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The mid-Proterozoic (1.8-0.8 Ga) witnessed the first appearance but unusually low diversification of
eukaryotes. The stagnant biotic evolution during this billion-year-long period (commonly referred to as
the “Boring Billion”) was arguably ascribed to low oxygen levels in atmosphere and ocean. However,
evidence supporting low oxygen in shallow-marine environments where early eukaryotes first evolved
is generally lacking or insufficient. Here we report Rare Earth Element and yttrium (REE +Y) data, par-
ticularly cerium (Ce) anomalies, from a suite of mid-Proterozoic sedimentary rocks of the North China
platform. The new data from North China, in combination with available Ce anomaly data from other
Proterozoic successions, demonstrate that during mid-Proterozoic, negative Ce anomalies did not occur
until ~1.54 Ga and after ~1.54 Ga, only episodic negative Ce anomalies were present in shallow-water
carbonates. Trace element enrichments (Ugr, Vgr, and Mogr) remained at the average continental crust
level before ~1.54 Ga but showed a sudden increase at ~1.54 Ga. The data suggest that oxygen con-
centration in shallow-marine environments of the mid-Proterozoic ocean was extremely low, probably
<0.2 uM prior to ~1.54 Ga (based on minimal oxygen concentration requirement for Ce(IlI) oxidation)
and fluctuating around 0.2 wM afterwards. The low oxygen concentration (~0.2 wM) in shallow waters of
the mid-Proterozoic ocean accounts for only ~0.1% of the modern surface ocean oxygen level (~280 wM)
and may help explain the evolutionary stasis of eukaryotes during the mid-Proterozoic.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Increasing evidence in the last decade has shown that the oxy-
genation of Earth’s surface environments occurred at the beginning
and end of the Proterozoic (Och and Shields-Zhou, 2012; Lyons
etal., 2014). During the Great Oxidation Event (GOE; Holland, 2002)
around 2.4 Ga (e.g., Bekker et al., 2004), atmospheric oxygen may
have increased from <0.001% present atmospheric level (PAL) in
Archeanto>0.1%PAL(e.g., Farquharetal.,2000; Pavlov and Kasting,
2002; Holland, 2006) in Paleoproterozoic, resulting in stratified
oceans with possibly oxic surface water but ferruginous or euxinic
deep-water (e.g., Canfield, 1998; Planavsky et al., 2011; Reinhard
etal.,2013; Lyons et al., 2014). During the Neoproterozoic Oxygen-
ation Event (NOE; Och and Shields-Zhou, 2012) between 800 and
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542 Ma (e.g., Fike et al., 2006; Canfield et al., 2007; Scott et al., 2008;
Sahoo et al.,, 2012; Kendall et al., 2015), atmospheric oxygen level
further increased (e.g., Canfield and Teske, 1996; Holland, 2006;
Lyons et al., 2014), leading to well-oxygenated shallow-waters and
variably oxygenated deep-waters in the ocean (e.g., Canfield et al.,
2008; Johnston et al., 2013; Kurzweil et al., 2015; Sperling et al.,
2015).

The mid-Proterozoic (1.8-0.8 Ga) between GOE and NOE is an
intriguing period in Earth history that witnessed the first appear-
ance but unusually low diversity of primitive eukaryotes (Han and
Runnegar, 1992; Rasmussen et al., 2008). Although some multicel-
lular eukaryotes appeared during the late Mesoproterozoic (Woods
et al., 1998; Butterfield, 2000, 2001), the evolution of eukary-
otic organisms was apparently stagnant (Knoll et al., 1995, 2006;
Javaux et al., 2001; Lamb et al., 2009) and their abundance was
very low (Brocks et al., 2005; Blumenberg et al., 2012; Reinhard
et al., 2013). This billion-year-long period of evolutionary stasis,
commonly referred to as the “Boring Billion”, was thought to be
related to low oxygen levels in atmosphere and ocean (e.g., Anbar
and Knoll, 2002; Canfield, 2005; Knoll et al., 2006; Kump, 2008;
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Reinhard et al., 2013; Smith and Harper, 2013; Luo et al., 2014;
Planavsky et al., 2014; Gilleaudeau and Kah, 2015), although some
have argued that the evolution of life is intrinsically controlled and
independent of surface oxygenation (e.g., Butterfield, 2009; Erwin
et al, 2011; Sperling et al., 2013; Mills et al., 2014).

The redox landscape of the mid-Proterozoic ocean, however,
remains debated. Earlier studies suggested that the ocean was oxy-
genated after ~1.8 Ga, coincident with the disappearance of banded
iron formation (BIF) (e.g., Holland, 2006). In another model, the
mid-Proterozoic ocean was envisioned to be stratified and dom-
inated by H,S (euxinic conditions) in the deep ocean (Canfield,
1998). More recent studies demonstrated widespread iron-rich
(ferruginous) conditions in the mid-Proterozoic ocean (Planavsky
etal.,, 2011; Reinhard et al., 2013; Lyons et al., 2014). Estimation of
mid-Proterozoic atmospheric O, level also varies significantly. Tra-
ditional pO, estimates of 1-40% PAL (e.g., Holland, 2002,2006) were
well above the oxygen demands of eukaryotes. More recent stud-
ies suggested that pO, may have declined significantly (to <0.1%
PAL) after the GOE and remained at this level for more than a bil-
lion years (Bekker and Holland, 2012; Lyons et al., 2014; Planavsky
et al., 2014). This extremely low (<0.1% PAL) pO, estimate raises
questions about whether there was sufficient O, to oxidize sur-
face ocean seawater and promote the diversification of eukaryotes.
Answering these questions requires understanding the redox con-
ditions of shallow-marine environments in the mid-Proterozoic
ocean.

