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Abstract 23 

The Mesoproterozoic (1.6–1.0 Ga) is a particularly important interval in 24 

Earth history that witnessed the initial radiation of eukaryotic life. Ocean anoxia 25 

and nutrient limitation has been invoked to explain the delayed expansion of 26 

more complex, multicellular eukaryotes during the Mesoproterozoic. However, 27 

pulsed oxygenation events and elevated nitrate availability have been identified 28 

in shallow marine settings. In deeper waters, however, nitrate availability and 29 

potential links to eukaryotic evolution remain poorly constrained. Here, we 30 

report an integrated geochemical study based on multiple proxies conducted 31 

on two new drill-core sections from the ~1460 Ma Hongshuizhuang Formation 32 

and the ~1380 Ma Xiamaling Formation, North China. Iron speciation and 33 

redox-sensitive trace element systematics suggest dominantly ferruginous to 34 

weakly euxinic water column conditions during deposition of both units. Our 35 

data are consistent with previous inferences of persistently anoxic deep water 36 

conditions in Mesoproterozoic oceans. Exclusively positive δ15N (+3.1 ± 0.8‰) 37 

values reveal the operation of partial denitrification in the water column, 38 

implying a relatively stable and moderate nitrate pool in offshore surface waters. 39 

Furthermore, a compilation of the Mesoproterozoic sedimentary δ15N record 40 

suggests a global nearshore to offshore oceanic nitrate gradient, with minimal 41 

but still bioavailable nitrate in offshore environments. The overall size of the 42 

nitrate pool was therefore apparently smaller than that of eukaryote-dominated 43 

modern oceans. Coupling Mesoproterozoic sedimentary δ15N data with fossil 44 



and biomarker records, we propose that this moderate level of nitrate may have 45 

been able to sustain a relatively low abundance of eukaryotic primary producers 46 

in the marine ecosystem, but was still not sufficient to trigger eukaryotic 47 

diversification and the rise of eukaryotes to ecological dominance. 48 

 49 
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1. Introduction 52 

The Mesoproterozoic (1.6–1.0 Ga) has long been viewed as a period of 53 

relative environmental and biological evolutionary stagnation, which has been 54 

frequently referred as ‘the Boring Billion’ (e.g., Brasier and Lindsay, 1998), or 55 

more recently, the ‘Barren billion’ (e.g., Young, 2013). It has been suggested 56 

that atmospheric oxygen concentration fell to a low, but uncertain, level 57 

immediately after the Lomagundi Event at ~2.2–2.1 Ga (Ossa Ossa et al., 2018) 58 

and remained low throughout the entire Mesoproterozoic (Planavsky et al., 59 

2014; Cole et al., 2016). Correspondingly, multiple lines of evidence have 60 

suggested that the Mesoproterozoic oceans were redox stratified, with anoxic 61 

deeper waters overlain by shallower oxic waters and the occurrence of euxinia 62 

along some productive continental margins (Poulton et al., 2010; Planavsky et 63 

al., 2011; Poulton and Canfield, 2011; Luo et al., 2014; Doyle et al., 2018). In 64 

addition, this low oxygen Mesoproterozoic atmosphere–ocean ecosystem has 65 



been invoked to explain the delayed diversification of eukaryotes (e.g., Lyons 66 

et al., 2014; Reinhard et al., 2016). However, emerging evidence suggests that 67 

the redox state of the atmosphere–ocean system and biological evolution 68 

during the Mesoproterozoic may have been more dynamic than previously 69 

considered (e.g., Zhang et al., 2016; Zhu et al., 2016; Canfield et al., 2018; 70 

Zhang et al., 2018). 71 

Studies conducted on geographically distinct sedimentary basins in this 72 

era indicate a shallow chemocline (Luo et al., 2014; Doyle et al., 2018) and 73 

spatiotemporal redox heterogeneity in the Mesoproterozoic ocean (Wang et al., 74 

2020a). Some studies even provide evidence for apparent deepening of the 75 

chemocline and pulsed oxygenation events, notably in the ~1.56 Ga Yanliao 76 

basin, North China, coincident with the emergence of decimetre-scale, 77 

multicellular eukaryotic macrofossils (Zhu et al., 2016; Zhang et al., 2018; 78 

Shang et al., 2019; Luo et al., 2021), in the ~1.4 Ga Kyrpy Group, Russia 79 

(Sperling et al., 2014), in the ~1.4 Ga Yanliao basin, North China (Zhang et al., 80 

2016), in the ~1380 Ma McArthur Basin, northern Australian (Yang et al., 2017), 81 

and in the ~1.1 Ga El Mreiti Group, Mauritania (Gilleaudeau et al., 2016; Sheen 82 

et al., 2018). Furthermore, the possible development of modern-like, fully 83 

oxygenated deeper waters beneath an oxygen minimum zone (OMZ) has been 84 

suggested based on evidence from the ~1.4 Ga Xiamaling Formation, North 85 

China (Zhang et al., 2016). However, despite these episodes of 86 

Mesoproterozoic ocean oxygenation, there is no evidence for substantial 87 



continued evolution and diversification of eukaryotes after ~1.56 Ga.  88 

The availability of bio-limiting nutrients, in particular nitrogen (N) and 89 

phosphorus (P), exerts a strong control on biological evolution (e.g., Anbar and 90 

Knoll, 2002; Brocks et al., 2017; Reinhard et al., 2017; Wang et al., 2018). For 91 

instance, nitrate limitation in deeper waters may have contributed to the 92 

absence of eukaryotic organisms in oxygenated peritidal environments in the 93 

~1.5 Ga Bangemall basin (Koehler et al., 2017), suggesting that nitrate 94 

availability potentially exerted a control on eukaryotic evolution. A similar 95 

nearshore to offshore gradient in nitrate availability has been found in the 96 

Mesoproterozoic ~1.4 Ga Belt Supergroup, the ~1.5 Ga Bangemall, and the 97 

~1.4–1.5 Ga Roper basins, which may have restricted eukaryotes to nearshore 98 

environments and limited their ability to diversify (Stüeken, 2013; Koehler et al., 99 

