Zhang et al., 2016, 2018; Chen et al., 2020). The Fe specia-
tion and trace metal data from 1.5–1.4 Ga sediments of the Yanliao 
Basin indicate fluctuating oxic or ferruginous bottom water condi-
tions with intermittently euxinic bottom waters (Luo et al., 2014; 
Chen et al., 2020). Although the key biomarkers for anoxygenic 
phototrophs could constrain the redox changes in the photic zone, 
they were not identified in the 1.5–1.4 Ga sediments of the Yanliao 
Basin (Luo et al., 2016). Here, we test Hg isotope as a new proxy 
to understand the redox information of the photic zone. By com-
bining published Fe speciation and trace metal data, we present 
new Hg-C-S geochemistry data from ca. 1.5–1.4 Ga sediments of 
the Yanliao Basin to provide new insights into the redox structure 
in shallow waters at the time and its implications for early eukary-
otes evolution.
2

2. Background

2.1. Hg geochemistry cycling

Mercury concentrations and isotope composition have been re-
cently used as robust proxies to recognize large volcanism and 
understand changes in ocean/atmospheric chemistry as well as 
biogeochemical turnover throughout Earth’s history (e.g., Zheng et 
al., 2018; Grasby et al., 2019; Shen et al., 2019; Zerkle et al., 2020; 
Wu et al., 2022). In the pre-Anthropocene era, volcanism was the 
primary source of Hg in Earth’s surface environment (Grasby et al., 
2019). Volcanic Hg emitted to the atmosphere, mainly in gaseous 
Hg(0) form, has a sufficiently long residence time of 0.5–2 yr, 
allowing for its global transport and dispersion prior to deposi-
tion into terrestrial and ocean systems via wet and dry deposi-
tion pathways. Eventually, all Hg cycled through the environment 
enters the ocean via atmospheric deposition and terrestrial river-
ine runoff (Grasby et al., 2020), and is transferred into marine 
sediments by adsorption to organic matter and sulfide particles 
(Grasby et al., 2019). The seven natural Hg isotopes (196, 198-202, 
204, amu) can undergo mass-dependent fractionation (Hg-MDF, re-
ported as δ202Hg) and mass-independent fractionation (Hg-MIF, 
denoted as �199Hg, �200Hg and �201Hg). Hg-MDF results from 
various physical, chemical, and biological processes, whereas Hg-
MIF is produced by photochemical processes in water bodies and 
cloud droplets (Bergquist and Blum, 2007; Blum et al., 2014). Hg 
undergoes redox transformations and photochemical reactions in 
the water column, and high levels of reduced sulfur in the photic 
zone may promote photo-reduction of S-bound Hg(II), resulting in 
negative Hg-MIF in the residual Hg(II) that is then recorded in 
marine sediments (Zheng et al., 2018). Post-depositional influence 
on sedimentary Hg isotopic signals is generally thought to be mi-
nor owing to the strong complexation of Hg and organic matter 
and reduced sulfur in sediments (Blum et al., 2014; Zheng et al., 
2018; Zerkle et al., 2020; Chen et al., 2022). Hg concentrations and 
isotopes in ancient marine sediments thus have the potential to 
provide constraints on sources and cycling of Hg over geological 
times (Grasby et al., 2019).