Rare Earth Elements and yttrium (REE+Y) data, par-
ticularly cerium (Ce) anomalies (expressed as Ce/Ce*=
[Ce(SN)/(Prz(SN)/Nd(SN))]; Lawrence et al., 2006), provide a means
of documenting shallow-marine redox conditions (e.g., Planavsky
et al,, 2010; Ling et al., 2013). Unlike other REEs that typically
exist in a trivalent oxidation state, Ce is unique in that it can also
exist in tetravalent oxidation state, depending on environmental
redox conditions (de Baar et al., 1988; German and Elderfield,
1989; Sholkovitz and Schneider, 1991). In modern oxygenated
seawater, Ce(Ill) is rapidly oxidized to Ce(IV) through mediation
of manganese oxide and/or bacteria (Byrne and Sholkovitz, 1996;
Tachikawa et al., 1999; Tanaka et al., 2010). Ce(IV) is absorbed by
Fe-Mn nodules and crusts in oxygenated deep ocean (Elderfield
et al.,, 1981; Bau et al., 1996), resulting in negative Ce anomalies in
seawater and positive Ce anomalies in Fe-Mn oxides (Bau et al.,
1996). Although Ce concentrations in shallow seawaters are highly
variable (Kamber and Webb, 2001), highest Ce/Ce* values of the
surface waters in modern oceans or seas are all less than 0.55
(Shimizu et al., 1994; Bertram and Elderfield, 1993; German et al.,
1995; Nozakietal., 1999; Slack et al.,2007).In anoxic oceans such as
those in Archean and Paleoproterozoic, the lack of Ce(III) oxidation
and absence of deep-ocean Fe-Mn oxides lead to high seawater
Ce concentration. Therefore, no negative Ce anomaly is expected
and Ce/Ce* values may be close to or higher than 1.0 (Kamber and
Webb, 2001; Van Kranendonk et al., 2003). Although some nega-
tive Ce anomalies were reported from Archean sedimentary rocks,
their veracity and depositional origin have been questioned (e.g.,
Planavsky et al., 2010). Intermediately oxygenated ocean may have
Ce/Ce™ values between 0.55 and 1 (e.g., Ling et al., 2013). Thus, sec-
ular Ce/Ce* record tracks first-order ocean redox changes in Earth
history.

Within the envelope of secular Ce/Ce* record, Ce anoma-
lies can also record local redox conditions. In redox-stratified
environments (basins), reductive dissolution of settling Fe-Mn
oxides below Fe-Mn redox boundaries lead to Ce(Ill) enrichments
and higher Ce/Ce* values in deep waters below the chemocline
(German et al., 1991; Byrne and Sholkovitz, 1996; Slack et al.,
2007). In this case, lower Ce/Ce* values in shallow water environ-
ments at or above the chemocline are expected. When the entire
water column has low level of dissolved oxygen (without highly

oxygenated shallow waters), Ce redox-cycle may stop and dif-
ferential Ce/Ce* values are not expected between shallow- and
deep-water environments.

In this paper, we use Ce anomaly and REE patterns, along
with redox-sensitive trace element enrichments (U, V, and Mo),
to evaluate the redox evolution of shallow waters on the North
China platform during the period of ca. 1.65-1.47 Ga. We also con-
struct the secular Ce/Ce* record with available data from other
Proterozoic successions. To date, the shallow-water redox state
of the mid-Proterozoic ocean has not been sufficiently investi-
gated, except for the recent study of Cr isotopes (Planavsky et al.,
2014) and iodine concentrations of Achaean and early Paleopro-
terozoic carbonates (Hardisty et al., 2014). We aim at testing
the hypothesis that the low oxygen level in surface ocean dur-
ing mid-Proterozoic has prevented the diversification of early
eukaryotes.

2. Geological setting
2.1. Regional geology

Associated with the break-up of supercontinent Columbia or
Nuna (Zhao et al., 2003, 2004, 2011; Zhang et al., 2012) to the
assembly of Rodinia (Li et al., 2008), a thick (~9000 m) sedimen-
tary succession was deposited on the North China platform during
the Proterozoic. This succession is commonly subdivided into three
groups (Fig. 1) including the Changcheng Group (1800-1600 Ma,
Pt;), Jixian Group (1600-1400 Ma, Pt,), and the Qingbaikou Group
(1000-800 Ma, Pt3), with a significant hiatus of ~400 Ma between
the Jixian and Qingbaikou groups (Gao et al., 2009; Su et al., 2010;
Li et al,, 2013; Su, 2014).

The Changcheng Group is dominated by siliciclastic rocks
that were deposited on the Archean-early Paleoproterozoic crys-
talline basement. This group, in stratigraphic order, includes the
Changzhougou, Chuanlinggou, Tuanshanzi and Dahongyu forma-
tions. Alluvial to fluvial conglomerates and sandstones constitute
the basal part of the group, representing deposition associated with
the initial regional extension (Lu et al., 2002, 2008). Ironstones and
black shales of the Chuanlinggou Formation probably record the
initial breakup of the Columbia supercontinent and a rapid base-
ment subsidence (Zhao et al., 2011; Tang et al., 2015). The Jixian
Group includes the Gaoyuzhuang, Yangzhuang, Wumishan, Hong-
shuizhuang and Tieling formations and is dominated by carbonate
rocks including laminated and stromatolitic dolostone, limestone,
argillaceous dolostone and chert bands. The thick carbonate suc-
cession was likely deposited from an epicontinental sea. Above
the Jixian Group, a regional unconformity is observed across the
entire North China platform (Qiao et al., 2007; Su et al., 2010).
The overlying Xiamaling Formation consists mainly of organic-rich
black shales that were likely deposited from low-energy environ-
ments of an intra-shelf basin (Qiao et al., 2007; Luo et al., 2014).
Unconformably overlying the Xiamaling Formation is siliciclastic
and carbonate rocks of the Changlongshan and Jing’eryu formations
of the Qingbaikou Group. A significant uplift after the Jing’eryu For-
mation exposed the Proterozoic strata until the middle Cambrian
(Zhou et al., 2006), which is commonly thought to have resulted
from the formation of supercontinent Rodinia (Wang et al., 2000;
Lu et al., 2008).

