
Contents lists available at ScienceDirect

Precambrian Research

journal homepage: www.elsevier.com/locate/precamres

Mesoproterozoic paleo-redox changes during 1500–1400 Ma in the Yanshan
Basin, North China

Xiaoyan Chena, Menghan Lia, Erik A. Sperlingb, Tonggang Zhangc, Keqing Zongd, Yongsheng Liud,
Yanan Shena,⁎

a School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China
bDepartment of Geological Sciences, Stanford University, Stanford, CA 94305, USA
c College of Geosciences, China University of Petroleum, Beijing 102249, China
d State Key Laboratory of Geological Processes and Mineral Resources, Faculty of Earth Sciences, China University of Geosciences, Wuhan 430074, China

A R T I C L E I N F O

Keywords:
Mesoproterozoic
Fe species
Redox sensitive metals
Redox conditions

A B S T R A C T

The Mesoproterozoic (1600–1000 million years ago, Ma) is thought to have experienced important changes in
ocean chemistry and eukaryote evolution. Our understanding of global redox conditions remains in its infancy,
and redox data derived from the Mesoproterozoic thus far indicate heterogeneity and complexity in the realm of
ocean redox, which hampers our understanding of the potential significance of variations in ocean redox on
eukaryote evolution. In this study, we report analyses of Fe species and redox-sensitive trace metals of U and Mo
from the Jixian Group, including the Wumishan, Hongshuizhuang and Tieling formations, as well as the
Xiamaling Formation, in the Yanshan Basin in North China. The Fe speciation data from the Wumishan,
Hongshuizhuang, and Tieling formations first reported in this study help bridge the global data gap of Fe species
data during 1500–1400 Ma. Our data suggest likely oxic bottom water conditions for the Wumishan Formation
and ferruginous bottom water conditions for the Tieling Formation. The Fe species data can distinguish ferru-
ginous conditions for the upper Hongshuizhuang from sulfidic depositional conditions for the lower-middle
Hongshuizhuang Formation. Based on Fe species and trace metal data, redox conditions likely varied from
anoxic conditions with transient euxinia in the lower-middle Xiamaling Formation to oxic conditions in the
upper Xiamaling Formation. The new Fe speciation data from the Yanshan Basin, when combined with pre-
viously published data, show a surprisingly high proportion of middle Proterozoic samples with very low highly
reactive to total iron ratios. This suggests either a relatively large extent of oxic seafloor, or non-uniformitarian
iron cycling. Resolving this discrepancy will be key to understanding the extent of suitable habitats for complex
eukaryotes.

1. Introduction

The oxygenation of the Earth‘s atmosphere and oceans is one of the
most important issues in studying Precambrian biogeochemical cycles.
The Mesoproterozoic era (1600–1000 Ma) witnessed the significant
changes of the ocean chemistry as well as the onset and diversification
of multicellular eukaryotes (Anbar and Knoll, 2002; Kah and Bartley,
2011; Butterfield, 2015; Cohen and Macdonald, 2015). It also records
the greatest range in stromatolite forms, basin-wide sulfate evaporites,
and a full range of distinct carbonate facies from sea floor cements to
molar-tooth structure (Kah and Knoll, 1996; Grotzinger and Knoll,
1999; Kah et al., 2001, 2004; Shields, 2002; Pollock et al., 2006) as well
as significant changes in the biogeochemical cycles of carbon, sulfur

and oxygen (Buick et al., 1995; Kah et al., 1999; Bartley and Kah, 2004;
Parnell et al., 2010; Reinhard et al., 2013; Crockford et al., 2018, 2019).

Unlike the generally accepted hypothesis of an anoxic Archean at-
mosphere and ocean with local oxygen oases (Farquhar et al., 2000;
Anbar et al., 2007), and a well-oxygenated Phanerozoic ocean with
local and episodic anoxia, the redox environment during the middle
Proterozoic has been extensively examined to better understand the
evolution of Proterozoic atmospheric O2 and its potential link to de-
layed eukaryotic diversification. Numerous geochemical and modeling
studies have been conducted to reconstruct paleo-redox changes in
marine basins worldwide (Canfield, 1998; Shen et al., 2002, 2003;
Arnold et al., 2004; Poulton et al., 2004; Scott et al., 2008; Kendall
et al., 2011; Gilleaudeau and Kah, 2013, 2015; Planavsky et al., 2011,
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2014; Luo et al., 2015; Slotznick et al., 2018; Zheng et al., 2018;
Gilleaudeau et al., 2016, 2019). Using various proxies, these studies
have provided evidence for either long-term or episodic anoxic or sul-
fidic oceans during the middle Proterozoic, rather than for a fully oxic
ocean. However, the spatial structure of redox conditions in the Me-
soproterozoic oceans remains controversial. A growing body of evi-
dence indicates more complex changes in middle Proterozoic ocean
chemistry in space and time than was previously thought and have
shown episodic oxygenations and redox heterogeneity of subsurface
water masses (Kah et al., 1999, 2004; Poulton et al., 2010; Partin et al.,
2013; Sperling et al., 2014; Gilleaudeau and Kah, 2015; Zhang et al.,
2016a; Zhang et al., 2018; Yang et al., 2017; Planavsky et al., 2018;
Diamond et al., 2018; Gilleaudeau et al., 2019). The controversy may
arise from the different marine basins that have been studied, the dif-
ferent proxies that have been applied, or different interpretations of
similar geochemical data.

