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ABSTRACT

The Mesoproterozoic era has long been considered a time of relative environmental and biological
stasis. However, emerging insight suggests that this period may have been more dynamic than
previously considered, both in terms of oxygenation and potential consequences for biological
evolution. Nevertheless, our understanding of this immense period of time remains limited. To
provide more detailed constraints on oxygenation dynamics, we report a multiproxy geochemical
study of an early Mesoproterozoic (~1600—1540 million years ago, Ma) carbonate-dominated
succession from the North China craton. We include inorganic carbon isotope (8'3Cear), iron-
speciation, and major and trace element data, in addition to molybdenum isotopic compositions
(8”¥°Mo). These geochemical data support previous inferences of persistent anoxic and ferruginous
deeper water conditions in the earliest Mesoproterozoic ocean, with limited oxygenation of surface
waters. However, the behaviour of these redox-sensitive geochemical proxies reveals pulsed
oxygenation events, with each event increasing the maximum depth of oxygenation, leading to overall
progressive oxygenation of the ocean. During these pulsed oxygenation events we find the lightest
Mo isotope signatures ever measured in the rock record, which we attribute to initial drawdown of
isotopically light Mo in association with extensive Mn and Fe (oxyhydr)oxide precipitation, followed
by diagenetic recycling. However, shallower water sediments deposited after the pulses of deeper
water oxygenation more faithfully record the Mo isotopic composition of coeval seawater. For these
samples, we utilise a single reservoir Mo cycling model, constrained by an updated estimate of
Mesoproterozoic seawater Mo concentration, and scaled using a function associated with differential
organic carbon flux between the shelf and basin. When scaled to modern rates of Mo accumulation
under variable marine redox conditions, our modelling estimates suggest a minimum oxic seafloor
area of ~30% of the total seafloor area at ~1540 Ma. It remains unclear whether the oxygenation

observed across this ~60 million year interval represents a progressive transition to a more persistently
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oxygenated ocean, or whether oceanic oxygen levels fluctuated considerably through the later

Mesoproterozoic.

Key words: Mesoproterozoic, palacoredox, Fe speciation, molybdenum isotopes, ocean oxygenation

1. Introduction

The Mesoproterozoic (1.6—1.0 Ga) has long been considered an interval of relative geochemical
and evolutionary stasis (e.g., Buick et al., 1995; Javaux and Lepot, 2018), and although atmospheric
oxygen levels are highly debated (Cole et al., 2016; Zhang et al., 2016; Canfield et al., 2018), oxygen
concentrations are commonly considered to have stabilised at a low to moderate level (<1% to >4%
of the present atmospheric level; PAL). However, on closer inspection, individual Mesoproterozoic
marine basins reveal significant variability in carbonate carbon (8'3Ccan) isotopes (e.g. Chu et al.,
2007; Gilleaudeau and Kah, 2013; Zhang et al., 2018) and regional redox conditions, which may, or
may not, be linked to fluctuations in atmospheric oxygen (e.g., Zhang et al., 2016; Beghin et al.,
2017), in addition to hitherto unrecognised diversity in Mesoproterozoic complex multicellularity
(e.g., Zhu et al., 2016; Beghin et al., 2017).

Available geochemical evidence points to redox stratification in the Mesoproterozoic ocean, with
anoxic deeper waters overlain by shallower oxic waters (e.g., Scott et al., 2008; Planavsky et al.,
2011; Poulton and Canfield, 2011; Doyle et al., 2018), although suboxic deeper waters (Slack et al.,
2007; 2009) and variable redox conditions (Planavsky et al., 2018) have also been suggested. When
anoxic, deeper oceans are thought to have been dominantly ferruginous, with euxinia restricted to
some productive continental margins (Scott et al., 2008; Planavsky et al., 2011; Poulton and Canfield,
2011; Doyle et al., 2018). However, the extent of ocean oxygenation remains particularly poorly

constrained. A low resolution study spanning ~1.6-0.8 Ga marine sediments from the Southern Urals
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found evidence for restriction of oxygenated waters to only very shallow marine settings (Doyle et
al., 2018). By contrast, studies from other localities suggest that the earlier Mesoproterozoic ocean
may have witnessed pulsed oxygenation events (Zhang et al., 2018; Shang et al., 2019), as well as
potential intervals of oxygen minimum zone (OMZ)-type conditions overlying fully oxygenated
deeper waters, the earliest potential evidence for which currently comes from the ~1.4 Ga Xiamaling
Formation on the North China Craton (Zhang et al., 2016; 2019).

The early Mesoproterozoic carbonate-dominated Gaoyuzhuang Formation (~1.60 — 1.54 Ga) of
the North China Craton has received particular attention, due to the concurrent appearance of
decimetre-scale, multicellular eukaryotic macrofossils (Zhu et al., 2016) with geochemical evidence
for enhanced oxygenation of the marine environment (Zhang et al., 2018; Shang et al., 2019; Wang
et al., 2020). However, the global extent of this inferred oxygenation remains uncertain, and it is also
unclear whether the Gaoyuzhuang Formation records a single transient oxygenation event
contemporaneous with the Gaoyuzhuang fossils, or whether the initial oxygenation event marked the
onset of more pervasive longer-term oxygenation (c.f., Zhang et al., 2018; Shang et al., 2019).