2.2. Geological setting

The North China Craton is one of the main cratons underlying 
China (Fig. 1A). The Yanliao Basin of the North China Craton was an 
intracratonic rift basin formed with the breakup of the Columbia 
supercontinent (Chen et al., 2020). The sedimentary sequence of 
the Yanliao Basin was deposited in shallow subtidal to intertidal 
environments of the epicontinental sea (Fig. 1B; after Shi et al., 
2021). The Proterozoic succession of the North China Craton is 
commonly divided into three groups, in ascending order (Fig. 1C): 
the Changcheng Group (1.8–1.6 Ga), the Jixian Group (1.6–1.4 Ga), 
and the Qingbaikou Group (1.0–0.8 Ga). A hiatus of ca. 400 Ma 
exists between the Jixian and Qingbaikou groups. We examined a 
drillcore JQ1 (40◦35′05′′N and 118◦21′22′′E) with sediments de-
posited in shallow water environments of the Yanliao Basin during 
the Mesoproterozoic (Fig. 1B). Our studied interval covers, in as-
cending order, the upper part of the Wumishan Formation, the 
Hongshuizhuang Formation, and the lower part of the Tieling For-
mation (Fig. 1D). The Wumishan Formation is mainly composed of 
dolomite and stromatolites formed under a peritidal environment. 
The Hongshuizhuang Formation was formed in a deeper subtidal to 
shallow water environment and consists of organic-rich black shale 
and muddy dolomite. The overlying Tieling Formation is dominated 
by dolomite formed in fluctuating peritidal to subtidal environ-
ments (Fig. 1D). U-Pb ages of 1483 ± 13 Ma for bentonite beds 
in the upper part of the Wumishan Formation (Li et al., 2014), and 
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Fig. 1. Integrated diagrams showing geological setting of our study area. (A) Major tectonic units of China and the location of the North China Craton. The red box refers to 
the studied area in panel B. (B) Simplified paleogeographic map of Yanliao basin, North China Craton during the Mesoproterozoic Era (modified after Shi et al., 2021), and the 
location of our drillcore JQ1. (C) Stratigraphic subdivisions of Meso- to Neo-proterozoic Era in North China (modified after Luo et al., 2021) and stratigraphic ages summarized 
by Luo et al. (2021). (D) Stratigraphic columns of Wumishan, Hongshuizhuang, and Tieling Formations in our study area.
1437 ± 21 Ma for a K-bentonite bed in the lower part of the Tiel-
ing Formation (Su et al., 2010), define an age of ca. 1.5–1.4 Ga for 
our studied interval.

3. Samples and methods

3.1. Samples

Ninety nine (99) pieces of JQ1 core samples covering the Wu-
mishan to Tieling formations were collected for total organic car-
bon (TOC) and total sulfur (TS) analyses. Among them, 85 samples 
were selected for total Hg concentrations analyses. Based on TOC, 
TS, and total Hg concentrations, 33 samples were further chosen 
for Hg isotope analyses. Samples were first cut into fresh chips, and 
then manually grounded to 200 mesh size using an agate mortar 
and pestle to avoid any metal contaminant. The powdered samples 
were dried and then preserved in a desiccator prior to chemical 
analysis.
3

3.2. TOC and TS concentrations

The powdered samples (80–120 mg) were treated with 2 M HCl 
until carbonates have been removed thoroughly, and then washed 
using deionized water, and dried at 60 ◦C overnight before instru-
mental analysis. TOC and TS contents were measured respectively 
on HCl-treated and non-treated samples using a Leco CS230 car-
bon/sulfur analyzer at the Guangzhou Institute of Geochemistry, 
Chinese Academy of Sciences (CAS). The precision of TOC and TS 
measurements is generally better than 0.3% based on standard and 
duplicate samples.

3.3. Total Hg concentrations

Total Hg concentrations were determined using a Lumex R915A 
direct combustion system at the Institute of Geochemistry, CAS. 
The measurement precision of Hg concentration was monitored by 
procedural blanks, standard reference materials (GSS-5, soil, n=14, 
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Fig. 2. Stratigraphic profiles of TOC, TS and Hg concentrations, Hg/TOC and Hg/TS ratios, Hg isotopes, Fe speciation data and Mo concentrations for JQ1 core samples. Fe 
speciation data of JQ1 core samples are from Chen et al. (2020). Mo concentrations of JQ1 core samples marked by blue circles are from Chen et al. (2020), and those marked 
by orange circles are adopted from Luo et al. (2013). It is worthy to note that Fe speciation data (open circles and triangles) and Mo concentrations (open circles) of dolomite 
samples are intentionally marked to take caution for their redox interpretation.
290 ppb) and sample duplicates. The Hg concentration of procedu-
ral blanks is generally less than 1% of Hg concentration in samples. 
Generally, measurements of standard reference material (GSS-5) 
showed recoveries of 90–110%, and measurement errors for trip-
licate analyses were < 7%.