One of the best successions worldwide for addressing questions
about the redox structure of Mesoproterozoic oceans may be re-
presented by the broadly continuous sedimentary environments of the
Yanshan Basin in North China (Fig. 1). Indeed, the data from the
Yanshan Basin have greatly improved our understanding of Proterozoic
ocean chemistry changes. The δ34S data of carbonate-associated sulfate
(CAS) suggest the development of euxinic bottom-water conditions as
well as a modest increase in the oceanic sulfate concentration between

~1560 Ma and ~1483 Ma in the Yanshan Basin (Guo et al., 2013, 2015;
Luo et al., 2014, 2015). The Fe species data, cerium anomaly, and I/
(Ca + Mg) ratios from the Gaoyuzhuang Formation in the Yanshan
Basin suggest oxygenation at ~ 1560 Ma which was thought to have
facilitated the evolution of complex eukaryotes (Zhang et al., 2018;
Shang et al., 2019). Geochemical data measured from the younger
successions in the Yanshan Basin have also improved our knowledge
about the evolution of the Proterozoic ocean and atmosphere and
possible links between environmental changes and the evolution of
early life. Biomarkers, Fe speciation, and trace metal redox proxies from
the Xiamaling Formation (~1400 Ma) suggest an atmospheric oxygen
level of ≥3.8% PAL, which may be sufficient for animal respiration,
although deeper waters may still have remained anoxic (Zhang et al.,
2016a, 2017, 2019; Wang et al., 2017). However, this hypothesis has
been challenged and extensively debated (Planavsky et al., 2016; Zhang
et al., 2016b). The contrasting views between Planavsky et al. (2016)
and Zhang et al. (2016b) are essentially about the interpretation of low
V/Al and FeHR/FeT ratios as well as primary nature of biomarker data
reported from the Xiamaling Formation by Zhang et al. (2016a). The
similarly low FeHR/FeT ratios (< 0.38) measured from the Xiamaling
Formation reported by Zhang et al. (2016a) and Diamond et al. (2018)
have yielded contrasting interpretations. Zhang et al. (2016a) argued
that the low FeHR/FeT (< 0.38) ratios demonstrate bottom water oxy-
genation near the seafloor during the deposition of three of the four

Fig. 1. (A). Map of the Yanshan Basin, North China Craton (modified from Luo et al., 2013). The triangle indicates the location of drill cores J1 (40°34.649 N,
118°21.219E) and J2 (40°34.902 N, 118°21.515E). (B). Stratigraphic succession of the Proterozoic in the Yanshan Basin. The black bars represent drill cores J1 and
J2. (C). Stratigraphic sequence of drill cores J1 and J2 and the zircon U-Pb age constraints for each formation. a = Su et al. (2008); b = Su et al. (2010); c = Li et al.
(2014).
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units of the Xiamaling Formation (see also Wang et al., 2017; Zhang
et al., 2017, 2019). By contrast, Diamond et al. (2018) argued that the
low FeHR/FeT ratios may have resulted from the lack of sufficient FeHR
in the basin, which was restricted at the time the Xiamaling Formation
was deposited.

Given the importance of the Yanshan Basin as a source of evidence
for the redox structure of the Mesoproterozoic oceans, we analyzed Fe
speciation and trace metal (Mo, U) concentrations from drill core
samples of the Jixian Group, including the Wumishan, Hongshuizhuang
and Tieling formations, as well as the Xiamaling Formation, to con-
strain the paleo-redox changes in the Yanshan Basin (Fig. 1). To our
knowledge, no previous study has reported Fe speciation data from the
Wumishan, Hongshuizhuang and Tieling formations in the Yanshan
Basin. Fe speciation data are particularly valuable for distinguishing
ferruginous conditions from sulfidic depositional conditions (Raiswell
and Canfield, 1998; Raiswell et al., 2018; Sperling et al., 2015). New Fe

speciation and trace metal data from the Yanshan Basin therefore
provides a new insight into changes in Mesoproterozoic ocean chem-
istry and their possible link to the early evolution of complex eu-
karyotes.

2. Geological setting

The Yanshan Basin in the North China Craton represents low-lati-
tude deposition in an intracratonic rift, which was subsequently
transformed to a passive margin after the breakup of the Columbia
supercontinent (Zhao et al., 2002; Lu et al., 2008) (Fig. 1). The un-
metamorphosed sedimentary sequences are well preserved, relatively
well dated to the early Mesoproterozoic, and appears generally con-
tinuous with no large unconformities relative to the span studied. Strata
of the Yanshan Basin unconformably overlie Archean and late Paleo-
proterozoic metamorphic basement (Lu et al., 2008). The sedimentary
succession is commonly divided into four groups (Fig. 1): the Chang-
cheng Group (1800–1600 Ma), Jixian Group (1600–1400 Ma), an un-
named group (1400–1000 Ma), and the Qingbaikou Group
(1000–800 Ma) (Qiao et al., 2007). The Jixian Group, consisting of five
formations (the Gaoyuzhuang, Yangzhuang, Wumishan, Hon-
gshuizhuang and Tieling formations), is dominated by finely-laminated
to stromatolitic dolomite and siliciclastic sediment. The Xiamaling
Formation, assigned to the unnamed group, is mainly composed of
organic-rich shale (Qiao et al., 2007).