To address these issues we present a multi-proxy geochemical dataset for the Gaoyuzhuang
Formation, with a specific focus on identifying both regional and global marine redox conditions.
Our dataset incorporates major and trace element concentrations, Fe speciation, and total organic
carbon (TOC) measurements, in addition to carbonate C (5'*Ccarb) and Mo (8°®Mo) isotope analyses.
For Mo in particular, a long oceanic residence time (~800 ky; Morford and Emerson, 1999) results in
globally uniform Mo concentrations and Mo isotopic compositions in the modern ocean. Therefore,
although the residence time would have been less in ancient anoxic oceans, changes in seawater Mo
isotopic composition are considered to reflect changes in the global Mo budget, which in turn are
intrinsically linked to changes in seawater palacoredox conditions (e.g., Siebert et al., 2003; Asael et
al., 2018). Palaeoredox studies employing Mo isotope systematics have classically targeted shales

that show independent evidence for deposition beneath locally euxinic water column conditions, in
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order to reconstruct the Mo isotopic composition of global seawater, which is intimately associated
with the relative proportion of oxic versus anoxic (and specifically euxinic) seafloor area (e.g.,
Kendall et al., 2011; Dahl et al., 2010). Here, we utilise the Mo isotopic composition of carbonates
to determine seawater 8°*Mo (Voegelin et al., 2010; Thoby et al., 2019), by first screening our samples
for those that appear to record negligible isotopic fractionation during the incorporation of molybdate
into the carbonate lattice. We then use a single reservoir Mo cycling model to provide the first semi-
quantitative constraints on the global extent of ocean oxygenation at ~1.54 Ga. Our combined
approach provides evidence for multiple oxygenation events in the early Mesoproterozoic ocean, and
gives new insight into the role of pulsed oxygenation events in driving progressive oxygenation across

this dynamic interval.

2. Geological Background

The Yanliao basin developed during a series of long-lived extensional events following the
Paleoproterozoic amalgamation of the North China Craton. An ~9 km thick late Paleo- to
Neoproterozoic sedimentary succession was deposited close to the depositional centre of the Yanliao
basin in the Jixian area (Fig. 1), and comprises the Paleoproterozoic Changcheng Group (~1.66—-1.60
Ga), including the Changzhougou, Chuanlinggou, Tuanshanzi and Dahongyu formations; the
Mesoproterozoic Jixian Group (~1.60-1.40 Ga), including the Gaoyuzhuang, Yangzhuang,
Wumishan, Hongshuizhuang and Tieling formations; an unnamed group (~1.40-1.36 Ga), that
includes the Xiamaling Formation; and the unconformably overlying Neoproterozoic Qingbaikou
Group (~1.00-0.78 Ga), including the Changlongshan and Jing’eryu formations (Fig. 1; Lu et al.,
2008).

The carbonate-dominated Gaoyuzhuang Formation is the lowermost formation of the Jixian
Group, and was deposited unconformably upon the Dahongyu Formation of the Changcheng Group

(Chen et al., 1981; Lu et al., 2008). The Gaoyuzhuang Formation has a maximum depositional age of
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~1.6 Ga based on SHRIMP U-Pb zircon ages from volcanics in the underlying Dahongyu Formation
(Lu et al., 2008). In Jixian county, the Gaoyuzhuang Formation is >1500 m thick and dominated by
littoral to neritic carbonate facies with rare clastic interbeds, and was deposited in a stable
epicontinental sea inferred to have been openly connected to the global ocean (Chen et al., 1981; Chu
et al., 2007). In the Jixian area the Gaoyuzhuang Formation has been subdivided into four lithological
members based on sedimentology and inferred shallowing-upward sequences (Fig. 2; Mei, 2007; Guo
et al., 2013; Zhang et al., 2018).

Member 1 is characterized by ripple-marked shoreface sandstones that give way to cherty
dolomicrite with intercalated clay-rich and stromatolitic dolomicrite in the middle to upper part (Fig.
2), suggesting a change in facies from supratidal to intertidal deposition. The lower part of Member
II dominantly consists of thin, planar beds of Mn-rich dolomicrite, which transition to subtidal
massive dolosparite. The boundary between members II and III is marked by a decimetre-scale
interval of medium bedded nodular limestone with muddy limestone and minor shale interbeds at the
base. The lower part of Member III records a regional marine transgression from shallow subtidal to
deeper outer shelf conditions, close to (or possibly below) storm wave base (Mei, 2007; Guo et al.,
2013). Massively bedded carbonates, including limestone with molar tooth structure and columnar
stromatolites in upper Member III suggest marine regression and a return to subtidal deposition (Mei,
2007). Member IV comprises coarse-grained stromatolitic dolostone, interbedded with bituminous
dolostone and an overlying unit of dolomicrite with cherty concretions, interpreted to represent a
subtidal to intertidal depositional environment. The metamorphic grade of Gaoyuzhuang strata (in
the Yanliao Basin specifically) is below prehnite-pumpellyite facies (Chu et al., 2007; Wang et al.,
2020).