2017). In the modern ocean, nitrogen limitation favors cyanobacteria over 100 

eukaryotic algae; however, it is unlikely that eukaryotic algae would be 101 

completely excluded even under extreme nitrogen limitation (e.g., Otero-Ferrer 102 

et al., 2018). Indeed, indicators for eukaryotic algae occur in the biomarker 103 

record from deep-water black shales in the ~1.4 Ga Xiamaling Fm (Zhang et 104 

al., 2021). Although the availability of fixed nitrogen may have been low in 105 

deeper offshore waters during the Mesoproterozoic, the extent of nitrogen 106 

limitation and its impact on eukaryotic evolution remain unclear. 107 

The well-preserved Mesoproterozoic sedimentary sequence in North 108 

China has served as an important window into the evolution of the biosphere, 109 



atmosphere and ocean during this critical interval. In this study, we present iron 110 

(Fe) speciation, redox-sensitive trace element (RSE), and nitrogen isotope 111 

(δ15N) data for samples from two new drill-cores through the ~1460 Ma 112 

Hongshuizhuang (HSZ) Formation (Fm.) and the ~1380 Ma Xiamaling (XML) 113 

Fm., North China. We combine our new data with published geochemical data 114 

from globally correlative sections to explore variability in marine nitrogen 115 

availability in the Mesoproterozoic oceans and links to the evolution of 116 

eukaryotes during this period. 117 

2. Geological setting 118 

The Yanliao Basin is located in the northern part of the North China Craton 119 

(Fig. 1A and 1B). A thick (~9000 m) late Paleo- to Mesoproterozoic marine 120 

sedimentary succession was deposited in the Yanliao Basin (Li et al., 2013). 121 

The sedimentary sequence reflects continuous sedimentation, is weakly 122 

metamorphosed (below greenschist facies) and well-preserved (Luo et al., 123 

2014). The overall package can be further subdivided into the Changcheng 124 

System (~1650–1600 Ma), the Jixian System (1600–1400 Ma), and an 125 

unnamed system (1400–1000 Ma) in ascending order (Fig. 1C; Li et al., 2014).  126 

The HSZ and XML formations were deposited in the Mesoproterozoic and 127 

belong to the Jixian System and the Unnamed System, respectively. The HSZ 128 

Fm. rests unconformably on the Wumishan (WMS) Fm. and is overlain 129 

conformably by the Tieling (TL) Fm., which passes upwards into the XML Fm. 130 



Currently, there is no direct geochronological evidence for the age of the HSZ 131 

Fm., due to an absence of suitable units for radiometric dating (Cheng et al., 132 

2020). Nevertheless, based on the zircon U-Pb SHRIMP ages of 1483 ± 13 Ma 133 

and 1487 ± 16 Ma from the underlying WMS Fm. (Li et al., 2014), and 1437 ± 134 

21 Ma and 1439 ± 14 Ma from the overlying TL Fm. (Su et al., 2010; Li et al., 135 

2014), the depositional age of the HSZ Fm. can be approximately constrained 136 

to between ~1470 Ma and ~1450 Ma. A number of high-precision age data for 137 

the XML Fm. have been obtained (e.g., 1384 ± 1.4 Ma and 1392 ± 1.0 Ma; 138 

Zhang et al., 2015), and in combination with an assumed average deposition 139 

rate (Wang et al., 2020a), the lower and upper ages of the XML Fm. are 140 

constrained at ~1400 Ma and ~1320 Ma, respectively. 141 

Paleogeographic reconstructions show that the HSZ and XML formations 142 

are widely distributed in the Yanliao Basin, extending approximately 500 km 143 

from the northeast to the southwest (Shi et al., 2021). The depocenter of the 144 

HSZ Fm. is mainly located in the Xinglong and Kuancheng area (Ma et al., 145 

2017), within which the HSZ Fm. can be divided into three members according 146 

to variations in lithology and sedimentary environment. The lower sub-unit 147 

(Member I) is mainly composed of alternating dolomitic shale and argillaceous 148 

dolomite, the middle sub-unit (Member II) is dominated by black shale 149 

containing some pyrite and marl lenses, and the upper sub-unit (Member III) 150 

consists of dolomite (Shi et al., 2021). The depocenter moved westward to the 151 

Huailai–Zhuolu areas during deposition of the XML Fm., and here the strata can 152 



be further divided into four members from the base to the top. Member I 153 

comprises silty shale, the color of which varies upwards, from greenish-yellow 154 

and light gray to gray, to dark gray, with locally recognizable Fe-rich sandstone 155 

and siltstone at its base. Member II consists of three lithological sub-units: the 156 

lower sub-unit is a set of greenish-grey glauconite-bearing sandstone and 157 

siltstone; the middle sub-unit is characterized by greenish shale which 158 

alternates with purplish shale with some carbonate lenticles; and the upper sub-159 

unit is composed of greenish-grey shale interbedded with black shale. Member 160 

III typically consists of thick black shale and contains a few thin siliceous rock 161 

interlayers at its base. A gradual transition occurs upwards from Member III to 162 

Member IV, which comprises interbedded black and greenish shales with some 163 

carbonate concretions and lenticles (Wang et al., 2020a). 164 

The samples for this study were taken from drill cores CQ-1 and CQ-2 in 165 

Chengde City, Hebei Province. The HSZ Fm. that occurs in CQ-1 (Fig. 1E) can 166 

be correlated with Member I and Member II of previously studied sections in the 167 

Jixian and Kuancheng areas (Shi et al., 2021). The XML Fm. encountered in 168 

CQ-2 (Fig. 1D) most likely represents Member III in the Huailai–Zhuolu area 169 

(Wang et al., 2020a). The absence of ripple marks, cross bedding and other 170 

sedimentary structures indicative of storm waves in our sample set indicates 171 

that the depositional setting was largely below storm wave base. 172 



3. Materials and methods 173 

A total of 86 drill-core samples were collected from drill core CQ-1 and drill 174 

core CQ-2, including 46 shale samples and 9 carbonate samples from the HSZ 175 

Fm., and 28 shale samples, 1 silty shale and 2 siltstone samples from the XML 176 