Our samples were collected from two drill cores from the
Wumishan, Hongshuizhuang, Tieling and Xiamaling formations
(Fig. 1). Drill core Jiqian1 (J1) (40°34.649 N, 118°21.219E) contains
the upper part of the Wumishan Formation, the Hongshuizhuang For-
mation and the lower part of the Tieling Formation, in ascending order
(Fig. 1). The Wumishan Formation is characterized by dolomite and
stromatolites with thinly-bedded microbial dolomite. Rhythmic mag-
nesium-rich carbonate in the Wumishan Formation have been inter-
preted to have been deposited in a peritidal or epicontinental sea (Zhao,
1988). Ages of 1483 ± 13 Ma and 1487 ± 16 Ma for the bentonite
beds from the Wumishan Formation were obtained by SHRIMP zircon
U-Pb dating (Li et al., 2014).

The lower Hongshuizhuang Formation, conformably overlying the
Wumishan Formation, consists of finely laminated shale and dolomite
with rhythmic stratification. The middle Hongshuizhuang Formation is
composed of black shale with pyrite and glaucony, followed by silty
dolomite with micritic dolomite in the upper section. The
Hongshuizhuang Formation was suggested to have been deposited in a
subtidal to shallow sea environment, with the middle section re-
presenting the deepest water depth (Luo et al., 2013).

The uppermost part of the Jixian Group is the Tieling Formation
(Fig. 1). The lower part of the formation consists mainly of stromatolitic
dolomite interbedded with thin Mn-rich and K-rich shale, which is in-
terpreted as representing fluctuating water depths from deep subtidal to
intertidal (Mei et al., 2008). The upper part of the formation consists of
limestone, which was suggested to have been deposited in shallow
subtidal to intertidal environments (Mei et al., 2008). A U-Pb zircon age
of 1437 ± 21 Ma was obtained for a K-bentonite bed in the Tieling
Formation (Su et al., 2010).

Samples of the Xiamaling Formation were collected from drill core
Jiqian2 (J2) (40°34.902 N, 118°21.515E). The Xiamaling Formation is
characterized by stromatolitic carbonate and shale with parallel bed-
ding and cross bedding, suggesting shallow depositional environments
(Wang and Li, 1993). The Xiamaling Formation in the Xiahuayuan re-
gion was divided into six units, and our samples are from the lower
Xiamaling Formation from drill core J2, which may be correlative with
Unit 6 in Wang et al. (2017). A series of U-Pb ages (Fig. 2) of ~ 1380 Ma
for zircons from the Xiamaling Formation have provided age constraints
(e.g., Su et al., 2008).

Fig. 2. Percentages of each species of FeHR for each sample showing the pro-
portion of Fecarb, Fepy, Feox, and Femag in FeHR.
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3. Redox proxies and analytical methods

3.1. Fe speciation

Iron speciation is widely used as a proxy for reconstructing the
redox conditions of the ancient local water column. The proxy is based
on the ratio of highly reactive iron (FeHR) to total iron (FeT), which
distinguishes anoxic conditions from oxic conditions. FeT refers to the
total iron content of a sample, and highly reactive iron (FeHR) refers to
iron that is sufficiently reactive to form pyrite (Raiswell and Canfield,
1998), including carbonate-associated iron (Fecarb), ferric (oxyhydr)
oxides (Feox), magnetite iron (Femag) and iron sulfide minerals (Fepy)
(Poulton and Canfield, 2005). Calibration of iron speciation based on
modern and ancient marine sediments suggests that FeHR/FeT < 0.38
indicates oxic bottom water, while FeHR/FeT > 0.38 suggests anoxic
conditions (Raiswell and Canfield, 1998; Raiswell et al., 2018). Sedi-
ments deposited under anoxic conditions may be enriched in FeHR from
the upwelling of Fe (II)-rich anoxic water, or to the export of re-
mobilized Fe from the oxic shelf (Raiswell and Canfield, 1998). Equi-
vocal conditions are inferred when the ratios are between 0.22 and
0.38, because with rapid sedimentation rates or turbiditic conditions,
FeHR enrichment could be masked (Raiswell and Canfield, 1998;
Raiswell et al., 2018). Carbonate-rich samples with FeT < 0.5% may
yield erroneously high FeHR/FeT ratios, which would suggest anoxic
conditions if interpreted in the standard framework, in contrast to the
evident oxic depositional conditions (Clarkson et al., 2014; Raiswell
et al., 2018).

The Fe speciation proxy can also distinguish euxinic conditions from
ferruginous conditions, based on the ratios of Fepy/FeHR. A euxinic
water column may be indicated when Fepy/FeHR > 0.7 (Raiswell et al.,
2018). The Fepy/FeHR reaches 0.8 based on modern samples for which
Femag and Fecarb were not measured. When the measurements of Femag

and Fecarb are included, the threshold changes to 0.7, which may be
more appropriate (Raiswell et al., 2018). However, these thresholds
should be interpreted together with the FeHR/FeT ratio, as well as with
other geochemical and geological data (Raiswell et al., 2018); the sum
of the data is more important than strict baseline values.