Decimetre-scale multicellular fossils, displaying an unusual degree of morphological complexity
for Mesoproterozoic macrofossils, have been documented from the middle of Member III in the

Kuancheng and Qianxi areas to the east of Jixian County (Zhu et al., 2016). A tuff deposit intercalated
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with sediments of lower Member III in Jixian County yielded a zircon U-Pb (LA-ICP-MS) age of
1577 £ 12 Ma (Tian et al., 2015), and zircon U-Pb ages of 1560 + 5 Ma (LA-ICP-MS) and 1559 + 12
Ma (SHRIMP) have also been reported from a tuff bed in upper Member III in Yanqing County (Li
et al., 2010). Together with the maximum depositional age derived from the Dahongyu Formation
volcanics, this constrains deposition of the Gaoyuzhuang Formation, and associated fossils, from

~1.60-1.54 Ga.

3. Materials and methods

In this study, 71 outcrop samples were collected from the Gaoyuzhuang Formation in the type
section of Jixian County (40.0439° N, 117.4008° E). Microscope images of representative samples
are shown in the Supplementary Information (Fig. S1). Major and trace elements of all samples were
analyzed via X-ray fluorescence (XRF) using a Rigaku ZSX100e spectrometer and an Agilent
Technologies 7700x quadrupole ICP-MS, respectively. Total organic carbon (TOC) concentrations
were measured by combustion using a LECO CS-344 carbon-sulfur analyser (supplementary table
S1). Carbonate rocks that have not been subjected to deep burial dolomitization and have total Fe
concentrations >0.5 wt% are considered suitable for palacoredox interpretation via Fe speciation
(Clarkson et al., 2014). In this study sixteen carbonate samples with FeT >0.5 wt% were chosen for
iron speciation analysis, following the sequential extraction procedure of Poulton and Canfield (2005)
(supplementary table S2). Fifty samples with >50 ppb Mo were analyzed for §°*Mo using *"Mo-'"Mo
double spike methods outlined in Li et al. (2014) and Zhao et al. (2015). The Mo isotopic ratios were
determined on a Thermo-Fisher Scientific NeptunePlus multiple collector inductively coupled plasma
mass spectrometer in the State Key Laboratory of Continental Dynamics, Northwest University.
These fifty sample powders chosen for Mo isotopic analysis were also analysed for carbonate carbon
(8"3Ccany) and oxygen (8'30) isotopes by Continuous Flow-Isotope Ratio Mass Spectrometry (CF-

IRMS) on a Europa Scientific 20-20 IRMS in Iso-Analytical Limited (supplementary table S3). The
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Detailed analytical procedures are attached in on-line Supplementary information, Materials and

methods.

4. Results

All new geochemical data are provided in the Supplementary Information (Table S1). Figure 2
presents new and published (Zhang et al., 2018) data for the Jixian section in a stratigraphic and
sedimentological framework, alongside changes in relative sea level based on interpreted facies (Mei,
2007). 8"3Cean varies from -2.6%o to +0.4%o, with three prominent negative excursions in the lower
half of the succession, the lower two of which have not previously been documented (Fig. 2¢). The
first negative excursion is confined to a 2 m thick interval that transcends the flooding surface defining
the boundary between members I and II, with values of §'*Ccan decreasing from -0.5%o to a nadir of
-2.6%o (Fig. 2¢). The second negative excursion occurs in the lower part of Member III, where values
steadily decrease from -0.6%o to -1.9%o as water depth increases to fair-weather wave base. The third
excursion corresponds to the negative 8'*Cea, anomaly in the middle of Member III that has been
correlated regionally in sections across the North China craton (e.g., Zhang et al., 2018). Samples
from upper Member III and lower Member IV show some scatter in §'*Ccar values between -0.9%o
and 0.0%o (mean = -0.5%o), superimposed upon a gradual shift towards higher average §'*Ccan up-
section.

Average TOC concentrations are generally low (mean = 0.2 wt%), with the exception of four
muddy dolomite samples from members I and II, and one sample from Member IV, where
concentrations are above 2 wt% (Fig. 2d). In members I and II, Mn and Fer (Fig. 2) are generally
close to, or above, average carbonate compositions of 0.11 wt% for Mn and 0.38 wt% for Fe
(Turekian and Wedepohl, 1961). A cluster of samples in the basal half of Member III have elevated
Mn and Fer contents, corresponding to the oxygenation event outlined in previous studies (Zhang et