The mid-Proterozoic strata are well preserved on the North
China platform, with low metamorphism commonly below
prehnite-pumpellyite phase (Li et al., 2003; Chu et al., 2007). The
low metamorphism of rocks warrants that REE +Y signatures may
record their primary signals (Bau and Méller, 1993) and can be used
for paleoenvironmental interpretation (e.g., Planavsky et al., 2010;
Ling et al., 2013).
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Fig. 1. Generalized stratigraphic subdivisions and zircon U-Pb age constraints of the
Proterozoic succession on the North China platform. The thickness of stratigraphic
units varies by location. Question marks indicate estimated boundary ages on the
basis of existing U-Pb ages and stratigraphic thicknesses.

2.2. Geochronological framework

In recent years, a number of zircon U-Pb ICP-MS, SHRIMP and
TIMS ages have been obtained from the Proterozoic succession of
the North China platform (Lu and Li, 1991; Li et al., 2010, 2013,
2014; Gao et al,, 2007, 2008a, 2008b; Lu et al., 2008; Su et al.,
2008, 2010; Zhang et al., 2013, 2015; Duan et al., 2014; Su, 2014;
Tian et al., 2015), which provide reasonable geochronologic con-
straints to the stratigraphic units (Fig. 1). Based on the radiometric

ages and stratigraphic relationships, the base and top of the Chuan-
linggou Formation can be defined at ~1.65 Ga and ~1.64 Ga; those
for the Gaoyuzhuang Formation can be set at ~1.60 and ~1.54 Ga;
and those for the Wumishan Formation are placed at ~1.52 Ga and
~1.47 Ga, respectively (Qiao et al., 2007; Gao et al., 2009, 2010; Li
etal., 2010, 2013; Tang et al., 2015).

2.3. Sedimentary facies

Our ironstone samples were collected from the lower part of
the Chuanlinggou Formation, and carbonate samples were from
the Gaoyuzhuang and Wumishan formations in Hebei province
and the suburb of Beijing (Fig. 2). Regionally, the Chuanlinggou
Formation is dominated by black shale and dark gray silty mud-
stone deposited from low-energy subtidal environments (Li et al.,
2003,2015; Chuetal.,2007). However, in the sampling sites (Xuan-
hua and Chicheng, Hebei province), Member-I of this formation is
characterized by oolitic and stromatolitic ironstones (Fig. 3A and
B) with some hematite-rich sandstone interbeds, and was mainly
deposited from shallow subtidal environments (Dai et al., 2004;
Tang et al., 2015).

The Gaoyuzhuang Formation is predominated by carbonates
and can be divided into four members in the Yanqing area, sub-
urb of Beijing. Member-I consists of sandstones with cross-bedding
in the lower part and stromatolitic dolostones in the upper part.
This Member was thought to have deposited from shallow sub-
tidal to intertidal environments (Mei, 2008). Member-II consists
of manganiferous dolostone in the lower part, with some Mn-
concretion-bearing dark shale interbeds of subtidal origin (Mei,
2008), and thick-bedded muddy dolostone in the upper part,
from which evidence of subaerial exposure indicates intertidal to
supratidal environments (Fig. 3C). The lower part of Member-III
is composed of thin-bedded muddy dolostone without any wave-
influenced structures (Fig. 3D) and calcareous mudstone with cm-
to dm-sized carbonate concretions (Fig. 3E). The lack of wave- and
tide-influenced structures suggests deposition from low-energy
deep-water environments possibly below storm wave base (Mei,
2007,2008; Guoetal., 2010,2013a; Luoetal.,2014,2015). The mid-
dle part of Member III contains thick-bedded thrombolites (Fig. 3F)
and the upper part consists of microbially-laminated dolostones
(Fig. 3G). These features are interpreted as deposition from shallow
subtidal to intertidal environments (Guo et al., 2010). Member-IV of
the Gaoyuzhuang Formation is characterized by massive microbial
reef carbonates with a total thickness up to 450 m (MMei, 2007,2008).
The presence of conical stromatolite (Conophyton) (Fig. 3H) and
thinly laminated microbialites (Fig. 31, cf. Bartley et al., 2015) in this
member indicates deep-water environments, at least episodically
below fair-weather wave base.

The Wumishan Formation is dominated by peritidal dolostones
with abundant chert bands and various microbialites (Tang et al.,
2013a). This formation is divided into four members. Member-I is
composed of oolitic, stromatolitic and micritic dolostones that were
mostly deposited in shallow subtidal to intertidal environments.
Member-II consists mainly of tabular thrombolites with some
intraclasts and thickly bedded dolostones of shallow subtidal to
intertidal environments. Member-III contains thick-bedded domal
and tabular thrombolites devoid of wave-influenced structures
indicative of deep subtidal environments and layered stromato-
litic dolostones of shallow subtidal origin. Member-IV is made up
of micritic and finely-laminated dolostones, with thin layers of
thrombolitic dolostone in its lower part. The thrombolites are grad-
ually substituted by stromatolites in the upper part, showing a
shallowing-upward trend formed in a prograding carbonate plat-
form (Shi et al.,, 2008; Tang et al., 2011, 2013a). This formation is
highly cyclic, with subtidal-intertidal-supratidal facies organized
into meter-scale parasequences (cycles). A typical parasequence
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Fig. 2. (A) Major tectonic subdivisions of China, showing the study area (square). (B)
Paleogeography of the North China platform during deposition of the Chuanlinggou
Formation (late Paleoproterozoic). (C) Paleogeography of the North China platform
during deposition of the Gaoyuzhuang and Wumishan formations (middle Meso-
proterozoic). Modified from Qiao and Gao (2007) and Qiao et al. (2007). Legends:
1 - exposed area; 2 - coarse-grained siliciclastic-dominated rocks; 3 - deep-water
siliciclastic-dominated rocks; 4 - shallow-water mudstone; 5 - shallow-water car-
bonate; 6 — deep-water carbonate; 7 - fault; 8 - sampled sections.

has subtidal thrombolite in the low part (Fig. 3]), shallow sub-
tidal to intertidal microbial mat-rich micritic dolostone (Fig. 3K)
in the middle part, and supratidal argillaceous dolostone with
exposure surfaces in the upper part (Fig. 3L, Tang et al., 2013a).
Dark biolaminites sampled from Member-II were interpreted to
have formed in a submarine lagoonal environment (Tang et al.,
2014).