3.2. Redox-sensitive trace metals

Trace metals such as Mo and U can be used as redox proxies for
ancient sediments (Tribovillard et al., 2006). In oxic water, Mo exists as
the unreactive molybdate oxyanion (MoO4

2−), which is soluble in the
water column and results in low enrichment in oxic marine sediments
(Zheng et al., 2000). With the reaction of free sulfide, the molybdate
oxyanion is converted to thiomolybdates which are readily adsorbed to
the particle surfaces of Mn and Fe oxyhydroxides as well as organic
matter, resulting in strong Mo enrichment in sediments deposited under
euxinic conditions (Helz et al., 1996).

In an oxic water column, U exists as soluble U (VI) in the form of
uranyl carbonate complexes (UO2(CO3)34−) (Calvert and Pedersen,
1993; Tribovillard et al., 2006). As dissolved U (VI) cannot be sca-
venged by particles (Anderson et al., 1989), U (VI) enrichment is lim-
ited in oxic sediments (Morford et al., 2009). Under anoxic conditions,
U (VI) is reduced to U (IV), and precipitates as insoluble UO2, U3O7 and
U3O8, resulting in U enrichment in sediments (McManus et al., 2005).

Observations of Mo and U enrichment in modern anoxic or sulfidic
sediments have been applied to constrain anoxic depositional condi-
tions in geological history (e.g., Tribovillard et al., 2006). However, low
dissolved reservoirs of U and Mo were demonstrated in the Mesopro-
terozoic oceans compared to modern marine environments (Scott et al.,
2008; Partin et al., 2013). Therefore, less enrichment of U and Mo in
anoxic and sulfidic Mesoproterozoic sediments, relative to modern
marine sediments, may be expected.

3.3. Iron speciation analyses

The drill core samples were crushed into small pieces and milled
to < 200 mesh size using a Vibratory Disc Mill RS 200. Sequential
extraction described in Poulton and Canfield (2005) was used to extract
three pools of FeHR (Fecarb, Feox and Femag) and all Fe species were
measured at Historical Geobiology Laboratory, Stanford University.
Approximately 100–150 mg of powdered rock was treated with 1 M
sodium acetate, adjusted to pH 4.5 with acetic acid, for 48 h at 50 °C on
a shaking table in order to extract Fecarb. Feox was extracted from the
sample residue with 50 g/L of sodium dithionite solution buffered with
acetic acid and 0.2 M sodium citrate, adjusted to pH 4.8, for 2 h at room
temperature. Femag was then extracted by treatment with a solution of
0.2 M ammonium oxalate and 0.17 M oxalic acid buffered with am-
monium hydroxide adjusted to pH 3.2 for 6 h at room temperature.
Femag values measured using the oxalate extraction may include not
only magnetite, but also other Fe-rich clay minerals such as berthierine
and chamosite (Slotznick et al., 2018, 2020). The iron content of each
extraction solution was measured with a Thermo Genesys 10S UV–Vis
Spectrophotometer using HEPES-ferrozine-HCl solution, following
Stookey (1970), with color development allowed to proceed overnight.
The precision of sequentially extracted Fe is better than 5% for samples
with appreciable iron (Sperling et al., 2015).

Powdered samples were then subjected to chromium reduction
(Canfield et al., 1986) in order to convert pyrite sulfur to Ag2S. Fepy was
determined stoichiometrically based on the pyrite sulfur content, as-
suming that the iron sulfide is present as FeS2. However, if acid-volatile
sulfides (AVS) are present, the content of Fepy would be incorrect, as
other metal sulfides (e.g., Cu, Ni, Zn) and iron monosulfides are also
extracted by the chromium reduction method. Therefore, we tested four
samples (J1-119.7, J1-125.3, J1-145.5 and J2-203.1) with high Fepy
contents for the presence of AVS using the 6 N HCl method described by
(Rice et al., 1993). In AVS extractions, two samples (J1-145.5 and J2-
203.1) showed no evidence for phases extractable in 6 N HCl. Two
samples (J1-119.7 and J1-125.3) revealed small quantities of AVS.
Assuming that all of the monosulfide we extracted was incorporated
with Fe, the maximum calculated Fe content is 0.04%; however, with
high pyrite contents, the AVS content has little effect on Fepy.

3.4. Trace and major element analyses

A multiple acid (HNO3-HF) digestion method was used to extract
trace metal elements and FeT. Samples were chemically prepared fol-
lowing protocols in Liu et al. (2008). Specifically, powdered samples of
~50 mg were first digested in 1.5 ml HNO3 and 1.5 ml HF in Teflon
vessels at 190 °C for over 48 h. The liquid samples were then evapo-
rated at 140 °C and the dried samples subsequently dissolved in 1 ml
HNO3 and again evaporated to dryness. The dried samples were dis-
solved in 3 ml of 30% HNO3, sealed and heated at 119 °C for 12 h. The
liquid samples were diluted with 2% HNO3 in 50 ml constant volume
bottles and analyzed with an Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS) to obtain the trace metal and major element con-
tents; the analyses were conducted at the State Key Laboratory of
Geological Processes and Mineral Resources, China University of
Geosciences, Wuhan.