Fm. Prior to the geochemical analyses, drill-core samples were carefully cut 177 

with a water-cooled saw to remove visible veining, pyrite nodules or bands, and 178 

possible weathered surfaces. Approximately 200 g of remaining material from 179 

each sample was crushed to powder (~200 mesh) in an agate mortar to avoid 180 

metal and carbon contamination. All geochemical analyses were carried out in 181 

the State Key Laboratory of Biogeology and Environmental Geology at the 182 

China University of Geosciences (Wuhan). 183 

Fe speciation analysis was conducted to reconstruct water column redox 184 

conditions. Four pools of highly reactive Fe (FeHR) were determined, including 185 

carbonate Fe (Fecarb), ferric (oxyhydr)oxide Fe (Feox), magnetite Fe (Femag) and 186 

pyrite Fe (Fepy). Fepy was calculated stoichiometrically by the content of pyrite 187 

sulfur extracted following the chromium reduction method of Canfield et al. 188 

(1986). The other three Fe species, Fecarb, Feox and Femag, were determined 189 

through an operationally-defined sequential extraction procedure (Poulton and 190 

Canfield, 2005). First, approximately 80 mg of sample powder was weighed into 191 

a 15 ml centrifuge tube and treated with 10 ml of 1 mol/L sodium acetate 192 

solution (pH = 4.5 with acetic acid), then the centrifuge tube was placed in a 193 

water bath shaker (50°C) for 48 h in order to extract Fecarb. Second, the sample 194 



residue from the first step was dissolved in 10 ml of 50 g/L sodium dithionite 195 

and 0.2 mol/L sodium citrate mixed solution (pH = 4.8 with acetic acid), followed 196 

by shaking for 2 h at room temperature in order to extract Feox. Finally, the 197 

sample residue from the second step was treated with 10 ml of a 0.17 mol/L 198 

oxalic acid and 0.2 mol/L ammonium oxalate solution for 6 h at room 199 

temperature in order to extract Femag. All extraction solutions were diluted 100-200 

fold with 2% HNO3 before analysis by atomic absorption spectroscopy (AAS). 201 

The analytical precision for each fraction was within 5%, based on replicate 202 

analyses of the international Fe speciation standard, WHIT (Alcott et al., 2020).  203 

For major element analysis, approximately 1 g of dried sample powder was 204 

mixed with 6 g lithium tetraborate, lithium metaborate and lithium fluoride, then 205 

the mixture was fused into glass disks at 1000°C and major element 206 

compositions were determined via X-ray fluorescence spectrometry (XRF-207 

1800). For trace element analysis, approximately 50 mg of sample powder was 208 

first moistened with 1–2 drops of ultrapure water and then digested in 1 ml 209 

HNO3 and 1 ml HF in a Teflon vessel. The liquid sample was subsequently 210 

placed into an oven and heated at 190°C for 48 h. After complete digestion, the 211 

sample was evaporated at 115°C on a hot plate to remove the concentrated 212 

acid, and the dried sample was subsequently dissolved in 1 ml HNO3 and again 213 

evaporated to dryness. The resultant salt was re-digested in 3 ml of 30% HNO3 214 

and heated at 190°C in an oven for 12 h. Finally, the solution was decanted to 215 

a polyethylene bottle and diluted to 100 g with 2% nitric acid for trace element 216 



analysis using an Agilent 7700x inductively coupled plasma mass spectrometer 217 

(ICP-MS). Three international rock standards (BHVO-2, AGV-2, BCR-2) and 218 

two Chinese national standards (GSR-5, GSR-6) were used to monitor 219 

analytical precision, which was better than 5% for the presented elements. RSE 220 

enrichment factors (EFs) were calculated as follows: XEF = 221 

(X/Al)sample/(X/Al)AUCC, where X is the trace element of interest (e.g., Mo, U, V) 222 

and the subscripts ‘sample’ and ‘AUCC’ refer to the studied sample and 223 

average upper continental crust, respectively (McLennan, 2001). 224 

Total organic carbon (TOC), total nitrogen (TN) and δ15N values were 225 

analyzed following the procedures described in Du et al. (2021). Prior to 226 

analysis, sample powder was treated with 3 mol/L HCl for 24 h to remove 227 

inorganic carbon, and then the residue was thoroughly rinsed with 18.2 MΩ/cm 228 

deionized water and left to dry in a ventilated oven overnight. Approximately 229 

200 mg of sample powder and 10 mg WO3 were subsequently packed into a tin 230 

capsule for measurement of TOC and TN, using a Vario Macro Cube elemental 231 

analyzer (Elementar, Hanau, Germany). Analytical errors were less than 0.05 232 

wt% based on replicate analyses of multiple samples. δ15N values were 233 

analyzed using a Flash HT 2000 Plus and continuous-flow Delta V Advantage 234 

IRMS (Thermo Fisher Scientific). Briefly, 40–80 mg of dried carbonate-free 235 

sample powder and 10 mg of CuO were weighed into a tin capsule for nitrogen 236 

isotope analysis through online combustion at 1020°C, and an alkali lime trap 237 

was used to absorb CO2 and H2O to avoid interferences. δ15N values are 238 



expressed in per mil (‰) relative to atmospheric N2 (δ15N = 0‰). Uncertainties 239 

determined by replicate analyses of two international standards (USGS40, δ15N 240 

= ‒4.52‰; SANTIS-SA33802151, δ15N = +4.32‰) were less than 0.5‰ for δ15N. 241 

4. Results 242 

Fe speciation, RSE concentrations, C-N abundances, and δ15N values for 243 

the HSZ and XML formations are listed in Table S1 and illustrated in Figs. 2–4. 244 

4.1 Fe speciation 245 

The majority of samples analyzed in this study have total iron (FeT) 246 

contents well above 0.5 wt% (Table S1), which is the threshold commonly 247 

considered ideal for Fe speciation analysis (Clarkson et al., 2014). In the HSZ 248 

Fm., the FeHR pool is typically dominated by Fepy (mean 70.7 ± 15.6%), followed 249 

by Fecarb (mean 23.7 ± 13.3%), with low amounts of Feox and Femag (mean 3.2 250 

± 2.1% and 2.4 ± 3.1%, respectively; Fig. 2). Stratigraphically, FeHR/FeT ratios 251 

are consistently high, with an average value of 0.75 ± 0.11 (1σ) throughout the 252 

entire section (Fig. 3). Fepy/FeHR ratios are similarly high, with relatively larger 253 

variation (mean 0.71 ± 0.16; Fig. 3). Specifically, Fepy/FeHR ratios increase 254 

persistently from the bottom of the section and reach a peak value of 0.94 at 98 255 

m, which is then followed by a gradual decline to 0.48, before rebounding to a 256 

value of 0.87 at 67 m. Above 67 m, Fepy/FeHR ratios first show a two-step 257 

decrease to a minimum value of 0.39, but thereafter increase upwards to 0.77 258 



and stabilize at a high level for the rest of the section (except for one value of 259 