3. Materials and methods

Samples analyzed in this study were collected from several
formations covering different lithologies. Oolitic and stromatolitic
ironstones were collected from Member-I of the Chuanling-
gou Formation at the Sanchakou section (N: 40°4805.01”, E:
115°40'27.76") in Chicheng County and the Majiayao section
(N: 40°39'38.54”, E: 115°8/25.12”) in Xuanhua County of Hebei
Province. Dolostone samples were collected from the upper parts
of Member-II and Member-III of the Gaoyuzhuang Formation at
the Gan’gou section (N: 40°39'49.5”, E: 116°14/'30.2”) in Yan-
ging County, suburb of Beijing. Microbial reef carbonates of
the Gaoyuzhuang Member-IV were collected from the Gan’gou
(N: 40°39'18.984”, E: 116°14'26.711”) and Malugou sections (N:
40°44/28. 524", E: 116°12'37.645"”) in Yanqing County, suburb of
Beijing. Dolostone samples of the Wumishan Formation were col-
lected from Yesanpo (N: 39°39'45”, E: 115°27’40”) and Huailai (N:
40°28'00”, E: 115°27’01”) in Hebei Province and from the Western
Hills (N: 40°02'50”, E: 115°49'33") of Beijing.

Samples were cut into chips and thin sections, and they were
petrographically examined and photographed. Well-preserved
samples were selected for REE+Y analysis. In preparation for
REE +Y analyses, polished chips were drilled for powders, avoiding
weathered surfaces, fractures, and recrystallized areas.

Previous studies indicated that non-skeletal carbonates and
ironstones can record seawater REE+Y patterns (e.g., Webb and
Kamber, 2000; Kamber and Webb, 2001; Nothdurft et al., 2004;
Planavsky et al., 2010), but they are vulnerable to contamination
from terrigenous sediments, particularly clay minerals (e.g., Van
Kranendonk et al., 2003; Olivier and Boyet, 2006; Planavsky et al.,
2010; Ling et al., 2013). Existing REE + Y data in literature were pro-
duced using a variety of acids, including nitric acid (Webb and
Kamber, 2000), hydrochloric acid (Banner et al., 1988), sodium
acetate mediated with acetic acid (Tessier et al., 1979), and acetic
acid (Nothdurft et al., 2004; Ling et al., 2013). Usually, for pure car-
bonate nitric acid and/or hydrochloric acid were used, whereas for
impure carbonate rocks sodium acetate-acetic acid or simply acetic
acid was used. We used hydrochloric acid to digest ironstone sam-
ples because acetic acid cannot efficiently dissolve hematite and
HF/HNO; to digest pure carbonate samples because detrital con-
tamination is negligible. We used acetic acid to dissolve impure
carbonates for avoiding contamination from terrigenous compo-
nents.

For carbonate samples with terrigenous components, about
0.05g sample powders were placed in a 50 mL centrifuge tube,
followed by addition of ~40 mL DI water and 500 ng Rh internal
standard. Next, 2.5 mL acetic acid (98%, purified by sub-boiling)
was added to dissolve the carbonate. When the solution is no
longer bubbling, it was diluted to 50mL and sealed. The sealed
tube was shaked for about 1h and then centrifuged for 3 min at
3000 rpm. The solution without insoluble residue was used to mea-
sure REEs and trace elements. The preparation process for ironstone
samples is similar, but the acid used to dissolve sample pow-
ders was 4 M HCI. REEs and trace elements were analyzed using
a Bruker Aurora M90 ICP-MS at the Institute of Geochemistry, Chi-
nese Academy of Sciences. For pure carbonate samples, a mixture
of 6 N HF and 6 N HNOj3 (1:2) was used to dissolve sample powders
following the methods described in Guo et al. (2013b). The solu-
tion was used to measure REEs and trace elements using a Finnigan
MAT HR-ICP-MS (Element 1) at Beijing Geological Research Insti-
tute of China National Nuclear Corporation. We used 'Eu and
157Gd to monitor the measurement. The interferences of 13°Bal60
to 131Eu and #1Pr160 to 1°7Gd were corrected by measuring the
standard solution of 400 ppb Ba and 40 ppb Pr. The average Ba con-
centration of all our samples is 10.463 ppm (0.561-69.900 ppm),
which are significantly lower than that of the reference materials
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Fig. 3. Some common lithologies and sedimentary structures indicative of depositional environments in studied sections. (A) Oolitic ironstone from Member-I of the
Chuanlinggou Formation, Chicheng. (B) Stromatolitic ironstone from Member-I of the Chuanlinggou Formation, Chicheng. (C) Medium-bedded muddy dolostone with
mudcracks on bedding surface, Member-II of the Gaoyuzhuang Formation, Yanqing. (D) Thinly-bedded dark-gray muddy dolostone without current-influenced structures,
Member-III of the Gaoyuzhuang Formation, Yanqing. (E) Cm- to dm-sized carbonate concretions in calcareous mudstone, Member-III of the Gaoyuzhuang Formation, Yanqing.
(F) Massive thrombolites with mm-scale mesoclots, Member-III of the Gaoyuzhuang Formation, Yanqing. (G) Photomicrograph showing microbially-laminated dolostones
with wavy laminations, Member-III of the Gaoyuzhuang Formation. (H) Conical stromatolite (Conophyton) from Member-IV of the Gaoyuzhuang Formation, Yanqing. (I)
Microbialites with positive relief expressed by near vertical ridges (VS) and sub-horizontal drapes (HE), Member-IV of the Gaoyuzhuang Formation, Yanqing. (J) Massive
thrombolites with mm- to cm-sized mesoclots, Member-III of the Wumishan Formation, Yesanpo. (K) Laminated microbial mats and micritic dolostone from Member-III of
the Wumishan Formation, Yesanpo. (L) Argillaceous dolostone from Member-III of the Wumishan Formation, Huailai.