al., 2018; Shang et al., 2019), but other samples in members III and IV are below average carbonate
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compositions, with a distinct overall decrease up-section. Specifically, in Member I, Mn and Fer
concentrations range from 0.05—1.77 wt% (mean = 0.57 wt%) and 0.21-1.17 wt% (mean = 0.49 wt%),
respectively. Both Mn and Fer rapidly increase across the transitionary interval between members I
and II, in tandem with the first negative 813Cearb €xcursion, to reach maximum concentrations of 2.42
wt% and 1.33 wt%, respectively, before decreasing to moderately enriched values for the remainder
of Member II (mean Mn = 0.22 wt%; mean Fer = 0.52 wt%, n=10). Through members III and IV,
short intervals of significant Fer (and muted Mn) enrichment (max Fe = 0.99 wt%, max Mn = 0.20
wt%) coincide with two prominent negative §'*Cean excursions in the lower — middle part of Member
III, followed by gradually decreasing Fer and Mn up-section, coincident with an increase and
stabilisation of §'*Cearb at higher values. Mn and Fer decrease further in the upper part of Member 111
and remain stable throughout Member IV, around very low mean values of 11.3 ppm (5.2-25.8 ppm)
for Mn and 0.03 wt% (from <0.01 to 0.08 wt%) for Fer.

The majority of carbonate samples analysed in this study have Fer <0.5 wt% and were therefore
not analysed for Fe speciation (Clarkson et al., 2014). However, 16 samples across the Member I —
IL, and II — III boundary intervals contain Fer >0.5 wt%, and these samples were combined with
previously published data (Zhang et al., 2018), together demonstrating significant enrichments in
highly reactive iron (Feur/Fer >0.38) coupled with low Fepy/Fenr ratios (<0.01; Fig. 2).

The Gaoyuzhuang Formation documents the largest range in 8°*Mocar recorded in the geological
record to date (Figs. 2 and 3). Values for **Mocar in the lower part of Member I show limited
variability (mean = 0.36 + 0.32%o, n = 5), with the range of values increasing at the boundary between
members I and II (§**Mocarb = -0.01 to +1.48%o, mean = 0.25 + 0.64%o, n = 8). The Member II — 11T
boundary interval shows significant scatter in §**Mocars, where highly negative values in the upper
part of Member II (min = -4.00%o, mean = -0.60 + 1.22%o, n = 17) gradually transition to higher
values (max = 0.33%o) in the lower part of Member III. The §°*Moca, compositions of samples from

the upper part of Member III and through Member IV are markedly more elevated, with an apparent



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

increasing trend from values initially around 0.6%o to a maximum of 2.51%o (mean = 1.05 £ 0.54%o,

n=19).

S. Discussion
5.1 Pulsed oxygenation events in the Yanliao Basin

Our data are consistent with previous palaeoredox datasets for the Goayuzhuang Formation that
argue for deposition under redox-stratified water column conditions (Zhang et al., 2018; Shang et al.,
2019; Wang et al., 2020). Specifically, Feur/Fer >0.38 and Fepy/Fenr <0.7 together indicate that
deeper waters were anoxic and ferruginous in the Yanliao basin during deposition of members I and
IL, and in the lower part of Member III (Zhang et al., 2018). Short-lived enrichments in redox-sensitive
trace elements (e.g., Mo, U) have been taken as evidence to suggest that some parts of the basin may
have experienced transient euxinia during deposition of middle Member III (Wang et al., 2020).
However, we find no evidence for euxinia in our Fe speciation analyses, and instead the high Feur/Fer
(>0.68) and low Fepy/Fenr (<0.01) ratios suggest that the Gaoyuzhuang Formation was most likely
deposited under dominantly ferruginous conditions. As such, limited Mo enrichment in 3 samples
from shallow-marine facies to the north of the Jixian section (Wang et al., 2020) may more reasonably
be interpreted to represent intermittent Mo drawdown in association with Fe and Mn (oxyhydr)oxides.

Zhang et al. (2018) combined Fe speciation analyses with REE data at the Jixian section and noted
a distinct transition to more negative Ce anomalies coincident with a basin-wide negative §'*Ccar
excursion in the middle of Member III (Fig. 2). These authors suggest that the combined data
represent a distinct water column oxygenation event that resulted in the widespread oxidation of
deeper water ferrous iron, approximately coincident with the first appearance of decimetre-scale
multicellular macrofossils in stratigraphic sections further to the east (Zhu et al., 2016; Zhang et al.,
2018). Our 8'°Cca» data augments previously published data by providing a higher resolution

reconstruction of lower parts of the succession, suggesting that the previously recorded oxygenation

10



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

event was preceded by two earlier pulsed oxygenation events, at the boundary between members I
and I, and in the lowermost part of Member III (Fig. 2). This is supported by elevated Mn and Fe
drawdown (to varying degrees; Fig. 2), consistent with precipitation as (oxyhydr)oxide phases during
upwelling of dissolved Fe and Mn into oxic shallower waters (Zhang et al., 2018).

It is also possible that periodic increases in the upwelling flux of dissolved Fe and Mn may have
resulted in enhanced draw down of Mn and Fe (oxyhydr)oxide minerals. Under this scenario, the
coincident negative 8'*Ccub excursions could potentially represent incorporation of light §'3C into
diagenetic Fe and Mn carbonates formed during the remineralisation of organic matter. However, as
noted by Zhang et al. (2018), these intervals are specifically characterised by preservation of high
proportions of Fe (oxyhydr)oxides, which contrasts with intervals between the 8'*Ccarb excursions,
where more extensive transformation of Fe (oxyhydr)oxides to Fe carbonates is apparent. Thus, while
a contribution from periodic changes in the upwelling flux of dissolved Fe and Mn cannot be entirely
discounted, enhanced oxygen production in surface waters was likely the dominant control on
extensive Fe and Mn (oxyhydr)oxide deposition.