3.4. Hg isotopes analysis

Two validated methods were used for Hg pre-concentration. For 
low Hg samples (< 25 ppb), a double-stage tube furnace coupled 
with 10 mL of 40% mixed acid solutions (HNO3/HCl = 2/1, v/v) 
were used for pre-concentration following the procedure described 
by Zerkle et al. (2020). For samples with high Hg concentrations 
(>25 ppb), an acid digestion method using mixed acid solutions 
(HNO3/HCl = 1/3, v/v) was used to prepare the samples (Yin et al., 
2016). GSS-4 soil standard reference materials were prepared using 
both methods. All the solutions yielded from the two pretreat-
ment methods were diluted to 0.5 ng/mL Hg, with an acidity of 
∼10%, and then used for Hg isotope measurement using a Neptune 
Plus multi-collector inductively coupled plasma mass spectrome-
try at the Institute of Geochemistry, CAS, following the procedure 
described by Yin et al. (2016). NIST SRM 3133 Hg standard so-
lutions with matrix and concentration similar to sample dilutions 
were used for mass bias using standard-sample bracketing. Total 
Hg concentrations in samples were monitored by MC-ICP-MS us-
ing 202Hg signals (∼1.70 V per ng/mL). The Hg recoveries of the 
samples were 87–109% of those measured with the Lumex R915A 
Hg analyzer. The Hg recoveries of GSS-4 were 90–110% of the rec-
ommended values (∼290 ng/g). As recommended by Blum and 
Bergquist (2007), Hg isotopes are reported as delta values (δ) in 
per mil (�) relative to the analyzed NIST SRM 3133, following the 
Equation (1):

δXXXHg(�) =
⎡
⎢⎣

(
XXXHg
198Hg

)
sample(

XXXHg
198Hg

)
NIST SRM3133

− 1

⎤
⎥⎦ × 1000 (1)

Mass-independent fractionation (MIF) is reported in � notation 
(�XXX Hg), which describes the difference between the measured 
4

δxxxHg and theoretically predicted δxxxHg values, using Equation 
(2):

�XXXHg (�) = δXXXHgsample − β × δ202Hgsample (2)

where β values are 0.2520 for 199 Hg, 0.5024 for 200 Hg, and 
0.7520 for 201 Hg, respectively. The overall average and uncertainty 
of NIST-3177 (δ202Hg: −0.53 ± 0.05�; �199Hg: −0.01 ± 0.04�; 
�200Hg: 0.00 ± 0.06�, 2SD, n = 10) and GSS-4 (δ202Hg: −1.66 ±
0.10�; �199Hg: −0.35 ± 0.09�; �200Hg: 0.00 ± 0.08�, 2SD, n 
= 6) (Supplementary Table S3) agree well with previously published 
results (Bergquist and Blum, 2007). Analytical uncertainty of our 
samples was estimated based on the larger 2SD values of that for 
NIST-3177 or GSS-4.

4. Results

Measured Hg, TOC and TS concentrations, Hg/TOC and Hg/TS 
ratios as well as Hg isotopic compositions of JQ1 core samples are 
listed in Supplementary Tables S1 and S2 and presented in Fig. 2. 
Early published results of redox proxies (Fe speciation and Mo 
concentrations) for JQ1 core samples (Luo et al., 2013; Chen et 
al., 2020) are also compiled in Fig. 2. Based on dramatic changes 
in Hg isotope and published redox proxies (Fe speciation and Mo 
concentrations), three units are defined to carefully investigate the 
major changes in oceanic chemistry (Fig. 2). Unit 1 (207.2–344.3 m) 
shows extremely low TOC (0.03–0.3 wt%), TS (0.02–0.17 wt%), and 
Hg concentrations (2.4–9.1 ppb) as well as relatively low ratios of 
Hg/TOC (28–69 ppb/wt%) and Hg/TS (44–110 ppb/wt%). Near-zero 
�199Hg values (−0.07 to −0.05�) and negative δ202Hg values 
(−0.83 to −0.74�) are observed in two samples of this unit. Unit 
2 (185.1–207.2 m) shows relatively high levels of TOC (0.20–5.56 
wt%), TS (0.33–2.22 wt%), and Hg concentrations (16.1–312.6 ppb). 
Hg/TOC ratios of Unit 2 generally vary around low values of 
16.1–81.6 ppb/wt%, except several peaks (up to 312.6 ppb/wt%), 
while Hg/TS ratios of Unit 2 are variable, fluctuating between 17.6 
and 350.9 ppb/wt%. Near-zero to positive �199Hg values (−0.02 
to +0.17�) as well as negative δ202Hg values (−1.33 to −0.56�) 
are observed in Unit 2. Unit 3 (61.1–185.1 m) shows relatively high 
TOC (0.10–6.59 wt%), TS (0.04–4.03 wt%) and Hg concentrations 
(9.4–554.8 ppb) as well as relatively stable Hg/TOC ratios (21–102 
ppb/wt%) except few peaks (up to 269 ppb/wt%) and relatively high 
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Fig. 3. Cross plots of Hg vs TOC (A) and Hg vs TS (B) for JQ1 core samples.