(322.3-908.00 ppm), indicating that the Ba interference on REE+Y
of our samples is negligible. Reference materials AMH-1 (andesite),
BCR-2 (basalt), GBPG-1 (plagiogneiss) and OU-6 (slate) are used
to monitor the precision and reproducibility. The precision of all
ICP-MS analyses is better than +5-10% (relative) for most analyzed
elements. More specifically, the precision for elements V, Mo, Cr,
Th, U, Y, Ba, La, Ce, Eu, Gd, Tb, Tm, Yb and Lu is better than +10%
(relative) and for Pr, Nd, Sm, Dy, Ho and Er, it is better than +5%
(relative).

4. Results

In this study, 79 samples from early mid-Proterozoic strata of the
North China platform were analyzed for REE +Y and redox-sensitive
trace element (RSE) concentrations. The results are listed in Table
S1 and illustrated in Figs. 4-8. We also compiled the secular Ce/Ce*
variations through time (Fig. 8) using available data in literature
(Table S1; Kato et al., 1996, 1998, 2002; Alibo and Nozaki, 1999;
Webb and Kamber, 2000; Nothdurft et al., 2004; Alexander et al.,

2008; Azmy et al., 2009; Planavsky et al., 2010; Ling et al., 2013;
Tang et al., 2013b).

In general, all analyzed samples show little contamination from
clastic components and have seawater-like REE+Y patterns when
normalized to Post-Archean Australian Shale (PAAS) (Fig. 4). Iron-
stone samples from the Chuanlinggou Formation have REE and
Th concentrations of 6.133-124.963 ppm and 0.633-2.212 ppm,
respectively, which are similar to those in Banded Iron Forma-
tions (BIFs) with low clastic contents (e.g., Planavsky et al., 2010).
Carbonate samples have much lower REE and Th concentrations
of 0.58-47.841 ppm and 0.002-1.415 ppm, respectively. They are
similar to those in microbialites without clastic contamination
(e.g., Nothdurft et al., 2004). No co-variation between Ce/Ce*,
Pr(sny/Ybsn), Y/Ho ratios and Th concentrations is observed (Fig. 5).

Ling et al. (2013) suggested using Th concentrations (Th
<0.5ppm) as a criterion to screen samples with siliciclastic con-
tamination. Using this criterion, samples from the Chuanlinggou
Formation and Member-II of the Gaoyuzhuang Formation, and part
of the samples from Member-III of the Gaoyuzhuang Formation
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Fig. 4. PAAS-normalized REE patterns for ca. 1.65-1.47 Ga ironstone and carbonate samples from the North China platform.

are deemed to be contaminated by siliciclastic components. How-
ever, the general trends of Th-screened Ce anomalies, Prisy)/Ybsn)
and Y/Ho ratios, and enrichment factors of U, V, and Mo (cal-
culated by Xgr =(X/Th)sample/(X/Th)upper crust; X represents U, V,
and Mo) are virtually the same as those of unscreened dataset
(Figs. 6 and 7), suggesting that siliciclastic influence on the REE+Y
and RSE values are insignificant. Similar to modern seawater,
PAAS-normalized REE +Y patterns of our samples show positive La
anomalies (1.38 £0.45), none to moderately positive Gd anoma-
lies (1.08 £0.19), and none to moderately positive Eu anomalies
(1.10£0.42).

Several temporal trends of REE+Y patterns and RSE enrich-
ment factors are observed (Figs. 6 and 7). First, there are no
statistically significant negative Ce anomalies observed until
Member-IV of the Gaoyuzhuang Formation (~1.54Ga, Fig. 6A).
In this study, Ce anomalies were calculated using the equation
Ce/Ce* = Ce(sn)/[Pr(sny2/Nd(sny] as suggested by Lawrence et al.
(2006). Because of positive La in seawater, the conventional

calculation (Ce/Ce*=2*Ce(sny/[Lagsny +Prisny]) would result in
apparent negative or false Ce anomalies (Bau and Dulski, 1996;
Lawrence et al., 2006). As shown in Fig. 6A, samples from
Member-I of the Chuanlinggou Formation have Ce/Ce* values of
1.53-1.06 (1.22+0.16) and those from Member-Il and Member
Il of the Gaoyuzhuang Formation has Ce/Ce* values of 1.11-0.97
(1.03 £0.06) and 1.13-0.91 (1.02 £ 0.06), respectively. In contrast,
samples from Member-IV of the Gaoyuzhuang Formation have
lower Ce/Ce* values between 1.06 and 0.76 (0.94 & 0.09). Member-
I of the Wumishan Formation have Ce/Ce* values varying between
1.35 and 0.61 (0.95 £0.20) and Member-III of the same formation
have Ce/Ce* values of 1.32-0.66 (1.01 & 0.16). In other words, rec-
ognizable negative Ce anomalies appeared suddenly in Member-IV
of the Gaoyuzhuang Formation, and episodic negative Ce anoma-
lies are present in the overlying Wumishan Formation. The negative
Ce/Ce* shiftreported here is similar to that occurred in 2.33-2.06 Ga
and in the latest Neoproterozoic (Fig. 8), both of which were
interpreted as the result of increased ocean oxygenation (Tang
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Fig. 5. Cross-plots of REE versus Th concentration of the ironstones and carbonates
from the North China Platform. (A) Ce anomalies versus Th. (B) Pr(sy)/Ybsn) ratios
versus Th. (C) Y/Ho ratios versus Th.

et al.,, 2013b; Ling et al., 2013). However, negative shifts in Ce/Ce*
seem not to be unidirectional; more than half of the samples
from Member-IV of the Gaoyuzhuang Formation and its overlying
Wumishan Formation have Ce/Ce* values close to or slightly higher
than 1, which are distinct from those of the latest Neoproterozoic
and Phanerozoic strata (Fig. 8).