0.09 at 16.3 m). 260 

Similarly, Fepy (mean 61.9 ± 21.4%) and Fecarb (mean 25.7 ± 21.2%) 261 

dominate the FeHR pool in the XML Fm., whereas Feox and Femag contents 262 

(mean 5.3 ± 1.8% and 7.1 ± 3.9%, respectively; Fig. 2) are slightly higher than 263 

in the HSZ Fm. Stratigraphically, FeHR/FeT ratios (mean 0.56 ± 0.16) generally 264 

exceed 0.38, with one exception of 0.30 for the uppermost sample (Fig. 3). 265 

Fepy/FeHR ratios show some scatter, ranging from 0.07 to 0.79, but mostly fall 266 

around 0.7, with no clear stratigraphic trend (Fig. 3). 267 

4.2 RSE concentrations 268 

The Mo concentrations of all investigated samples from the HSZ Fm. range 269 

from 0.001 ppm to 80.1 ppm, with a systematic increase towards an overall 270 

average value of 37.4 ± 12.9 ppm in the uppermost section. Conversely, RSE 271 

display overall moderate to strong enrichments relative to AUCC (Table S1), 272 

with a relatively consistent pattern of variation through the stratigraphy. 273 

Specifically, RSE EFs in the lower part of the section are more variable, with 274 

MoEF values varying from 0.01 to 28.0, UEF varying from 1.3 to 4.8, VEF varying 275 

from 0.11 to 5.3, and Mo/U ratios varying from 0.002 to 7.9. RSE EFs tend to 276 

increase up-section (mean 20.1 ± 17.7 for MoEF, 3.2 ± 1.3 for UEF, 3.2 ± 1.4 for 277 

VEF, and 5.2 ± 3.0 for Mo/U ratios), resulting in higher average values than in 278 

the lower part. Moreover, RSE EF profiles exhibit similar stratigraphic trends to 279 



the Fepy/FeHR ratios in the upper part of the section, with progressively 280 

increasing RSE EFs after a two-step decrease, eventually remaining at the 281 

higher levels (Fig. 3). 282 

Similar to the HSZ Fm., all samples in the XML Fm. have low to moderate 283 

Mo concentrations (mean 16.2 ± 16.2 ppm), with the exception of a markedly 284 

high value of 79.4 ppm. On the other hand, all investigated samples show 285 

moderate to strong RSE enrichments relative to UCC, with MoEF, UEF, VEF and 286 

Mo/U ratios ranging from 2.7 to 79.8, from 1.5 to 5.7, from 1.8 to 6.2, and from 287 

1.5 to 14.1, respectively (Table S1). Stratigraphic trends in MoEF, UEF, VEF and 288 

Mo/U ratios are similar, and are characterized by high but variable RSE EFs in 289 

the lower part of the section, and moderate but uniform RSE EFs in the upper 290 

part of the section (Fig. 3). 291 

4.3 C-N abundances and δ15N values 292 

The HSZ dolomites have low TOC concentrations (less than 1 wt%), with 293 

an average of 0.69 ± 1.54 wt%, whereas the HSZ shales have higher TOC 294 

contents of up to 7.59 wt%, with an average of 3.85 ± 1.80 wt% (Table S1). The 295 

TN profile exhibits a similar stratigraphic trend as TOC, in which TN contents 296 

are mostly around 0.04 ± 0.05 wt% in the HSZ dolomites and increase to an 297 

average of 0.13 ± 0.03 wt% towards the HSZ shales. Molar C/N ratios are 298 

higher than the Redfield value throughout most of the HSZ Fm. (average 32.29 299 

versus 6.63) and fall within the typical range for Mesoproterozoic strata (Wang 300 



et al., 2020b). The δ15N profile exhibits exclusively positive values (mean +3.1 301 

± 0.8‰) and remains roughly invariant throughout the entire section, with most 302 

values falling within a narrow range between +2.7 to +4.1‰ (Fig. 4). 303 

Similar to the high-TOC HSZ shales, the TOC content of XML shales is 304 

high, with maximum and average values of 5.85 wt% and 3.10 ± 1.42 wt%, 305 

respectively (Table S1). Stratigraphically, TOC contents in the XML shales show 306 

a slightly decreasing trend up-section, which is accompanied by relatively 307 

stable TN contents of 0.13 ± 0.02 wt%. Molar C/N ratios exhibit a coupled 308 

pattern of secular variation with TOC content, with C/N(mol) declining from 46.49 309 

to 17.75 upwards. δ15N values consistently remain above +1‰, with an average 310 

of +3.1 ± 0.8‰ (Fig. 4). Similar to the HSZ Fm., the δ15N values in the XML Fm. 311 

show an overall stability throughout the entire section. 312 

5. Discussion 313 

5.1 Water Column Redox Conditions 314 

Fe speciation has been widely used as a proxy for ocean redox 315 

reconstruction based on extensive calibration in modern and ancient sediments, 316 

whereby FeHR/FeT > 0.38 is generally considered to provide a robust indication 317 

of anoxic bottom waters, FeHR/FeT < 0.22 commonly suggests oxic depositional 318 

conditions, while FeHR/FeT between 0.22 and 0.38 is equivocal and requires 319 

further investigation (Raiswell and Canfield,1998; Poulton and Raiswell, 2002; 320 

Poulton et al., 2010; Poulton and Canfield, 2011). Fepy/FeHR ratios can be used 321 



to further differentiate between anoxic ferruginous (Fepy/FeHR < 0.7) or euxinic 322 

(Fepy/FeHR > 0.7–0.8) conditions (Poulton et al., 2004; Poulton and Canfield, 323 

2011; Sperling et al., 2015; Raiswell et al., 2018). In the HSZ Fm., all samples 324 

have FeHR/FeT ratios greater than 0.38, suggesting persistent anoxic conditions. 325 