Hg/TS ratios (17–299 ppb/wt%). Notably, most negative �199Hg 
values (−0.31 to −0.10�) and variable δ202Hg values (−1.31 to 
+0.37�) appear in Unit 3 (Fig. 2).

5. Discussion

5.1. Background terrestrial Hg deposition (Unit 1)

Hg enrichment in marine sediments is commonly caused by ei-
ther excessive Hg inputs (e.g., volcanism, hydrothermal venting, 
and terrestrial soil erosion) or particular redox conditions (e.g., 
anoxic and euxinic) (Zheng et al., 2018; Grasby et al., 2019; Shen 
et al., 2019). Such processes may also result in abnormally high 
Hg/TOC or Hg/TS ratios in sediments, because aqueous Hg in sea-
water is mainly transferred into marine sediments by adsorption 
onto organic matter and sulfur particles (Grasby et al., 2019). In 
contrast, the relatively low Hg concentration along with low ratios 
of Hg/TOC and Hg/TS in sediments may suggest background seawa-
ter Hg deposition without external sources and redox change (Fan 
et al., 2021). The positive correlations of Hg and TOC or Hg and TS 
(Fig. 3A and 3B) indicate Hg is removed from seawater either via 
organic matter or sulfide particles in our samples. Although high 
FeHR/FeT ratios of Unit 1 samples (> 0.38) indicate anoxic bottom 
water condition, they may be magnified by the extremely low FeT
(< 0.5%) of Wumishan carbonates and thus cannot provide reliable 
redox information (Chen et al., 2020). Alternatively, according to 
sedimentological sequence, the shallow water carbonate as well as 
abundant stromatolites suggests that Unit 1 was deposited under a 
stable oxic environment (Chen et al., 2020). The extremely low Hg, 
TOC and TS concentrations as well as low Hg/TOC and Hg/TS ra-
tios for Unit 1 samples may thus act as a baseline of background 
Hg deposition in this study (Fig. 2).

Both Hg-MIF and Hg-MDF could provide constraints on Hg 
sources (Yin et al., 2016). The �199Hg values in marine sediments 
are generally balanced by two end members, i.e., atmospheric Hg 
carrying positive �199Hg and terrestrial Hg carrying negative to 
near-zero �199Hg (Grasby et al., 2019). The near-zero �199Hg val-
ues of Unit 1 are between modern seawater end-member (mean 
values of +0.16 ± 0.10�; Štrok et al., 2015) and modern ter-
restrial soils end-member (mean values of −0.25 ± 0.14�; Sun 
5

Fig. 4. Cross plots of �199Hg vs δ202Hg (A) and �199Hg vs �201Hg (B) for JQ1 core 
samples (this study) and Aguelt el Mabha and Touirist Formation (1.1 Ga) sediments 
(Zheng et al., 2018). The mean �199Hg and δ202Hg values of modern coastal sea-
water are sourced from Štrok et al. (2015). The mean �199Hg and δ202Hg values of 
modern soils (n= 85) and atmospheric Hg(0) (n= 220) are based on compiled data 
by Sun et al. (2019).

et al., 2019) (Fig. 4A). However, δ202Hg values of Unit 1 (−0.83 
to −0.74�) are less negative than those values of either terres-
trial soils (−1.79 ± 0.45�; Sun et al., 2019) or modern seawater 
(−1.73 ± 0.72�; Štrok et al., 2015) end-members (Fig. 4A). It is 
worthy to note that due to the lack of terrestrial plant vegetation 
and soils in the Precambrian period, Hg isotopes of the terrestrial 
end member are most likely more similar to those of volcanic ash 
and silicate rocks, i.e., �199Hg of ∼ 0� and less negative δ202Hg 
of ∼ −0.6� to −0.1� (Fan et al., 2021; Meixnerova et al., 2021; 
Wu et al., 2022). Recently, a case study of near-shore Mesoprotero-
zoic sediments (1.57 Ga) in the same Yanliao basin also displays a
terrestrial �199Hg end member of close to 0� (Tang et al., 2022). 
Both near-zero �199Hg and less negative δ202Hg values of Unit 1 
are consistent with those of a Precambrian terrestrial end member, 
most likely reflecting background terrestrial Hg isotopic signals due 
to its nearshore environment (Fig. 5A).