In addition, we note that each of the three 8'*Cear excursions coincides with increasing water
depth, but that as water depth further increased in each case, 8'3Cean returns to heavier values (Fig.
2¢). Thus, while short-term changes in water depth are difficult to determine with certainty, each of
the excursions appears consistent with a deepening of the oxycline to a point, below which, the deeper
waters remained anoxic. Furthermore, there is an apparent progressive increase in the maximum depth
of the oxycline with each subsequent oxygenation pulse, with the first pulse resulting in oxygenation
into the shallow subtidal zone, the second pulse resulting in oxygenation to fair-weather wave base,
and the third pulse oxygenating the water column to storm wave base. Thus, while oxygenation was
restricted to relatively shallow waters, which is consistent with evidence from the Southern Urals

(Doyle et al., 2018), each pulse progressively ventilated deeper waters.
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In addition to documenting an oxygenation pulse in Member III, Zhang et al. (2018) proposed that
the gradual increase in 8'*Cear through the upper part of Member 111 and Member IV, in combination
with consistently negative Ce/Ce* throughout the interval, represents progressive water column
oxygenation. However, a return to low I/(Ca+Mg) in shallow platform carbonates of upper Member
IIT to the northwest of the Jixian section has been interpreted to support a return to low oxygen levels
following the pulsed oxygenation event in the middle of Member III (Shang et al., 2019). Thus,
uncertainty currently remains over the extent of oxygenation above the final observed oxygenation
pulse in Member III. However, there is a progressive shallowing in water depth from the middle of
Member III through Member IV (Fig. 2b), and thus the local redox indictors that have previously
been applied to this part of the succession are limited in their ability to track the extent of oxygenation
of deeper waters. Indeed, it is entirely possible that there were several additional pulses of
oxygenation to progressively deeper depths after the final observed oxygenation pulse, but the signal
of such pulses would only be recorded in deeper water sediments. Our major element and §'°*Cears
data are not inconsistent with continued oxygenation up-section, and certainly do not indicate a
shoaling of the oxycline, since we see no evidence for either Mn or Fe drawdown, or significant
813Cearr excursions-to lower values. However, further evaluation of the extent of ocean oxygenation
after the observed oxygenation pulses requires consideration of a proxy that records a global signal,

and in this regard we utilise Mo isotope systematics, as discussed below.

5.2 Evaluating the molybdenum isotope record of oxygenation

Accurate reconstruction of the molybdenum isotope composition of seawater (5**Mosw) is the key
requirement in paleoredox studies utilizing Mo isotopes. Traditionally, Mo isotope studies have
focussed on shales, due to low Mo concentrations in carbonates, and uncertainties in isotopic
fractionation during incorporation of Mo into the carbonate lattice and during diagenesis (Romaniello

etal., 2016; Clarkson et al., 2020). However, recent studies suggest that the incorporation of seawater-
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derived molybdate into the carbonate lattice may be accompanied by negligible Mo isotopic
fractionation in the absence of detrital impurities or pore-water sulfide production during diagenesis
(Voegelin et al., 2010; Romaniello et al., 2016; Thoby et al., 2019). Testing the fidelity of carbonate
samples to capture 6’*Mosw therefore demands strict screening criteria. In this regard, non-
quantitative conversion of molybdate to tetrathiomolybdate, in addition to Mo adsorption onto Mn
and Fe (oxyhydr)oxides, are two dominant pathways that may result in significant isotopic
fractionation and preferential sedimentary retention of *Mo, resulting in sedimentary Mo isotopic
compositions that are lower than contemporaneous 3Mosw (e.g., Siebert et al., 2003; Poulson
Brucker et al., 2009). This is particularly significant during Mo adsorption onto Fe and Mn
(oxyhydr)oxides, which results in isotopic fractionations of up to -3%o relative to **Mosw (Siebert et
al., 2003; Goldberg et al., 2009; Poulson Brucker et al., 2009).

Samples from the lower Gaoyuzhuang Formation preserve amongst the most negative °Mo
values reported from the geological record (min = -4.00%o; Fig. 3). The §°*Mo of the riverine Mo
input through geological time is poorly constrained, but is unlikely to have fallen below 0%o (Dahl et
al., 2010; Neubert et al., 2011). As such, the negative 8®Mocay values recorded in the lower
Gaoyuzhuang Formation record significant fractionations from seawater §°*Mo. Indeed, samples with
particularly low 8”®*Mocab compositions coincide with the three oxygenation pulses that initiated
precipitation of highly elevated concentrations of Mn and Fe (Fig. 2, Table S1, S3). Thus, these
fractionations would likely have been imparted through preferential adsorption of Mo onto Fe and
Mn (oxyhydr)oxides in the water column (Barling and Anbar, 2004; Goldberg et al., 2009). This Mo
was then incorporated into the carbonate lattice as a result of recycling during early diagenesis (e.g.,
Poulson Brucker et al., 2009; Goldberg et al., 2012). In some instances, the §**Mocarb composition
was apparently altered further to give extremely light values, likely through repeated cycles of Fe and

Mn reduction and re-oxidation in pore fluids. Thus, while these samples provide interesting insight
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into the genesis of exceptionally depleted §°*Mo values in the marine carbonate record, they clearly
do not reflect §*Mosy.