Enrichment factors (EF) were calculated as:

=X (X/Al) /(X/Al) ,EF sample PAAS

where X and Al are the weight percent of element X (X = Mo, U) and Al
of samples and post-Archean average shale (PAAS), respectively (Taylor
and McLennan, 1985).
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4. Results

4.1. Fe speciation

The iron speciation values are listed in Table 1 and illustrated in
Figs. 2 and 3. In the Wumishan Formation, the Feox and Femag contents
are generally low (< 0.1%), with Fecarb and Fepy ranging from 0.05% to
0.71% and from 0% to 0.14%, respectively (Fig. 2). FeT is generally
lower than 0.3%, with one exception of 1.93% at 217.8 m, and the
FeHR/FeT ratios all exceed 0.38 (Fig. 3). The Fepy/FeHR ratios vary
considerably and they decrease sharply from 0.57 at 305.5 m to 0.01 at
283.6 m (Fig. 3). After the decrease, the Fepy/FeHR ratio increases
gradually and peaks at 0.66 at 245 m, with a subsequent decline to 0.04
at 217.8 m (Fig. 3).

The Hongshuizhuang Formation shows distinct differences in Fe
speciation data between the low-middle and upper intervals. In the
lower-middle (200.6–119.7 m) Hongshuizhuang Formation, low Feox
and Femag contents, with maximum values of 0.15% and 0.11%,

respectively, are evident (Fig. 2). Fecarb ranges from 0.08% to 0.45%,
with Fepy ranging from 0.30% to 1.53% (Fig. 2). The FeHR/FeT ratios
are> 0.38, with high Fepy/FeHR ratios from 0.6 to 0.8 (Fig. 3). In the
upper Hongshuizhuang Formation (111.1–70.8 m), both the Feox and
Femag contents are< 0.1%, with Fecarb varying from 0.26% to 0.69%
and with low Fepy < 0.2% (Fig. 3). The FeHR/FeT ratios typically ex-
ceed 0.38, with a low value of 0.21 at 93.5 m (Fig. 3). The Fepy/FeHR
ratios range from 0.06 to 0.30 (Fig. 3).

In the Tieling Formation, the Feox and Femag contents are low
(< 0.1%), similar to those in the Wumishan Formation. Fecarb varies
from 0.07% to 1.23%, with Fepy ranging from 0.06% to 0.79% (Fig. 2).
FeT ranges from 0.61% to 1.68% (Fig. 2). The FeHR/FeT ratios exceed
0.38, and Fepy/FeHR mainly varies from 0.05 to 0.31, with a high value
of 0.88 at 57.5 m (Fig. 3).

In the Xiamaling Formation, both Feox and Femag are much higher
than in the Wumishan, Hongshuizhuang, and Tieling formations
(Fig. 2). Feox varies from 0.03% to 0.27%, with Femag ranging from
0.02% to 0.91% (Fig. 2). Fecarb and Fepy fluctuate substantially, from

Fig. 3. Stratigraphic profiles of Fe species and trace metal enrichments for drill cores J1 and J2. For iron species data, the open circles represent samples with
FeT < 0.5%, and the closed circles represent samples with FeT > 0.5%. For the trace metal data, the dots represent metal enrichment factors (Mo, U), and the open
squares represent their abundances.
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0.05% to 0.48%, and from 0.01% to 1.68%, respectively (Fig. 2). The
FeHR/FeT ratios are < 0.38, ranging from 0.04 to 0.25, except for two
ratios > 0.38 at the depths of 203.1 m and 222.0 m (Fig. 3). The Fepy/
FeHR ratios increase from 0.04 to 0.80 within the interval of
237.0–193.1 m and then remain roughly constant within the interval of
193.1–169.4 m, with an average of 0.06 (Fig. 3).

4.2. Trace elements (Mo, U)

In the Wumishan Formation, the Mo content is low (< 1 ppm), and
the MoEF values range from 0.31 to 15.05 (Fig. 3). The U content is also
low (< 1 ppm), with UEF decreasing from 7.79 to 0.31 through the
formation (Fig. 3).

In the lower-middle Hongshuizhuang Formation (200.6–119.7 m),
the Mo content increases to 63 ppm, with high MoEF up to 108 (Fig. 3).
The U content ranges from 3 ppm to 10.7 ppm, with relatively high UEF

reaching 7.3 (Fig. 3). In contrast, in the upper Hongshuizhuang For-
mation (111.1–70.8 m), the Mo content is < 1 ppm, with extremely
low MoEF (< 2) (Fig. 3). The U content varies from 1.59 ppm to
3.47 ppm, and the UEF values are also low with an average of 1.65
(Fig. 3).

In the Tieling Formation, the Mo and U contents are < 1 ppm, with
MoEF and UEF ranging from 1.1 to 6.7 and from 1.3 to 2.9, respectively
(Fig. 3). In the Xiamaling Formation, there is a generally low Mo con-
tent (< 2 ppm) and MoEF (< 2) is present (Fig. 3). The U contents vary
from 1.06 ppm to 5.44 ppm, with low UEF (< 2) (Fig. 3).