5.2. Atmospheric Hg(II) deposition into oxic surface waters (Unit 2)

The Unit 2 samples are characterized with FeHR/FeT>0.38 and 
Fepy/FeHR>0.7, suggesting euxinic bottom water conditions (Fig. 2; 
Chen et al., 2020). Such H2S-rich bottom waters promote more ef-
ficient Hg burial associated with enhanced drawdown of organic 
matter and sulfide particles, resulting in high levels of Hg concen-
tration as observed in Unit 2 samples. Several peaks of Hg/TOC 
and high levels of Hg/TS ratios are higher than those of our de-
fined Hg baseline in Unit 1, suggesting that Hg enrichment is not 
solely caused by enhanced organic matter and sulfide burial, but 
is also linked to an increased Hg flux to the ocean. The near-
zero �199Hg values in some samples of Unit 2 are comparable 
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Fig. 5. Simplified diagram showing Hg cycle and redox variation in the Meso-proterozoic ocean. (A) background terrestrial Hg into the stratified ocean (Unit 1). (B) The 
deposition of atmospheric Hg(II) into oxic surface waters and the transfer of O-bound Hg(II) to sediments (Unit 2). (C) Enhanced sequestration of gaseous Hg(0) and photo-
reduction of reduced sulfur-bound Hg(II) in response to the euxinia of the photic zone (Unit 3).
to the background terrestrial �199Hg signals of Unit 1. However, 
some samples show positive �199Hg values similar to those of 
modern seawater and open-ocean marine sediments (Štrok et al., 
2015; Grasby et al., 2019), which may indicate a dramatic change 
in Hg sources. During the Precambrian, volcanic Hg(0), carrying 
near-zero �199Hg, was the primary source of Hg to environment 
(Zerkle et al., 2020). The emitted Hg(0) underwent photochem-
ical processes during long-distance transport, triggering negative 
�199Hg in the gaseous Hg(0) pool and positive �199Hg in the 
6

atmospheric Hg(II) pool (Bergquist and Blum, 2007). Seawater gen-
erally receives water-soluble atmospheric Hg(II) carrying a posi-
tive �199Hg signal, which is then transferred from seawater to 
sediments, and thus resulting in positive �199Hg values as usu-
ally observed in marine sediments over geological time (Grasby et 
al., 2019). Moreover, in an oxic water column, photo-reduction of 
Hg(II) bound to oxygen-containing ligands triggers positive �199Hg 
in the residual Hg(II) that is also inherited by sediments (Zheng et 
al., 2018). Although the relationship between �199Hg and �200Hg 
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is not significant (Fig. 2), the most positive �200Hg of Unit 2 is 
coupled with positive �199Hg, which can be another evidence of 
enhanced deposition of atmospheric oxidized Hg(II) (Gratz et al., 
2010). Therefore, positive �199Hg in some samples of Unit 2 may 
suggest atmospheric Hg(II) deposition into oxic surface waters af-
ter long-distance transportation from volcano sites (Fig. 5B). Al-
though the Fe speciation data suggest euxinic bottom waters (Chen 
et al., 2020), our Hg results reveal that surface waters remained 
oxic and were overlying euxinic bottom waters, which is consis-
tent with the general model for redox-stratified Mesoproterozoic 
oceans (Poulton and Canfield, 2011).

5.3. Enhanced sequestration of Hg(0) and photo-reduction of reduced 
sulfur-bound Hg(II) as a result of photic zone euxinia (Unit 3)