In addition, however, our data from the lower part of the succession show that relatively high
background concentrations of Mn and Fe are also common between the oxygenation pulses (Fig. 2,
Table S1, S3), particularly in members I and II (where in contrast to the intervals with lower Mn and
Fe in Member III, we have samples with coeval 8% Mocar data). This is consistent with enhanced Fe
and Mn precipitation under anoxic water column conditions, which may have been induced via a
variety of processes, including (oxyhydr)oxide precipitation during anoxygenic photosynthesis (e.g.,
Crowe et al., 2009) or oxidation at the oxycline, potentially followed by transfer of such minerals to
mixed ferrous/ferric phases such as green rust (which has a very high adsorptive capacity) during
settling through the water column (Zegeye et al., 2012). Thus, significant Mo isotopic fractionation
would also be expected for these samples, and we thus discount all samples from Members I and II,
and the lower part of Member III, from our evaluation of 3" Mosw.

By contrast, some samples from the upper part of Member III and through Member IV may more
faithfully record §”®Mosw. The screening criteria for these samples are shown in Fig. 4. Although
deposited under oxic water column conditions, samples below a height of 1314 m have relatively
high Fe and Mn contents, and these samples dominantly have higher Mo concentrations and light
8”*Moca, compositions, likely reflecting water column adsorption of Mo onto detrital Fe and Mn
(oxyhydr)oxides during transport and deposition. Two samples from this zone have elevated §”*Mocars
compositions (>1%o), likely reflecting spatial separation in the later stage uptake of heavier §*Mo
that remained in pore waters after initial recycling and re-adsorption of lighter 8°*Mo. A relatively
high detrital flux for these samples from upper Member III is supported by positive correlations
between refractory elements (Al and Ti) and both Mn and Fe (Fig. 5). These samples also display
negative correlations between 8**Mocar, and both Al and Ti (Fig. 5), which supports Mo fractionation

during uptake by detrital Fe and Mn oxides.

14



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

Three samples from the top of the succession in Member IV also have high Mo concentrations and
relatively high Mn concentrations (Fig. 4). These samples display a wide range in 8°*Mocarb, and have
thus also likely been affected by recycling of adsorbed Mo. In addition, these three samples have
relatively high Mg/Ca (Fig. 4), suggesting that they may have been affected by recrystallization
during dolomitization. However, as noted below, this does not appear to have adversely affected the
5”8 Mocarb composition of other samples from Member IV, and hence the dominant control on these
three samples was likely diagenetic recycling of adsorbed Mo.

The remaining samples from Member IV are characterised by low Fe, Mn and Mo concentrations,
with no significant correlations between §°*Mocar, and either Mn, Fe or TOC (Fig. 4). We also observe
no correlation between 8**Moca, and Mg/Ca, implying negligible fractionation associated with
recrystallization during the minor degree of dolomitization that some of these samples have
experienced. In addition, limited open-system elemental and isotopic exchange during diagenesis is
supported by generally low Mn/Sr ratios (<1) and §'"*Oca compositions (>-8%o) (Fig. 4), which is
consistent with the reported preservation of normal marine REE signatures (Zhang et al., 2018). We
therefore consider that these remaining samples from Member IV provide the best estimate of

5”*Mosw, which gives a range of 0.85 — 1.41%o.

5.3 Constraining the global redox state of the ocean at ~1540 Ma

To constrain the global redox state of the ocean during deposition of the upper Gaoyuzhuang
sediments, we build a single reservoir Mo cycling model with a fixed river input and three sinks for
oxic, reducing non-euxinic (i.e., ferruginous) and euxinic conditions. The isotope composition of the
marine Mo reservoir is tracked, and all isotope fractionation effects are fixed (see Table 1). Sinks are
allowed to vary in size as a function of the area of seafloor characterised by each redox state, the
marine Mo concentration, and an ‘offshore scaling’ (OSS) which assumes that reducing and euxinic

sinks will require progressively more seafloor area as they expand into areas with lower Corg fluxes
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(Reinhard et al., 2013). We ran the model 100,000 times from a present day initialization under
random choices of reducing and euxinic area fractions, to create a map of the system [Mo] and §°*Mo
response at steady state, under the initial conditions outlined in Table 1 (which also includes flux and
reservoir calculations).