Fepy dominates the FeHR pool with moderate to high Fepy/FeHR ratios scattering 326 

close to 0.7, suggesting dominantly ferruginous to euxinic conditions. Fe 327 

speciation data of the XML Fm. resemble those of the HSZ. Fm., with generally 328 

high FeHR/FeT ratios (except for one sample with lower FeHR/FeT of 0.30) and 329 

moderate to high Fepy/FeHR ratios close to 0.7, reflecting ferruginous to euxinic 330 

depositional conditions. 331 

RSE EFs and their ratios can provide additional insight into local water 332 

column redox conditions, which is particularly useful when Fe speciation data 333 

fall within the equivocal range. Generally, RSE tend to be less soluble and more 334 

particle reactive under anoxic conditions than oxic conditions, leading to 335 

authigenic enrichments under locally anoxic conditions, provided that the global 336 

ocean is sufficiently oxic to host a large RSE reservoir (Tribovillard et al., 2006). 337 

The scavenging of Mo from seawater to sediments generally requires the 338 

presence of free H2S in the water column (Algeo and Tribovillard, 2009), 339 

whereas effective drawdown of U and V tends to occur under anoxic conditions 340 

without the requirement for free H2S (Anderson et al., 1989; Algeo and 341 

Tribovillard, 2009). Therefore, more pronounced enrichments in Mo relative to 342 

U and/or V support deposition under euxinic water column conditions (Algeo 343 



and Tribovillard, 2009). In the HSZ Fm., RSE EF profiles display generally 344 

moderate to high enrichments, coupled with elevated Mo/U ratios (Fig.3), which 345 

are broadly consistent with dominantly ferruginous to euxinic depositional 346 

conditions as identified by Fe speciation data. Despite the fluctuations, the 347 

overall elevated RSE enrichments and higher Mo/U ratios up-section likely 348 

indicate more effective removal of RSE under increasingly reducing (euxinic) 349 

conditions.  350 

Similarly, in the XML Fm., RSE EF profiles exhibit co-enrichments in Mo, U 351 

and V, and correspondingly moderate to high Mo/U ratios, supporting our 352 

interpretation of redox fluctuation between ferruginous and euxinic conditions. 353 

Although Fe speciation and RSE enrichment patterns provide evidence for 354 

euxinic conditions, moderate Mo concentrations in both studied sections (Fig.3) 355 

are lower than the empirical values from modern euxinic marine sediments 356 

(Algeo and Lyons, 2006; Scott and Lyons, 2012). However, given the evidently 357 

low Mo reservoir in Mesoproterozoic oceans (Scott et al., 2008; Partin et al., 358 

2013), these signals are likely to reflect at least weakly euxinic depositional 359 

conditions. Our redox interpretation is consistent with the proposed global redox 360 

landscape during the Mesoproterozoic, supporting persistent anoxic and 361 

ferruginous deeper water conditions, with locally developed euxinia along some 362 

productive continental margins (Scott et al., 2008; Planavsky et al., 2011; 363 

Poulton and Canfield, 2011; Doyle et al., 2018; Chen et al., 2020). 364 



5.2 Preservation of primary nitrogen isotopic signatures 365 

Some synsedimentary and post-depositional processes, such as terrestrial 366 

input, burial diagenesis and/or metamorphism, can significantly modify primary 367 

δ15N signatures (reviewed by Ader et al., 2016; Stüeken et al., 2016). Hence, it 368 

is necessary to evaluate whether δ15N values in sedimentary rocks preserve 369 

the primary marine nitrogen isotope signals before making reliable 370 

biogeochemical interpretations. 371 

Sedimentary nitrogen mainly exists in organic-bound nitrogen and 372 

inorganic clay-bound NH4+, and the latter mostly derives from in situ organic 373 

matter remineralization and is subsequently incorporated into the clay mineral 374 

lattice during diagenesis (Stüeken et al., 2017). This fraction of NH4+ generally 375 

preserves primary organic nitrogen isotope signals without isotopic 376 

fractionation (Ader et al., 2016; Koehler et al., 2017). In our samples, the 377 

positive correlation between TN and TOC contents indicates that the 378 

sedimentary nitrogen was mainly sourced from primary organic matter (Fig. 5A). 379 

We note that Fig 5A produces a positive TN intercept, meaning that the samples 380 

contain a small excess of nitrogen relative to organic matter. This excess can 381 

be derived from three possible sources: (1) infiltration of ammonium-rich fluids; 382 

(2) terrestrial input of N-rich clays; and (3) in-situ removal of organic carbon 383 

relative to nitrogen during diagenesis (Chen et al., 2019; Koehler et al., 2019). 384 

The first option is unlikely, because both the HSZ and the XML formations have 385 



relatively higher TOC contents than adjacent strata, arguing against the 386 

infiltration of N-bearing fluids from adjacent organic-rich layers. Regarding the 387 

second option, the input of allochthonous nitrogen bound to clay minerals would 388 

decrease C/N ratios and likely reset primary nitrogen isotope compositions. 389 

However, the lack of correlation between δ15N values and C/N ratios (Fig. 5D) 390 

suggests that this scenario is unlikely. Hence, the positive TN-intercepts in the 391 

two studied sections are most likely attributed to the in-situ conversion of 392 

organic matter. For example, microbial sulfate reduction or methanogenesis are 393 

able to convert organic carbon to CO2 and CH4, respectively, while organic 394 

amines are left behind as ammonium. Under anoxic conditions, ammonium 395 

therefore typically accumulates in sediment pore waters (Rosenfeld, 1979).  396 

The effect of burial diagenesis and metamorphism on primary δ15N 397 

signatures has been investigated in previous studies (e.g., Robinson et al., 398 

2012; Stüeken et al., 2016). Isotopic fractionation associated with diagenetic 399 

alteration depends largely on water column redox conditions (Stüeken et al., 400 

2016). Oxic diagenesis can result in positive nitrogen isotope shifts by up to 4‰ 401 

(Altabet et al., 1999; Freudenthal et al., 2001), while only a minor isotopic 402 

fractionation (< 1‰) is imparted during diagenesis under anoxic conditions 403 

(Altabet et al., 1999; Thunell et al., 2004). Given that both the HSZ Fm. and the 404 