Second, carbonates (<1.54Ga) from Member-IV of the
Gaoyuzhuang Formation and its overlying Wumishan Forma-
tion have much lower light-to-heavy REE ratios than carbonates
from the lower Gaoyuzhuang Formation. Light-to-heavy REE ratios
are represented by Pr(syy/Ybsn ratios. Samples from Member-IV of
the Gaoyuzhuang Formation, and Member-II and III of the Wumis-
han Formation have average Prsy)/Ybsyy ratios of 0.39+0.21,
0.85+0.20, and 0.79 +0.19, respectively; while Member-II and III
of the Gaoyuzhuang Formation have higher average Pr(sn)/Ybs)

ratios of 1.25+0.09 and 1.52 +0.35, respectively (Fig. 6C). The
ironstones from the Chuanlinggou Formation have highly variable
Pr(sny/Ybsny ratios of 2.44 +2.49 (Fig. 6C).

Third, there is a significant increase in Y/Ho ratios in Member-
IV of the Gaoyuzhuang Formation (~1.54Ga) and its overlying
Wumishan Formation (Fig. 6E). Carbonate samples from these units
have an average Y/Ho ratio of 49.24 +13.32, which is markedly
higher than the PAAS composite ratio of ~27. In contrast, carbo-
nates and ironstones older than Gaoyuzhuang Member IV have
lower average Y/Ho ratios of 32.19 + 5.28.

The U, V, and Mo enrichment factors (Ugg, Vg, and Mogg) of
samples older than ~1.54Ga are close to those of the average
upper continental crust, while samples younger than ~1.54 Ga have
higher Ugg, Vgg, and Mogg values (Fig. 7). To minimize the influence
of siliciclastic components, RSE concentrations were normalized
by Th concentration (cf. Schréder and Grotzinger, 2007). Member-
I of the Chuanlinggou Formation and Member-II and III of the
Gaoyuzhuang Formation have normalized Ugg values of 2.05 + 0.67,
0.70+0.20, and 1.73 4 0.88, respectively; while Member-IV of the
Gaoyuzhuang Formation, and Member-II and III of the Wumishan
Formation have higher Ugg values 0f 32.93 +£46.90,9.17 +£5.72, and
22.114+19.33, respectively. The Vgg values also show an increase
in Member IV of the Gaoyuzhuang Formation and its overly-
ing Wumishan Formation (0.55 4 0.28, 0.36 4 0.09, and 0.83 +0.49
in Chuanlinggou Member-I, Gaoyuzhuang member-II and III,
respectively, and 97.12 + 154.24, 13.10 + 8.54, and 25.25 4+ 18.64 in
Gaoyuzhuang Member-IV, Wumishan Member-II and III, respec-
tively). Similarly, Mogg values increase in Gaoyuzhuang Member-IV
and its overlying strata (0.17 +0.05, 0.33+0.08, and 3.78 +5.37
in Chuanlinggou Member-I, Gaoyuzhuang Member-II and III; and
157.88+£251.26, 5.66+3.67, and 17.80+11.50 in Gaoyuzhuang
Member-1V, and Wumishan Member-II and III, respectively).

5. Discussions
5.1. Evaluation of REE +Y anomalies

Because REE +Y contents in sediments (and sedimentary rocks)
are much higher than those in diagenetic, metamorphic, and
hydrothermal fluids, it has been suggested that REE +Y in Fe oxide-
rich sediments and non-skeletal carbonates are rock buffered under
low water/rock ratios in typical diagenetic and metamorphic con-
ditions (e.g., Bau, 1993; Bau and Dulski, 1996; Kato et al., 1998;
Slacketal., 2007). For example, even under intense weathering that
destroyed the original rock textures, some REE anomalies (e.g., Eu
anomaly) are still preserved (Nesbitt, 1979). Given that the Meso-
proterozoic strata of the North China platform are well preserved
and have a metamorphic grade below prehnite-pumpellyite phase
(Lietal.,2003; Chuetal., 2007), we argue that diagenetic and meta-
morphic alteration on the REE+Y values of our samples may be
minor.

Siliciclastic components (particularly clay minerals) may cause
changes in REE+Y patterns in carbonate and Fe oxide-rich sedi-
ments (Kamber and Webb, 2001; Nothdurft et al., 2004; Planavsky
et al., 2010). In our samples, the Th contents are very low in
general (Fig. 5) and the Th-calibrated REE patterns are similar to
those un-calibrated REE patterns. For example, the Th contents
of HF/HNOs-dissolved carbonate samples are in the range of
0.002-0.190 ppm (0.054 ppm in average), which only account for
0.37% (0.00-1.30%) of the Th value of PAAS. Further, there is no co-
variation between Ce/Ce”, Prsy)/Yb(sn), and Y/Ho ratios. Thus, we
believe that siliciclastic contributions to the REE +Y patterns of our
samples are insignificant.

Basin isolation may cause systematic changes in REE +Y anoma-
lies. Sedimentological studies indicated that during deposition of
the Gaoyuzhuang Formation and its underlying strata, the North
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Fig. 6. Temporal trends of REEs of ca. 1.65-1.47 Ga ironstone and carbonate samples. (A) and (B) Ce anomalies, showing a negative shift of Ce anomalies at ~1.54 Ga. (C) and
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China platform was most likely connected to the open ocean (Mei,
2007, 2008; Guo et al., 2010, 2013a; Tang et al., 2013a, 2015).
During deposition of the Wumishan Formation, local restriction in
lagoonal environments of an epeiric sea may have happened (e.g.,
Tang et al., 2014), but there is no evidence for basin isolation in
a broad scale on the North China platform. The temporal changes
in Ce/Ce*, Pr(sny/Yb(sn) and Y/Ho ratios occur in Member-IV of the
Gaoyuzhuang Formation (~1.54 Ga, Fig. 6), from which abundant
microbialites and stromatolites indicate normal shallow-marine
environments. Thus, we believe that the mid-Proterozoic North
China platform had open-ocean connections and the observed
changes in Ce/Ce*, Prisny/Ybsny and Y/Ho ratios record secular
changes in seawater chemistry.