5. Interpretation of stratigraphic variation in Fe chemistry and
trace metal data

5.1. Wumishan Formation

The Wumishan Formation has relatively uniform FeHR/FeT ratios
with an average of 0.63, which could result from an anoxic depositional
environment (Figs. 3 and 4). Fepy varies inversely with Fecarb, with low
ratios of Femag and Feox to FeHR (Fig. 2). Fepy/FeHR varies mainly from
0.04 to 0.66 (Figs. 3 and 4) which is consistent with ferruginous bottom
water conditions. However, the Wumishan carbonate contains ex-
tremely low FeT of 0.2–0.3%, except for a sample (J1-217.8) with
FeT = 1.93% (Table 1). The low FeT (< 0.5%) could yield high FeHR/

FeT ratios, which would suggest anoxic conditions, in contrast to evi-
dent oxic depositional conditions. Therefore, these samples with ex-
tremely low FeT may not provide reliable information about paleo-
redox condition of ancient oceans (Clarkson et al., 2014; Raiswell et al.,
2018).

MoEF ranges from 1 to 10 in the Wumishan Formations (Table 1;
Fig. 3). The relatively high UEF and low MoEF could signal ferruginous
conditions based on their absolute values. However, the Mo and U are
both very low in Wumishan carbonate, and therefore the slightly high
UEF may be attributed to the low abundance of Al, mostly between 0.1
and 0.5% (in other words, authigenic enrichments are very low even if
EFs are moderately elevated). Accordingly, the relatively high UEF va-
lues are likely not of strong paleo-redox significance. From a sedi-
mentological perspective, the Wumishan Formation consists mostly of
shallow water carbonate as well as abundant stromatolites including
various microdigitate structures with precipitate textures (Shi et al.,
2008; Mei et al., 2010) which were likely formed and deposited under
predominately oxic bottom water conditions (Guo et al., 2013). Further
redox work on the Wumishan using proxies such as I/Ca or Ce
anomalies will be useful in constraining the redox state of the overlying
water column.

5.2. Hongshuizhuang Formation

The Fe speciation data vary substantially between the lower-middle
Hongshuizhuang Formation (200.6–119.7 m) and upper
Hongshuizhuang Formation (111.1–70.8 m) (Figs. 2 and 3). In the
lower-middle Hongshuizhuang Formation, Fepy/FeHR ranges from 0.6
to 0.8 accompanied by moderate changes in FeHR/FeT, indicating eu-
xinic bottom water conditions (Figs. 3 and 4). The fraction of Fecarb in
FeHR decreases greatly, accompanied by a high content of Fepy, re-
flecting euxinic conditions that contribute to the formation of pyrite
(Fig. 2). This conclusion is supported by the trace metal data. High UEF

values reaching 7 in the lower Hongshuizhuang Formation indicate
anoxic depositional conditions. In addition, high MoEF, with the max-
imum value of 108 (Fig. 3), supports the presence of free sulfide in the
water column.

We note that the high MoEF, almost reaching those seen in modern
sulfidic sediments, are not inconsistent with a low seawater Mo re-
servoir in middle Proterozoic oceans (Scott et al., 2008; Partin et al.,
2013). Euxinic sediments in the Velkerri Formation, Roper Group,
Australia, also record similar Mo concentrations of ~80 to 100 ppm
(Nguyen et al., 2019; Cox et al., 2016). The Hongshuizhuang samples
with MoEF > 35, have high MoEF/UEF ratios > 3 × SW (seawater),
which suggest intense redox cycling of metal-oxyhydroxides within the
sulfidic water column also contributed to the Mo enrichments
(Tribovillard et al., 2012).

In contrast to the lower-middle interval, the upper Hongshuizhuang
Formation exhibits low FeHR/FeT ratios of ~0.38 with a minimum of
0.21, as well as low Fepy/FeHR ratios< 0.3 with an average of 0.17
(Figs. 3 and 4). Taken together, the Fe speciation data suggest ferru-
ginous depositional conditions for the upper Hongshuizhuang Forma-
tion (Figs. 3 and 4). The upper Hongshuizhuang Formation has ex-
tremely low MoEF (< 2) with low UEF (Fig. 2), which can be attributed
to low reservoirs of U and Mo in the Mesoproterozoic ocean combined
with deposition under a ferruginous water column (Scott et al., 2008;
Partin et al., 2013).

5.3. Tieling Formation

High FeHR/FeT ratios, with an average of 0.83, in the Tieling
Formation, and Fepy/FeHR ratios mainly ranging from 0.05 to 0.31,
suggest predominantly ferruginous bottom water conditions (Figs. 3-4).
However, a high Fepy/FeHR of 0.88 at the depth of 57.5 m implies the
occurrence of intermittent euxinia in the water column. The occurrence
of ferruginous depositional conditions is supported by Ce anomalies

Fig. 4. Cross plot of FeHR/FeT vs. Fepy/FeHR for the samples from each forma-
tion. The vertical lines intersect the x axis at FeHR/FeT ratios of 0.22 and 0.38,
and the horizontal lines intersect the y axis the Fepy/FeHR ratios of 0.7 and 0.8.
Samples with FeHR/FeT > 0.38 and Fepy/FeHR > 0.7 are probably deposited
under euxinic conditions and samples with FeHR/FeT > 0.38 and Fepy/
FeHR < 0.7 deposit are probably deposited under anoxic and ferruginous
conditions.
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(~1) from the Tieling Formation, which suggest anoxic conditions
(Tang et al., 2017). Like the upper Hongshuizhuang Formation, low UEF

of< 3 combined with low MoEF (1–10) in the Tieling Formation sug-
gests ferruginous deposition in basin whose seawater reservoirs of U
and Mo were low.