XML Fm. were predominantly deposited under anoxic conditions, the effect of 405 

diagenetic alteration would have been limited. In terms of metamorphic 406 

alteration, the effect on δ15N values is negligible (< 1‰) below greenschist 407 



facies, and minor (1 – 2‰) within the greenschist facies (reviewed by Ader et 408 

al., 2016; Stüeken et al., 2016). In the study area, rock pyrolysis and bitumen 409 

reflectance analyses (Zhang et al., 2020) suggest that both the HSZ and the 410 

XML formations have not experienced metamorphic temperatures above the oil 411 

window. This is consistent with the geochemical and mineralogical evidence 412 

from previous studies, suggesting that these rocks are well below greenschist 413 

facies (Luo et al., 2015; Shi et al., 2021). Furthermore, there is no correlation 414 

between δ15N values and TOC, TN or C/N ratios (Fig. 5B–5D), suggesting that 415 

the effects of synsedimentary and post-depositional processes on primary δ15N 416 

signatures, if any, are insignificant in our sample set. Thus, our δ15N values can 417 

be used to reconstruct oceanic biogeochemical nitrogen cycling processes 418 

during the Mesoproterozoic. 419 

5.3 A stable nitrate pool in Mesoproterozoic oceans 420 

The primary source of bioavailable nitrogen in seawater is through 421 

biological nitrogen fixation, which reduces the inert atmospheric N2 to 422 

bioavailable NH4+, with a small isotopic fractionation of –1‰ on average (range 423 

from –2‰ to +1‰), but fractionations can be as large as –4‰ under Fe2+-rich 424 

or thermophilic conditions (Zerkle et al., 2008; Zhang et al., 2014). Alternative 425 

Fe- or V-based nitrogenases could induce larger isotopic fractionations of –6‰ 426 

to –8‰ (Zhang et al., 2014); however, such scenarios are very rare in the 427 

geological record (Stüeken et al., 2016). Under oxic conditions, NH4+ is 428 



generally quantitatively oxidized to NO3− via nitrification, with negligible isotopic 429 

fractionation (Sigman et al., 2009). Thus, NO3− rather than NH4+ serves as the 430 

dominant nitrogen species in the oxygenated photic zone, probably feeding the 431 

majority of primary producers. Partial assimilation could produce large isotopic 432 

fractionations of –5 to –10‰, but these fractionations are generally not 433 

expressed because assimilation is near quantitative in most modern and 434 

ancient oceans (Altabet and Francois, 1994).  435 

Denitrification and anammox are the two major pathways of N loss from 436 

the ocean under suboxic/anoxic conditions. Both processes can impart large 437 

isotopic fractionations of –5 to –30‰ if they occur within the water column, but 438 

the net effects are negligible if they occur within sedimentary pore waters (Lam 439 

et al., 2009; Sigman et al., 2009; Lam and Kuypers, 2011). In the modern ocean, 440 

water-column denitrification and/or anammox occurring in oxygen-minimum 441 

zones are therefore responsible for pushing the marine nitrate pool to slightly 442 

positive values (e.g., +5‰ in modern seawater; Tesdal et al., 2013). Uptake of 443 

this isotopically heavy nitrate into biomass thus preserves indirect evidence for 444 

a large nitrate reservoir in seawater that underwent partial 445 

denitrification/anammox in anoxic regions, but remained large enough to 446 

sustain a significant portion of the biosphere. If anoxic waters expand in volume, 447 

more nitrate is removed and the residual pool becomes further enriched in 15N. 448 

Subsequently, marine systems produce different responses depending on the 449 

reservoir size of the residual nitrate pool. Considering that the fixation of N2 gas 450 



into biomass is an energetically costly process, it is typically only performed in 451 

environments where fixed nitrogen is limiting (Koehler et al., 2017). Therefore, 452 

if the dwindling nitrate reservoir remains large enough to sustain a significant 453 

portion of the biosphere, biological N2 fixation would not be induced and the 454 

δ15N signal associated with incomplete water-column denitrification and/or 455 

anammox would be expressed. Otherwise, the dwindling nitrate reservoir would 456 

induce the onset of biological N2 fixation, such that bulk sedimentary δ15N 457 

values are pulled back towards lower values near 0‰ (Sigman et al., 2009; 458 

Kipp et al., 2018). Hence, different states of the biogeochemical nitrogen cycle 459 

have the potential to generate distinct δ15N fingerprints in sediments, if 460 

alternative scenarios can be ruled out.  461 

In the ~1460 Ma HSZ Fm. and ~1380 Ma XML Fm., stratigraphic profiles 462 

exhibit persistently positive δ15N values (+3.1 ± 0.8‰) which are outside the 463 

typical range for nitrogen fixation (Fig. 4). Three alternative mechanisms have 464 

been invoked to explain such positive δ15N values (> +2‰) in marine 465 

environments: (i) Partial assimilation of NH4+ preferentially uptakes the 466 

isotopically lighter isotope (14N) and concomitantly drives the residual NH4+ pool 467 

to 15N-enrichment (Papineau et al., 2009; Kipp et al., 2018). When this 15N-468 

enriched NH4+ pool is sequestered and quantitatively consumed by primary 469 

producers elsewhere in the basin, a positive δ15N would be expected. However, 470 

this scenario seems unlikely since partial assimilation would result in two 471 

opposite isotopic facies. Neither our samples nor compiled δ15N data capture 472 



very negative δ15N values (lighter than –2‰) across the Yanliao basin, as one 473 

would expect for localities where NH4+ levels had been high enough to allow for 474 

partial assimilation into biomass (Fig. 6).  475 

(ii) Partial nitrification of NH4+ followed by quantitative 476 

denitrification/anammox would remove 15N-depleted NO3− from the system, 477 

leaving isotopically heavy NH4+ as the dominant dissolved nitrogen species for 478 

primary productivity (Thomazo et al., 2011). However, nitrification is generally 479 

prone to go to completion even at micromolar O2 levels (Fuchsman et al., 2008; 480 

Fussel et al., 2012). Partial nitrification has only been documented in basins 481 

with frequent fluctuations in oxygen concentration, and cannot exist over long 482 

geological timescales because progressive loss of isotopically light 14N would 483 

lead to an isotopic imbalance. This scenario lacks a sink for heavy N, in contrast 484 

to the modern ocean, where heavy N is lost through sedimentary denitrification. 485 