The FeHR/FeT>0.38 and Fepy/FeHR>0.7 of Unit 3 samples indi-
cate euxinic bottom water conditions (Fig. 2; Chen et al., 2020). 
Furthermore, Mo concentrations in sediments become strongly en-
riched under euxinic water conditions owing to efficient burial of 
Mo in the form of thiomolybdates (e.g., Anbar and Knoll, 2002). 
Thus, the high level of Mo concentrations (up to 60 ppm) in Unit 
3 samples may also support strong H2S-rich bottom water condi-
tions (Fig. 2; Luo et al., 2013; Chen et al., 2020). The observation of 
Hg enrichment for Unit 3 samples may be ascribed to rapid scav-
enging of seawater Hg by sulfide and organic matter particulates 
under euxinic bottom water conditions. The negative �199Hg val-
ues (as low as −0.3�) are lower than background terrestrial Hg 
signals (�199Hg ∼ 0�) of Unit 1 and atmospheric Hg(II) deposi-
tion (�199Hg > 0�) of Unit 2. Such abnormally negative �199Hg 
values are also lower than those of Phanerozoic marine sediments 
(−0.1 to +0.4�), but are comparable to those of Archean and Pro-
terozoic marine sediments (Fig. 6), perhaps linked to unique atmo-
spheric and oceanic chemistry of early Earth. Four scenarios may 
be responsible for the negative shifting of �199Hg in Unit 3: 1) 
abiotic non-photochemical reduction of Hg(II) by oceanic dissolved 
organic matter (Zheng and Hintelmann, 2010a); 2) the deposition 
of gaseous Hg(0) absorbed on organic aerosols into ocean and 
sediments (Zerkle et al., 2020); 3) enhanced sequestration of at-
mospheric Hg(0) to the sediments by thiols and sulfides that were 
enriched in the H2S-rich photic zone (Zheng et al., 2013, 2018); 
and 4) photo-reduction of seawater Hg(II) bound with reduced 
sulfur as a result of photic zone euxinia (Zheng and Hintelmann, 
2010b; Zheng et al., 2018).

According to experimental observation, non-photochemical re-
duction of Hg(II) triggers negative �199Hg in residual Hg(II) 
(Zheng and Hintelmann, 2010a). However, the slope of the lin-
ear regression between �199Hg and �201Hg in the case of non-
photochemical process is around 1.6 (Zheng and Hintelmann, 
2010a), which is much different from the �199Hg/�201Hg slope of 
1.06 for our samples (Fig. 4B). The background atmospheric Hg(0) 
generally displays a mean �199Hg value of −0.11 ± 0.12� (Sun 
et al., 2019), and the similarly negative �199Hg values observed 
in Unit 3 samples may reflect a net source of atmospheric Hg(0) 
to the ocean and sediments. Given that only Hg(II) species are 
reactive and water-soluble, the transfer of atmospheric gaseous 
Hg(0) signals into sediments require that they are oxidized to 
Hg(II) species in the atmosphere or surface ocean (Zheng et al., 
2018; Zerkle et al., 2020). The hydrocarbon-rich haze with high 
atmospheric CH4:CO2 ratios may induce oxidation and sequestra-
tion of gaseous Hg(0) and transport these negative Hg-MIF signals 
to ocean and sediments, like those observed in the late Archean 
Era (Zerkle et al., 2020). However, the formation of organic aerosol 
hazes was evidenced by S-MIF and δ13Corg values of late Archean 
sediments (Zerkle et al., 2020), but there is no available evidence 
supporting their occurrence in the Mesoproterozoic atmosphere, 
making scenario 2 less likely. Based on experimental observations, 
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Fig. 6. Compiled �199Hg data of marine sediments over geological time. The red cir-
cles represent the range of �199Hg in this study. The �199Hg values of Phanerozoic 
sediments are compiled by Zerkle et al. (2020). The �199Hg values of Mesoprotero-
zoic sediments (ca. 1.1 Ga and 1.57 Ga) are from Zheng et al. (2018) and Tang et al. 
(2022), respectively. The published �199Hg values of Archean sediments are from 
Blum et al. (2014) and Zerkle et al. (2020), respectively.

the presence of thiols in a sulfide-rich photic zone may accelerate 
the oxidation of atmosphere-sourced Hg(0) to Hg(II) and subse-
quent sequestration to marine sediments (Zheng et al., 2013). In 
addition, photo-reduction of Hg(II) complexed by reduced sulfur 
ligands in the photic zone also shifts additionally negative Hg-MIF 
signals to sediments (Zheng and Hintelmann, 2010b; Zheng et al., 
2018). These two mechanisms (scenarios 3 and 4) have been in-
voked to explain the negative �199Hg value of around −0.2� in 
Mesoproterozoic (∼1.1 Ga) Touirist euxinic shales (Zheng et al., 
2018). Notably, �199Hg values of some samples in Unit 3 (as low 
as −0.31�) are even more negative than those of modern atmo-
spheric Hg (0) and 1.1 Ga Touirist shale (Fig. 4A). So, enhanced 
sequestration of atmospheric Hg (0) alone (scenario 3) is not 
enough to produce such abnormally negative �199Hg values, and 
the photo-reduction of Hg(II) by reduced sulfur (scenario 4) may 
be required. Note that both scenarios 3 and 4 require a sulfide-rich 
photic zone to sustain high concentrations of reduced thiols and 
sulfide. In addition, the negative shift of �199Hg in Unit 3 samples 
is coupled with positive δ202Hg (Fig. 4A), which is also consistent 
with those observed in Touirist euxinic shales (Zheng et al., 2018), 
perhaps linked to enhanced sequestration of atmospheric Hg(0) 
carrying positive δ202Hg signals in an euxinic photic zone. As dis-
cussed above, although there are still some uncertainties, photic 
zone euxinia seems to be the most plausible explanation for our 
negative �199Hg values, especially in the context of Mesoprotero-
zoic atmospheric and oceanic systems, at least within the scope of 
current knowledge. Therefore, we consider that the negative shift 
of �199Hg may be caused by the expansion of euxinic waters from 
the mid-depth to the photic zone (Fig. 5C).