We use an updated database of published Mo concentration data from shales that are independently
constrained to have been deposited under euxinic water column conditions to derive the best estimate
of Mesoproterozoic seawater [Mo] concentration. This approach is consistent with previous methods
for [Mo] estimation (e.g., Scott et al., 2008; Reinhard et al., 2013) and relies upon the assumption
that, under euxinic conditions, H2S.q is sufficiently elevated to permit near-quantitative Mo
drawdown to sediments. The updated database yields a sediment [Mo] range of 6-34 ppm
(representing the central 75% of Mesoproterozoic euxinic shale values), which is consistent with
previous estimates derived from late Paleo- to Neoproterozoic euxinic shales (mean = 24 ppm, Scott
et al. 2008; Reinhard et al. 2013). Scaling this with observed ratios between Mo concentration in open
marine euxinic shales and homogeneous seawater Mo concentration (~105 nM) in the modern ocean,
yields a value of ~21 nM for Mesoproterozoic seawater [Mo]. The §”*Mocars composition of screened
samples from the Gaoyuzhuang Formation is 0.85—1.41%o, which as discussed above is assumed to
best represent §’*Mosw. In Fig. 6 we plot only the model outputs that fall within the above ranges for
5”®Mosw and [Mo].

The model results suggest that to satisfy our estimated ranges for §°*Mosw and [Mo], a lower limit
of ~30% of the seafloor had sufficient oxygen to result in the Mo isotopic fractionation associated
with adsorption onto Mn and Fe (oxyhydr)oxides. While this is a lower limit in the model, we did not
test all of the parameter ranges associated with the system (e.g. the flux of riverine Mo or its isotopic
composition), so values below 30% remain possible. Of the anoxic seafloor, the model suggests
dominantly ferruginous waters, with around 1-10% of the ocean floor being subject to euxinia, which

is consistent with current views on the stratified redox nature of the Mesoproterozoic ocean
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(Planavsky et al., 2011; Poulton and Canfield, 2011; Doyle et al., 2018). To evaluate whether these
upper Gaoyuzhuang Formation samples reflect additional oxygenation after the final deeper water
oxygenation pulse observed in the lower part of Member III (see above), we consider here the
approximate range in seafloor area that was likely bathed in waters to the depth of storm wave base
(since this represents the deepest depth of oxygenation observed during the three oxygenation pulses).
Modern global relief models (Amante and Eakins, 2009) suggest that storm wave base currently
encompasses less than 5% of the global seafloor. Thus, notwithstanding possible differences in this
value through time, our suggestion of ~30% seafloor oxygenation in the upper Gaoyuzhuang
Formation is significantly larger than the ~5% seafloor oxygenation indicated lower in the succession.
This supports continued progressive oxygenation of deeper waters (Zhang et al., 2018), to a depth
that likely extended into parts of the deep ocean, after the final observed oxygenation pulse in Member
III of the Gaoyuzhuang Formation.

While this study provides a snapshot into the extent of global ocean oxygenation in the early
Mesoproterozoic, we stress that the long-term trajectory of oceanic oxygenation across this Era
remains unclear. Indeed, it is not known whether the Gaoyuzhuang Formation documents a
temporally-restricted rise in the extent of oceanic oxygenation, or whether the oxygenation we
observe represents the initial stages of more persistent oxygenation that ultimately resulted in the
possible development of OMZ-type conditions by ~1.4 Ga (Zhang, et al., 2016; 2019). What is clear,
however, is that the Mesoproterozoic was actually a rather dynamic interval that certainly experienced
significant variability in the extent of ocean oxygenation, whether it be fluctuating or progressive,
and this likely had major implications for macroevolutionary dynamics that we are only just

beginning to unravel (e.g., Zhang et al., 2018).

6. Conclusions
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Our combined evaluation of 8'3Cearn, iron-speciation systematics, and Fer and Mn data support
pulsed oxygenation events in the early Mesoproterozoic ocean at ~1.56 Ga. These pulsed events led
to progressive longer-term oxygenation of shallower waters, while the deeper ocean remained anoxic
and ferruginous. Mo isotope measurements in Gaoyuzhuang Formation samples provide a means to
estimate the global extent of oxygenation at this time. Samples deposited during periods of intense
Fe and Mn (oxyhydr)oxide precipitation record the lowest 8°*Mo compositions observed in the
geological record, due to isotopic fractionation during adsorption to oxide minerals and subsequent
recycling during diagenesis. However, following a careful screening procedure which eliminated
samples that have experienced a significant authigenic or diagenetic overprint, a 8°*Mosw value of
0.85-1.41%0 was obtained. A single reservoir Mo cycling model was then utilised, combining a
refined estimate of seawater [Mo] with our §*®Mosw value, to suggest that at least 30% of the global
seafloor was bathed beneath an oxic water column during deposition of the shallow-water upper
Gaoyuzhuang Formation. Since this value encapsulates far more of the ocean floor than is covered
down to a depth of storm wave base (the deepest depth for which there is direct evidence for
oxygenation further down the Gaoyuzhuang Formation), this implies a progressive deepening of the
oxycline through the upper Gaoyuzhuang Formation. Our data thus suggest significant, progressive
oxygenation dynamics, which occurred in the form of temporally-restricted pulses, during the early
Mesoproterozoic. It remains unclear whether the oxygenation we observe represents the initiation of
longer-term enhanced oxygenation through the Mesoproterozoic, or a protracted interval of
anomalously high levels of oxygenation coincident with the evolution of decimetre-scale,

multicellular eukaryotes.
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Table 1. Marine Mo isotope mass balance model equations.