Moreover, this process would generate a large range in sedimentary δ15N 486 

values (Granger et al., 2011; Morales et al., 2014), which is inconsistent with 487 

the uniformly positive δ15N values recorded in our samples.  488 

(iii) As in the modern ocean, incomplete denitrification and/or anammox 489 

transform isotopically lighter dissolved nitrogen into N2O/N2 gas, which escapes 490 

to the atmosphere, rendering the residual NO3− pool enriched in 15N, which 491 

would subsequently be assimilated by organisms (Kuypers et al., 2003; Sigman 492 

et al., 2009). This scenario has been considered as the major mechanism to 493 



explain positive sedimentary δ15N values in a number of modern and ancient 494 

sediments (Sigman et al., 2009; Stüeken, 2013; Tesdal et al., 2013; Koehler et 495 

al., 2017; Liu et al., 2020), and seems to be the most plausible cause for the 496 

positive δ15N values in our samples. The exclusively positive δ15N values in 497 

both studied sections are thus indirect evidence for a stable nitrate pool in oxic 498 

surface waters, with a relatively deep chemocline probably below the photic 499 

zone, such that denitrification did not diminish nitrate abundance (Kipp et al., 500 

2018). This inference is consistent with a Mesoproterozoic redox-stratified 501 

ocean, with anoxic deeper waters overlain by shallower oxic waters (Scott et 502 

al., 2008; Planavsky et al., 2011; Poulton and Canfield, 2011; Doyle et al., 2018). 503 

If we combine our data with previously published nearshore δ15N data for the 504 

Yanliao basin (Wang et al., 2020b), an onshore to offshore gradient is well 505 

expressed (Fig. 6). This is consistent with the trend observed in other 506 

Mesoproterozoic basins (Stüeken, 2013; Koehler et al., 2017), suggesting that 507 

a decrease in nitrate availability towards offshore environments may be a global 508 

feature of Mesoproterozoic oceans. However, unlike the Belt basin, offshore 509 

δ15N values in the Yanliao, Bangemall and Roper basins are more positive than 510 

those derived from nitrogen fixation alone (Fig. 6). This difference may reflect 511 

the high degree of restriction in the Belt Basin and indicates that in other basins, 512 

nitrate availability decreased less severely. Nevertheless, these observations 513 

support the common development of a spatial gradient in nitrate bioavailability. 514 



5.4 Implications for eukaryote evolution 515 

Nitrogen is a bio-essential nutrient for all living organisms. Together with 516 

phosphorus, it is important for controlling cellular metabolism and ultimately 517 

shaping the long-term evolution of life (e.g., Tyrrell, 1999; Canfield et al., 2010). 518 

Both NH4+ and NO3- comprise biologically available nitrogen; however, they are 519 

not utilized in the same way due to their differing redox states. Eukaryotes are 520 

incapable of N2 fixation and are usually outcompeted by prokaryotes in the 521 

assimilation of NH4+ (Anbar and Knoll, 2002 and references therein). Thus, 522 

waters depleted in fixed nitrogen would favor prokaryotes over eukaryotes. 523 

Conversely, nitrate-rich waters may not only meet the higher nutrient 524 

requirements of larger eukaryotic organisms, but perhaps also limit prokaryote 525 

abundances by grazing (Brocks et al., 2017; Reinhard et al., 2020), leading to 526 

a eukaryote-dominated ecosystems. It has been suggested that the 527 

development of locally stable nitrate pools in the Paleoproterozoic surface 528 

ocean may have promoted the proliferation of cyanobacteria and potentially the 529 

emergence of eukaryotes (e.g., Kipp et al., 2018; Miao et al., 2019), and a 530 

global increase in nutrient levels in late Neoproterozoic surface ocean may 531 

have further allowed for the rapid diversification of eukaryotes (Brocks et al., 532 

2017; Wang et al., 2018; Chen et al., 2019). By contrast, the extensive loss of 533 

fixed N in response to the expansion of anoxic conditions in the 534 

Mesoproterozoic oceans was thought to have resulted in nutrient limitation, 535 

which in turn protracted the diversification of eukaryotes at that time (Anbar and 536 



Knoll, 2002; Reinhard et al., 2013; Stüeken, 2013).  537 

Our geochemical data from the Yanliao basin suggest that a stable and 538 

moderate nitrate pool may have been established in offshore seawater during 539 

the Mesoproterozoic (Fig. 6). In a broader context, a compilation of sedimentary 540 

δ15N data (Table S2) from different Mesoproterozoic basins worldwide (Fig. 7) 541 

displays a persistent aerobic δ15N signature, giving further support that nitrate 542 

limitation may have been less severe in the Mesoproterozoic oceans than 543 

previously considered. Nevertheless, although a stable nitrate pool may have 544 

built up in Mesoproterozoic oceans, sedimentary δ15N values remain largely 545 

15N-depleted compared to modern marine sediments (~ +5‰ on average; e.g., 546 

Tesdal et al., 2013), indicating that the size of the nitrate pool in 547 

Mesoproterozoic oceans was significantly smaller than in eukaryote-dominated 548 

modern oceans. The moderate nitrate-rich seawater may have been sufficient 549 

to sustain a small population of eukaryotic organisms in Mesoproterozoic 550 

oceans.  551 

This proposition is consistent with previously published paleontological 552 

studies and biomarker records (e.g., Buick and Knoll, 1999; Javaux et al., 2001; 553 

Dutkiewicz et al., 2003; Brocks et al., 2005; Miao et al., 2021; Zhang et al., 554 

2021). The generally moderate nitrate pool in Mesoproterozoic oceans inferred 555 

from δ15N data coincides with the presence of eukaryotic microfossils and a low 556 

abundance of eukaryotic biomarkers (Fig. 7), suggesting that eukaryotic 557 



organisms at least contribute partially to total primary productivity in 558 

Mesoproterozoic marine ecosystem. Locally nitrate-rich waters may have been 559 

necessary to trigger eukaryotic diversification and the rise of eukaryotes to 560 

ecological dominance. This is supported by the highly positive δ15N values (7.47 561 

± 1.53‰) recorded in the ~1.56 Ga Gaoyuzhuang Fm., North China (Wang et 562 

al., 2020b), which coincides with the appearance of decimetre-scale, 563 

multicellular eukaryotes (Zhu et al., 2016). Similarly, an onshore to offshore 564 

nitrate gradient in the ~1.5 Ga Bangemall basin and the ~1.4–1.5 Ga Roper 565 

basin (Koehler et al., 2017) corresponds well to a trend of decreasing diversity 566 

and abundance in eukaryotic microfossils (Buick and Knoll, 1999; Javaux et al., 567 

2001), suggesting a close linkage between oceanic nitrate availability and 568 

eukaryotic diversity. Although the moderate nitrate-rich Mesoproterozoic 569 

seawater was likely insufficient to trigger evolutionary innovation, it may have 570 

played a role in the ability of eukaryotes to persist in generally inhospitable 571 