5.4. Possible cause of dynamic euxinia and implications for eukaryotic 
evolution in the Mesoproterozoic Era

It is worth to note that the abnormally negative �199Hg values 
of 1.5−1.4 Ga (this study) and 1.1 Ga (Zheng et al., 2018) euxinic 
organic-rich shales (Fig. 6) correspond to the same periods of tran-
sient increase in oxygen levels based on I/(Ca+Mg) ratios and Cr 
isotope (Hardisty et al., 2017; Canfield et al., 2018). The oxidative 
weathering input of SO2−

4 into shallow water environment may be 
episodically enhanced during the rise of O2 level, forming H2S-rich 
water column through bacterial sulfate reduction (BSR) process. 
When enhanced SO2−

4 input is coincidentally superimposed with 
high organic matter (OM) flux in some areas (but not in the whole 
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basin), such as the Unit 3 with TOC contents up to 7.6%, the rate of 
BSR will be accelerated, likely leading to episodic expansion of eu-
xinia to the photic zone as recorded by negative �199Hg (Fig. 5C). 
Therefore, the dynamic euxinia may be closely related to the coop-
eration of oxidative weathering input of SO2−

4 and OM flux in the 
water column.

Although the oxygen requirements of Mesoproterozoic eukary-
otes were considered to be lower than generally thought, oxy-
genation still acts as an important key factor for the evolution of 
complex eukaryotes (e.g., Zhang et al., 2016, 2018). Given eukary-
otic fossils were commonly restricted to shallow environments in 
the Mesoproterozoic Era (Javaux et al., 2001), redox structure of 
shallow settings may have a significant influence on the evolution 
of eukaryotes (Gilleaudeau and Kah, 2015; Doyle et al., 2018). The 
extent of euxinia in a shallow environment would have a specific 
role in the diversification of eukaryote owing to the rapid seques-
tration of bio-essential elements (e.g., Mo, Zn) in H2S-rich waters 
(Anbar and Knoll, 2002). Our highly fractionated Hg isotope data 
reveal the expansion of dynamic euxinia to the photic zone, thus 
severely limiting the habitat of eukaryotes. Widespread euxinia of 
the surface ocean has also been considered as a killing mecha-
nism for major Phanerozoic mass extinction events (Whiteside and 
Grice, 2016). Thus, we propose that the dynamic euxinia of shallow 
waters may have been an episodic limiting factor for diversification 
of early life in the Mesoproterozoic oceans.

6. Conclusions

Our new Hg-C-S geochemistry data, associated with published 
redox proxies, from ca. 1.5–1.4 Ga sediments of the Yanliao Basin 
reveal a new redox structure of dynamic euxinia in shallow wa-
ters of the Mesoproterozoic ocean. High levels of Hg concentra-
tions in Units 2 and 3 samples are ascribed to more efficient Hg 
burial along with enhanced drawdown of organic matter and sul-
fide particles. The near-zero �199Hg values of unit 1 most likely 
reflect background terrestrial Hg signals, and positive �199Hg val-
ues of unit 2 suggest atmospheric Hg(II) deposition into oxic sur-
face waters. Whereas, the abnormally negative �199Hg values of 
unit 3 may be caused by enhanced sequestration of gaseous Hg(0) 
and photo-reduction of reduced sulfur-bound Hg(II) in response 
to photic zone euxinia. Our highly fractionated Hg isotope data 
reveal that the extent of euxinia was dynamic, and that it may 
have expanded to the photic zone, which may have played a sig-
nificant role in the evolution of eukaryote of the Mesoproterozoic 
oceans.
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