5.4. Xiamaling Formation

The Xiamaling Formation has generally low FeHR/FeT ratios
of< 0.25 with two high values of 0.47 and 0.44 (Fig. 3). The lower-
middle Xiamaling Formation (237.0–196.1 m) are characterized by
higher Fepy, FeHR/FeT and Fepy/FeHR ratios as well as Al abundance
than the upper Xiamaling Formation (193.1–169.4 m) (Table 1 and
Fig. 3). For the lower-middle Xiamaling Formation, except two high
FeHR/FeT ratios, the low FeHR/FeT ratios with an average value of 0.17
could indicate oxic bottom water conditions (Figs. 3 and 4). However,
FeT/Al, which has been considered as an indicator of FeHR, shows a
negative correlation with Al content in Xiamaling Formation except two
samples (J2-233.1 and J2-214.2) (Fig. 5). The Al contents vary from
11.42% to 9.69% in the lower-middle Xiamaling Formation, and
therefore, the plot between FeT/Al and the high Al contents of the
lower-middle Xiamaling Formation suggest that the enrichment of FeHR
could be diluted by siliciclastic input (Lyons and Severmann, 2006).
Though the true FeHR/FeT ratios remain unknown, the high pyrite
content, stratigraphic increase of Fepy/FeHR as well as relatively high
UEF suggest that the lower-middle Xiamaling Formation was possibly
deposited under anoxic conditions. The two samples with high Fepy/
FeHR ratios of ~0.8 with FeHR/FeT > 0.38 suggest transient euxinic
conditions when the lower-middle Xiamaling was deposited (Figs. 3 and
4). By contrast, the low Fepy ranging from 0.01 to 0.05%, low FeHR/FeT
ratio from 0.04 to 0.10, low Fepy/FeHR ratio from 0.02 to 0.10 as well as
low MoEF and UEF with relatively low Al content from 4.07 to 7.90%
provide strong evidence of oxic bottom water conditions when the
upper Xiamaling was deposited (Fig. 3).

As discussed above, low FeHR/FeT ratios (< 0.38) were also re-
ported from the mid-upper Xiamaling Formation (Units 2 and 3) and
were interpreted to have resulted from oxic depositional conditions
(Zhang et al., 2016a, 2017, 2019). Based on the Xiamaling data, it was
hypothesized that the atmospheric oxygen level may have been≥ 3.8%
PAL, which may be sufficient for animal respiration (Zhang et al.,
2016a, 2017, 2019). However, Diamond et al. (2018) attributed low
FeHR/FeT ratios (< 0.38) from the Xiamaling Formation to an in-
sufficient source of FeHR. They argued that it was the reservoir size
rather than oxic conditions that resulted in low FeHR/FeT ratios and low
trace metal enrichment. As such, Diamond et al. (2018) challenged the
hypothesis of an atmospheric oxygen level of ≥ 3.8% PAL estimated by

Zhang et al. (2016a) (see also Planavsky et al., 2016; Zhang et al.,
2016b).

The Xiamaling Formation samples from drill core J2 in this study
may be correlative with Unit 6 in the Xiahuayuan region and strati-
graphically they might be more than 200 m below the Units 2 and 3
studied by Wang et al. (2017). Our Fe speciation and trace metal data
suggest possible anoxic depositional conditions with transient euxinic
conditions during the deposition of lower-middle Xiamaling Formation
and predominately oxic bottom water conditions when the upper Xia-
maling Formation was deposited. Our results show that the paleo-redox
conditions during the deposition of the Xiamaling Formation may have
varied greatly throughout the formation.

6. Global paleo-redox heterogeneity in Mesoproterozoic oceans

A compilation of the published Fe speciation data for the
Mesoproterozoic worldwide reveals that our Fe speciation data from the
Yanshan Basin help fill a global data gap from 1500 Ma to 1400 Ma
(Fig. 6A). Most of the FeHR/FeT ratios suggest anoxic conditions for the
middle Proterozoic oceans (Fig. 6B), and by inference an atmospheric
oxygen level that was likely lower than Modern. In the compilation, the
highest density in the heat map is the red area of FeHR/FeT ~ 0.2
(Fig. 7A), however, most samples still have FeHR/FeT > 0.38, which
suggest anoxic conditions (Fig. 7B). The low density of the samples with
FeHR/FeT > 0.38 may result from a larger space area of the anoxic
conditions on the bivariate plot (Fig. 7A). Fepy/FeHR ratios are
mainly < 0.7, suggesting the occurrence of dominantly ferruginous
conditions (Fig. 7B). Abundant data with FeHR/FeT > 0.38 and Fepy/
FeT > 0.7 are observed, indicating sulfidic bottom water conditions
(Fig. 7B). Therefore, although ferruginous conditions are suggested to
have been predominant during the mid-Proterozoic, the data indicate
that euxinic conditions were also not uncommon in sampled formations
(Fig. 7), suggesting a complex paleo-redox structure of the mid-Pro-
terozoic oceans. We also compiled published FeHR/FeT and Fepy/FeHR
ratios and their number of occurrences, which are illustrated in Fig. 7B;
they clearly indicate heterogenous redox conditions in the global mid-
Proterozoic oceans, consistent with the previous studies.