Mesoproterozoic oceans until a more favorable environment emerged in the 572 

Neoproterozoic. 573 

Conclusions 574 

In this study, we present a multi-proxy geochemical dataset for two new 575 

drill-core sections from the ~1460 Ma HSZ Fm. and ~1380 Ma XML Fm., North 576 

China. Fe speciation combined with Mo concentrations and RSE EFs indicate 577 

that both formations were deposited under frequently fluctuating redox 578 



conditions between ferruginous and weakly euxinic. Our new data support a 579 

stratified Mesoproterozoic ocean in which anoxic deeper waters were overlain 580 

by oxic surface waters, with euxinia dynamically developed along some 581 

productive continental margins. Although deeper offshore waters remained 582 

largely anoxic, a stable nitrate pool likely developed within the photic zone, as 583 

suggested by uniformly positive δ15N (+3.1 ± 0.8‰) values. These values are 584 

interpreted as indirect evidence of aerobic nitrogen cycling, dominated by 585 

efficient nitrification of ammonium in the surface ocean and incomplete 586 

denitrification and/or anammox at the oxic/anoxic interface in the water column. 587 

The aerobic δ15N signatures presented in a compilation of the global 588 

Mesoproterozoic sedimentary δ15N record suggest that oceanic nitrate levels 589 

may not have been as limited as previously considered. However, as previously 590 

shown, the δ15N data indicate an onshore-to-offshore decrease in nitrate 591 

availability. The overall size of the nitrate pool was apparently smaller than that 592 

of eukaryote-dominated modern oceans. The moderate nitrate levels in the 593 

Mesoproterozoic oceans coincide with the presence of eukaryotic microfossils 594 

and a low abundance of eukaryotic biomarkers, suggesting that this moderate 595 

nitrate availability may have been sufficient to sustain a small population of 596 

eukaryotic organisms in Mesoproterozoic marine ecosystems.  597 
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Figure captions 927 

Fig. 1. (A) Paleogeography of the Yanliao Basin during the Mesoproterozoic 928 

(modified after Shi et al., 2021), showing the locations of the sampling drilling. 929 

(B) Location of the Yanliao Basin in the North China Craton (red box). (C) 930 

Generalized Paleo- and Mesoproterozoic stratigraphic sequence in the Yanliao 931 

Basin, North China Craton, with key tectonic events and geochronological data 932 

(modified after Wang et al., 2017, with age data from references therein). (D) 933 

Stratigraphic column of the XML Fm. in drill CQ-2 with sampling records. (E) 934 

Stratigraphic column of the HSZ Fm. in drill CQ-1 with sampling records. 935 

Fig. 2. The percentage of Fecarb, Feox, Femag, and Fepy in FeHR pool for each 936 

sample. 937 

Fig. 3. Stratigraphic profiles of redox proxies of the HSZ Fm. and the XML Fm. 938 

in drill CQ-1 and drill CQ-2, respectively. Vertical dash line(s) distinguish oxic 939 

(FeHR/FeT < 0.22) from equivocal (FeHR/FeT = 0.22–0.38) and anoxic (FeHR/FeT > 940 

0.38) conditions in the FeHR/FeT profile, differentiates the ferruginous (Fepy/FeHR 941 

< 0.7) from euxinic (Fepy/FeHR > 0.7) conditions in the FeHR/FeT profile, 942 

seperates the non-euxinic from euxinic conditions in the Mo profile, 943 

discriminates RSE deleption from enrichment relative to UCC level in the RSE 944 

EFs profiles, and discernes Mo deleption from enrichment relative to U in the 945 

Mo/U (EF) profile. 946 

Fig. 4. Stratigraphic profiles of TOC and TN contents, C/N ratios and δ15N 947 

values of the HSZ Fm. and XML Fm. in drill CQ-1 and drill CQ-2, respectively. 948 



Vertical red dash lines represent the Redfield values in modern ocean (Redfield, 949 

1934). 950 

Fig. 5. Cross-plots showing the relationship of (A) TN versus TOC, (B) δ15N 951 

versus TOC, (C) δ15N versus TN, and (D) δ15N versus molar C/N ratio for the 952 

studied HSZ and XML sections. 953 

Fig. 6. Box plots of nearshore and offshore δ15N data in Mesoproterozoic basins 954 

with p-values of student’s t-test performed, reflecting an onshore to offshore 955 

nitrate gradient. n represents the numbers of the samples compiled. Data 956 

source: Yanliao Basin from Luo et al. (2015), Wang et al.(2020b), Shi et al. 957 

(2021), Zhang et al. (2021) and this study, Bangemall and Roper basins from 958 

Koehler et al. (2017), Belt basin from Stüeken (2013). 959 

Fig. 7. Compilation of sedimentary δ15N data through the Mesoproterozoic with 960 

data from ~1560Ma, ~1460 Ma and ~1380 Ma Yanliao Basin, China (Luo et al., 961 

2015; Wang et al., 2020b; Shi et al., 2021; Zhang et al., 2021 and this study), 962 

~1500Ma Bangemall basin and ~1450 Ma Roper Basin, Australia (Koehler et 963 

al., 2017), ~1400 Ma Belt Basin, USA (Stüeken, 2013), ~1200 Ma Vindhyan 964 

Basin, India (Gilleaudeau et al., 2020), ~1100 Ma Paranoá Group, Brazil 965 

(Stüeken et al., 2021) and ~1048 Ma Borden Basin, Canada (Hodgskiss et al., 966 

2020). The orange area represents the typical range of nitrogen fixation. The 967 

fossil and biomarker records during the Mesoproterozoic are from Fairchild et 968 

al. (1996), Buick and Knoll (1999), Javaux et al. (2001), Zhu et al. (2016), Miao 969 

et al. (2021), Zhang et al. (2021). n represents the numbers of the samples 970 



compiled. 971 
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(Stüeken et al., 2021) and ~1048 Ma Borden Basin, Canada (Hodgskiss et al., 1028 

2020). The orange area represents the typical range of nitrogen fixation. The 1029 

fossil and biomarker records during the Mesoproterozoic are from Fairchild et 1030 

al. (1996), Buick and Knoll (1999), Javaux et al. (2001), Zhu et al. (2016), Miao 1031 

et al. (2021), Zhang et al. (2021). n represents the numbers of the samples 1032 

compiled. 1033 
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