5.2. REE +Y signatures of the mid-Proterozoic North China
platform

The positive Ce anomalies observed in ironstones of the Chuan-
linggou Formation indicate that there were redox cycling of Ce in

the water column. There must have existed suboxic-oxic surface
water so that Ce(IV) carried by Mn-Fe oxides, organic matter and
clay minerals went through reductive dissolution and accumulated
as reduced Ce(Ill) below the chemocline (Byrne and Sholkovitz,
1996). In addition, the highly variable light-to-heavy REE ratios of
ironstones suggest deposition around the chemocline (cf. Planavsky
etal., 2010; Tang et al., 2015). Sedimentological evidence indicates
that the oolitic and stromatolitic ironstones (Fig. 3A and B) of the
Chuanlinggou Formation were deposited in shallow subtidal envi-
ronments above fair-weather wave base (Dai et al.,2004; Tanget al.,
2015). Thus, we infer that the Fe-Mn redoxcline must have been
very shallow.

However, the absence of negative Ce anomalies in carbonates
prior to ~1.54 Ga, independent of sedimentary facies (Fig. 6A and
B), implies that Ce redox cycling in shallow-marine environments
of the early Mesoproterozoic ocean may have been minimum and
shallow waters were largely in reduced state relative to Ce. The
negative Ce anomalies in younger carbonates (Fig. 6A and B) indi-
cate increasing oxidizing conditions that allowed for significant
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Ce redox cycling in shallow waters. The change of Ce anomaly
around ~1.54 Ga corresponds well with the secular variation in
atmospheric oxygen concentration recorded by Zn/Fe ratios in shal-
low water carbonates (Liu et al., 2016) and the increase of biotic
abundance, diversity and size (Shi et al., 2014).

The minimum oxygen requirement for Ce redox cycling may
provide information about the surface ocean dissolved O, and
atmosphere pO, level during the mid-Proterozoic. As Ce(Ill) has
a redox potential close to Mn(Il) (Ce3* —e~ — Ce*", E°=+1.61V;
Mn2* +2H,0 — MnO, +4H* +2e~, E°=+1.23V), this implies that
the shallow subtidal environments on the North China platform
prior to ~1.54 Ga remained reduced relative to Mn. Based on exper-
iments and numerical modeling, Schippers et al. (2005) concluded
that rapid Mn(Il) oxidation would happen at an in situ O, con-
centration of 0.5 uM and even at the O, level of ~0.2 wM, Mn(II)
was completely oxidized in their incubations. The general lack of
Ce anomalies in the sedimentary rocks prior to ~1.54 Ga proba-
bly suggests that free O, in shallow subtidal and intertidal waters
was below the Mn(II) oxidation minimum (~0.2 wM), given that
Ce(Ill) and Mn(II) oxidation shares a common pathway (Moffett,

1994) and requires similar minimum oxygen level (Planavsky et al.,
2010).

Ironstones from the Chuanlinggou Formation were deposited in
shallow water environments above fair-weather wave base (Tang
et al., 2015), and many carbonate layers in the second and third
members of the Gaoyuzhuang Formation are also deposited from
shallow subtidal to intertidal environments (Table S1). In deposi-
tional environments above fair-weather wave base, wave activities
and tides would allow efficient water-atmosphere exchange to
have oxygen equilibrium between atmosphere and shallow waters
of the ocean. Considering that at normal temperatures, the oxygen
content in shallow-marine waters is proportional to atmospheric
oxygen level (e.g., Forstner and Gnaiger, 1983), if the oxygen con-
centration in shallow subtidal and intertidal environments prior
to ~1.54 Ga was <0.2 uM (suboxic to anoxic), which is about 0.1%
of the modern oxygenated surface ocean (~280 wM; Luther et al.,
1991; Sperling et al., 2013), we infer that the atmosphere O, level
may have also been <0.1% PAL. This is consistent with the estimate
of ~0.1% PAL of oxygen for the mid-Proterozoic atmosphere on
the basis of chromium isotopes (Planavsky et al., 2014). The low
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(<0.1% PAL) oxygen level is also in agreement with the estimation
oflow oceanic sulfate level (~1.8 mM) in the mid-Proterozoic ocean
(Luo et al., 2015).

The first appearance of negative Ce anomalies in Member-IV of
the Gaoyuzhuang Formation indicates that the Mn-redoxcline was
deepened toward deep subtidal zone. Considering that there are
no significant temporal changes in water depth of the depositional
environments, the episodic occurrences of negative Ce anomalies in
younger carbonates may suggest that the surface ocean was weakly
oxygenated (03 >0.2 wM, suboxic) after ~1.54 Ga, with oxygen con-
centration fluctuated around 0.2 .M.

Similar to the behavior of Ce, in oxic waters light REEs are
depleted due to preferential removal of light REEs by Mn-Fe oxides,
organic matter and clay particles. The light to heavy REE ratio
(Prsny/Ybsny) increases markedly across Mn-Fe redox boundaries
due to reductive dissolution of settling Mn-Fe oxides (Sholkovitz
and Elderfield, 1988; German et al., 1991; Sholkovitz et al., 1992;
Byrne and Sholkovitz, 1996). Thus, light to heavy REE ratios below
the Mn and Fe redox boundaries in many redox-stratified basins
are close to or even higher than that of PAAS (de Baar et al., 1988;
Schijf et al., 1995; Bau et al., 1997; De Carlo and Green, 2002). In
oxic waters, Y/Ho ratios are higher than that of PAAS, due to lower
particle-reactivity of Y than its geochemical analog Ho (Bau et al.,
1997; Nozaki et al., 1997). In suboxic to anoxic waters, however,
Y/Ho ratios would decrease because of more efficient release of Ho
relative to Y under reduced conditions (Bau et al., 1997). There-
fore, low Pr(sny/Yb(sn) and high Y/Ho ratios of carbonates indicate
more oxic conditions, whereas high Prsy)/Ybisny and low Y/Ho
ratios suggest suboxic to anoxic conditions. The temporal trends
in Pr(sn)/Ybsny and Y/Ho ratios are very similar to that of the Ce
anomaly (Fig. 6C-F). Particularly, the decrease in Pr(sy)/Ybsy) and
increase in Y/Ho ratios at ~1.54 Ga suggest increase in oxygen con-
centration of the surface water, consistent with the presence of
negative Ce anomalies at the same stratigraphic level (Fig. 6C-F).