Intriguingly, the results show a high proportion of samples plotting
in the ‘oxic’ field, or more specifically having low FeHR/FeT ratios
(Fig. 7). While it is true that all samples in the modern oxic baseline
dataset have FeHR/FeT < 0.38 (Raiswell and Canfield, 1998), and no
modern anoxic sample has FeHR/FeT < 0.2 (or in other words, only
oxic samples have FeHR/FeT < 0.2—see discussion in Sperling et al.,
2016), interpretation of iron speciation data is inherently asymmetric.
Identification of elevated FeHR/FeT ‘unequivocally’ identifies sedi-
mentation under an anoxic water column, whereas low FeHR/FeT simply
indicates the absence of substantial authigenic FeHR enrichment. This
lack of enrichment could result from 1) sedimentation under an oxy-
genated water column, such that all FeHR is delivered through detrital
processes, 2) under an anoxic water column, but with rapid sedi-
mentation, such that there is not enough time for authigenic enrich-
ments to accumulate, 3) very widespread anoxic conditions (due to
mass balance constraints, not all areas can be ‘enriched’ if an ocean is
dominantly anoxic), or 4) if iron released during early diagenesis is
being sequestered in clay minerals not extracted in the standard se-
quential extraction procedure (see discussion in Doyle et al., 2018).
Considering this, one possibility based on the standard interpretative
framework of Fe speciation data is that the occurrence of oxic en-
vironments may have been underestimated in the Mesoproterozoic.
Given that rapid sedimentation is unlikely to have affected all these
shale formations (and most show no evidence for very rapid sedi-
mentation), we can rule out the second possibility as a global driver of
this signal. The third and fourth possibilities—non-uniformitarian iron
cycling during the Mesoproterozoic—represent a more likely alter-
native scenario. Although the compilation here cannot uniquely dis-
tinguish between these two possibilities of more widespread oxic

Fig. 5. Cross plot of Al content (%) vs. FeT/Al for the samples from the
Xiamaling Formation.
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conditions than generally considered or non-uniformitarian iron cy-
cling, the proportion of “oxic”/low FeHR/FeT samples contrasts with
data generated from Neoproterozoic and Paleozoic shale successions
(Sperling et al., 2015).

These distinctly contrasting interpretations have important im-
plications for biological evolution at this time. Specifically, redox
conditions of Earth’s surface environments may have significant im-
plications for the evolution of complex eukaryotes. Although it has
recently been recognized that the oxygen requirements of many
Mesoproterozoic eukaryotes may be lower than generally considered
(Porter et al., 2018), oxygenation is still considered as one of critical
environmental contributors for the evolution of complex, multicellular
eukaryotes. Although the exact oxygen levels are debated, higher
oxygen levels are certainly required to support the activities of eu-
karyotes with large bodies and more complex food webs (Sperling et al.,

2013; Cole et al., 2020).

7. Conclusions

Integrated with trace metal (U and Mo) data, the Fe speciation data
reported in this study reveal significant redox variations from mainly
anoxic conditions to likely oxic conditions in the Yanshan Basin during
~1500 to 1380 Ma. The Fe speciation data also help distinguish fer-
ruginous conditions from sulfidic bottom water conditions. The new
data from the Wumishan and Tieling formations suggest that they may
have deposited under oxic and ferruginous conditions, respectively
(although the redox proxies used here, mainly designed for use in
shales, may not be applicable to the Wumishan Formation). Redox
conditions varied from euxinic conditions in the lower-middle
Hongshuizhuang Formation to ferruginous conditions in the upper

Fig. 6. Times series of Fe species from 1800 Ma to 1000 Ma (Shen et al., 2002, 2003; Poulton et al., 2010; Planavsky et al., 2011, 2018; Geboy et al., 2013;
Gilleaudeau and Kah, 2013; Sperling et al., 2014, 2015; Zhang et al., 2016a, 2017, 2019; Wang et al., 2017; Diamond et al., 2018; Doyle et al., 2018; Zhang et al.,
2018). (A): Time series of FeHR/FeT. When FeHR/FeT > 0.38, shown by the upper dashed line, anoxic conditions are suggested. (B): Time series of Fepy/FeHR for
samples with FeHR/FeT > 0.38. Euxinic conditions are indicated when Fepy/FeHR > 0.7, shown by the lower dashed line, and the ratio < 0.7 suggests ferruginous
conditions.
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Hongshuizhuang Formation. The Fe speciation data from the lower-
middle Xiamaling Formation suggest possible anoxic bottom water
conditions with transient euxinic conditions and that the upper
Xiamaling Formation was probably deposited under oxic bottom water
conditions.

The compilation of the Fe species from Mesoproterozoic basins
suggests that oxic environments may have been underestimated.
Ferruginous conditions could have been dominant in the deeper basins,
although euxinic conditions were not uncommon. Determining the
causes behind the high proportion of low FeHR/FeT samples in the
Mesoproterozoic, and better identifying the oxygenation history of this
era, will be key to tracking potentially favorable habitat for early eu-
karyotes.
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