Name

Equation

Present day ocean Mo

Present day ocean 6°*Mo
Area fraction for reducing sink
Area fraction for euxinic sink
Area fraction for oxic sink
Present day riverine Mo input

Present day burial via oxic sink

Present day burial via reducing sink

Present day burial via euxinic sink
Fractionation effect: reducing sink

Fractionation effect: oxic sink

8”Mo of riverine flux
Fixed riverine input flux

Oxic sink burial flux

Reducing sink burial flux

Euxinic burial sink flux

Seawater Mo mass balance

Seawater Mo isotope mass balance

d([Mo] - §°®Mo)

[Mo], = 1.35 x 10'* mol
§%®Mogy, , = 2.37%o
Areducing, = 0.015
Aeuxinico = 0.0005

Aoxico =1 — Areducing — Aeuxinic
0 0 0

Kinput = 30 X 107mol yr~*

Koxicburial = 8.7 X 107mol yr"l
k1"educingburial = 19.4 x 10”mol yr‘_1

Keuxinicburial = 1.9 X 10”mol yr™*
Areducing= 1%o0
Aoxic= 3%o,
898 Mojpput = 0.55%0

1:input = kinput

F —k < Aoxic [Mo]
oxic — Roxicburial '
AOXiCO [Mo],

Areducin [Mo]
Freducing = Kreducingburial * < Lk - 0SS,

Areducing0 [Mo],
Acuxini [Mo]
Feuxinic = Keuxinicburial * <Ae:z:::)> : ([MO]()) - 0SS,
d([Mo]) _
T - 1:"input - Foxic - l:reducing - Feuxinic

dt

= 1'-"input ’ 698Moinput — Foxic - (898Mosw — Aoxic)

. (&§98 . 898
_Freducing (8 MOSW_Areducing)_Feuxinic d MOSW
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Figure Captions

Figure 1. a. Major tectonic units in China showing the position of the North China Craton; b.
Paleogeographic map of the North China craton during the Mesoproterozoic era (modified after Wang
et al., 2020). Blue star marks the location of the Jixian section; ¢. Late Paleo- to Neoproterozoic
stratigraphic profile of the Yanliao basin (modified after Li et al., 2019, with age data from references

therein).

Figure 2. Stratigraphic profile and geochemical data for the Gaoyuzhuang Formation at the Jixian
section. Data presented are compiled from Zhang et al. (2018) in addition to new data in this study
(Tables S1-S3). (a) Simplified stratigraphic profile of the Gaoyuzhuang Formation, showing the
approximate level of the Gaoyuzhuang fossil horizon; (b) Simplified interpretation of relative sea
level change based on sedimentary facies analysis; (c) 8'*Ccarb, data in pale blue are from Zhang et al.
(2018); (d) TOC; (e) Mn; (f) Fer. Vertical lines in plots of total Mn (0.11 wt%) and Fe concentration
(0.38 wt%) denote average carbonate concentrations for these elements (Turekian and Wedepohl,

1961); (g) Fenr/Fer ratios; (h) Fepy/Fenr ratios; (i) 6°*Mocar isotopic compositions.

Figure 3. Compilation of §®Mo through geological time (adapted after Thoby et al., 2019). Samples
are colour coded to indicate local depositional redox conditions based on accompanying Fe speciation
data where possible. Modern seawater §°*Mo composition (and associated uncertainty) shown as blue

horizontal dashed lines. Carbonate §*®Mo data from this study are shown as orange triangles.

Figure 4. Screening criteria used to determine carbonate samples that most faithfully record seawater
5”®Mo for samples from the upper Gaoyuzhuang Member III and Member IV. Depth profiles are
shown for: a. 8°®Mo compositions, b. Mo concentrations, ¢. Mn concentrations, and d. Fe
concentrations. Vertical lines on (c) and (d) represent average concentrations in carbonates for Mn
and Fe, respectively (Turekian and Wedepohl, 1961). Cross plots are shown between §°*Mo and e.

Al f. Mn, g. Fe, h. Mo, i. m(Mg/Ca), j. 880, k. Mn/Sr, and 1. TOC.
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Figure 5. Cross plots showing relationships between Fe, Mn and 8**Mocan as a function of both Al

and Ti.

Figure 6. Results of the isotope mass balance for carbonate samples that most likely represent the
5”®Mosw composition. Model output satisfying 6.45 < [Mo] < 34.4 (blue) and 0.85 < §°*Mo < 1.41
(pink). These map to a range of reducing and euxinic seafloor areas but exclude combined reducing
and euxinic areas of more than 70% of the seafloor. Thus, oxic seafloor area is constrained to be 30%

Oor more.
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Figure 3.
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