5.3. RSE signatures of the mid-Proterozoic North China platform

Trace-metal enrichments in marine carbonates may also
provide information about the water-column redox state (e.g.,
Hood and Wallace, 2014, 2015; Sansjofre et al., 2014). Although
RSE concentrations can be complicated by diagenetic alterations
and we cannot preclude the diagenetic influences on the absolute
Ugg, Vgr, and Mogg values of our samples, the temporal trends of Ugg,
VEg, and Mogg (Fig. 7) may record changes in RSE availability in the

depositional water column because our samples were collected
from stratigraphically adjacent units that may have experienced
similar burial diagenesis.

Numerous studies have shown that seawater RSE concentra-
tions are controlled by the redox landscape of the global ocean,
which exerts the first-order control on RSE enrichments in sed-
iments (e.g., Emerson and Huested, 1991; Hastings et al., 1996;
Algeo and Lyons, 2006; Scott et al., 2008; Sahoo et al., 2012;
Reinhard et al., 2013). Following this reasoning, the increase of
Ukgr, Vgr, and Mogr in Gaoyuzhuang Member IV (Fig. 7) may record
expansion of the marine RSE reservoirs in response to more oxic
oceans at and after ~1.54 Ga. However, because carbonates are not
the efficient RSE carrier during deposition and the lower oxygen
level (around 0.2 M) estimated from Ce/Ce* data do not support
a highly oxygenated ocean, we interpret that the increase of Ugg,
Ve, and Mogg at ca. 1.54 Ga may record a more vigorous redox-
cycling environments for RSEs and/or more active microbial uptake
of RSEs during deposition of the Gaoyuzhuang Member-IV. This is
consistent with the temporal trend of REE +Y pattern (Fig. 7) and
the occurrence of thick, reef-making microbialites in Member-IV of
the Gaoyuzhuang Formation.

5.4. Low oxygen concentration as a cause for the evolutionary
stasis of eukaryotes

Recent studies indicate that eukaryotes can survive and even
thrive under extremely low oxygen levels (e.g., Sperling et al., 2013;
Mills et al., 2014). Theoretical estimate of the minimum O, require-
ment for the last common ancestor of bilaterians ranges from 0.14%
to 0.36% PAL (ca. 0.37-0.95 wM), depending on the organism’s sizes
and possession of a vascular system (Sperling et al., 2013). In the
modern ocean, bilaterian faunas can exist in the oxygen-minimum
zone of Chile (Palma et al., 2005), Peru (Levin et al., 2002) and the
Bay of Bengal (Sperling et al., 2013) with O, concentrations as low as
~0.88 WM. Previous studies estimated that the atmospheric oxygen
concentration might have varied from 1% to 40% PAL after GOE (Rye
and Holland, 1998; Canfield, 2005; Holland, 2006; Kump, 2008;
Reinhard et al., 2013), which are well above the oxygen demands of
the metazoan ancestors before NOE (Mills et al., 2014). For this rea-
son, some researchers argued that the origin of metazoans may not
have been directly related to the rise of oxygen in Earth’s surface
environments (e.g., Mills et al., 2014).

A recent chromium isotope study indicates that atmospheric
oxygen levels during the mid-Proterozoic were probably lower
than 0.1% PAL (Planavsky et al., 2014), far below the minimum O,
requirement of most multicellular animals (Sperling et al., 2013;
Mills et al., 2014). Our REE+Y data provide additional evidence
that supports low oxygen levels in mid-Proterozoic atmosphere
and ocean. The dissolved oxygen in shallow-marine environments
may have been below 0.2 wM during the latest Paleoproterozoic
to early Mesoproterozoic, with a marked increase at ~1.54 Ga and
fluctuating levels thereafter. This implies that, when looking into
the details, the ocean oxygenation may have been more compli-
cated than an overly simplified two-step oxygenation (Canfield
et al., 2013; Asael et al,, 2013; Lyons et al., 2014), even in the
Mesoproterozoic era when atmospheric oxygen level was very
low in general (e.g., Sperling et al., 2013; Reinhard et al., 2013;
Planavsky et al.,, 2014). Low oxygen levels would have limited
organisms to small sizes and thin body plans with little metabolic
scope (e.g., Payne et al., 2011; Sperling et al., 2013), which would
in turn exert impact on the multi-cellularity and diversification
of eukaryotes (Schirrmeister et al., 2013). Our results suggest
that the low oxygen level in surface oceans could have played a
crucial role in the evolution of eukaryotes and help explain the
billion-year-long evolutionary stasis during the mid-Proterozoic
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and delayed appearance of metazoans until the terminal Protero-
zoic.

6. Conclusion

Shallow-marine ironstones and carbonates from latest Paleo-
proterozoic to early Mesoproterozoic strata of the North China
platform were investigated for their REE+Y patterns and trace-
element concentrations. The lack of negative Ce anomalies in
shallow-water carbonates prior to ~1.54Ga suggests low oxy-
gen concentration (<0.2 wM) in shallow-marine environments that
limited Ce (and Mn) redox cycling. The presence of episodic neg-
ative Ce anomalies in shallow-water carbonates after ~1.54 Ga
suggests increase of surface-water oxygen concentrations, but fre-
quent shifts in Ce/Ce* between carbonates of identical depositional
water depth imply that shallow chemocline possibly remained
through most of the mid-Proterozoic. The coincident occurrence of
negative Ce anomalies, decrease in Pr(sy)/Ybsy) ratios, increase in
Y/Ho ratios, and increase in Ugg, Vgg, and Mogr at ~1.54 Ga suggests
an Oxygenation Event, although its global significance requires
further investigation. The low oxygen level in shallow seawater
(~0.2 M) estimated from the REE data support that low oxygen
was the major barrier for eukaryotic diversification during the mid-
Proterozoic and helps explain the delayed evolution of metazoans
until terminal Proterozoic.
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