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Nitrate limitation in early Neoproterozoic oceans
delayed the ecological rise of eukaryotes

Junyao Kang'?, Benjamin Gill""?, Rachel Reid"?, Feifei Zhang? Shuhai Xiao'**

The early Neoproterozoic Era witnessed the initial ecological rise of eukaryotes at ca. 800 Ma. To assess whether
nitrate availability played an important role in this evolutionary event, we measured nitrogen isotope compo-
sitions (8'°N) of marine carbonates from the early Tonian (ca. 1000 Ma to ca. 800 Ma) Huaibei Group in North
China. The data reported here fill a critical gap in the §'°N record and indicate nitrate limitation in early Neo-
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proterozoic oceans. A compilation of Proterozoic sedimentary §'°N data reveals a stepwise increase in §'°N
values at ~800 Ma. Box model simulations indicate that this stepwise increase likely represents a ~50% increase
in marine nitrate availability. Limited nitrate availability in early Neoproterozoic oceans may have delayed the
ecological rise of eukaryotes until ~800 Ma when increased nitrate supply, together with other environmental
and ecological factors, may have contributed to the transition from prokaryote-dominant to eukaryote-domi-

nant marine ecosystems.

INTRODUCTION
Although eukaryotes as a clade likely diverged from their living
sister clade in the Paleoproterozoic, they did not become phyloge-
netically and ecologically diverse until sometime in the Tonian
Period [1000 to 720 million years (Ma)] (I-3). The delayed transi-
tion from a prokaryote-dominant to a eukaryote-dominant marine
ecosystem marks an important milestone in the evolutionary
history of the biosphere and is documented by multiple lines of ev-
idence. First, phylogenetically resolved crown-group eukaryotes, in-
cluding the red alga Bangiomorpha pubescens and the green alga
Proterocladus antiquus, emerged in the Tonian Period ca. 1.0
billion years (Ga) (I). Various micro-/macrofossils also indicate
that important eukaryotic evolutionary innovations occurred
during this time, including multicellularity, cell differentiation, bio-
mineralization, and eukaryovory (4). Furthermore, there is an in-
crease in global species richness in the late Tonian Period (ca. 800
Ma) (5), although an increase of within-assemblage fossil diversity
is not apparent (4). The morphological disparity of eukaryotic
fossils also expanded in the Tonian Period relative to the preceding
Mesoproterozoic Era (6). Lipid biomarkers (see discussion in the
Supplementary Materials) suggest an ecological rise of eukaryotic
primary producers during the Tonian Period [(7), but see (8)].
What factors may have driven the transition from a prokaryote-
dominant to a eukaryote-dominant marine ecosystem? Given the
coupling of predation and animal diversity (9, 10), it is possible
that the rise of eukaryovory may have driven the phylogenetic diver-
sification of eukaryotes in the Tonian (5, 11). However, this hypoth-
esis does not account for the ecological dominance of eukaryotes,
which is likely also linked to nutrient supplies and the rise of eu-
karyotic primary producers. Phosphorus has long been regarded
as the ultimate limiting nutrient on geological time scales (12). It
has been proposed that an enlarged marine phosphorus reservoir
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after the Sturtian glaciation in the Cryogenian (13) was responsible
for the ecological rise of eukaryotic algae as the dominant primary
producers (7). Widespread ferruginous conditions in pre-Cryoge-
nian oceans may have caused marine phosphorus limitation due
to enhanced phosphorus scavenging into the sediment by iron min-
erals (13) and weakened phosphorus remineralization in anoxic en-
vironments (14). Under such conditions, cyanobacteria outcompete
phototrophic eukaryotes because of their smaller cell size and
greater efficiency of nutrient uptake (7, 15). During the Cryogenian,
enhanced postglacial weathering likely introduced a substantial
amount of phosphorus into the ocean (13, 16). With increased
phosphate availability, eukaryotic phototrophs became more com-
petitive than cyanobacteria, and the ecological rise of eukaryotic
algae with a larger cell size led to a more efficient biological
pump and fundamental changes in the marine carbon cycle and
redox structure (13, 16).

In principle, the bioavailability of nitrogen, another macronutri-
ent in marine ecosystems, could have also played a similar role in
driving the ecological rise of eukaryotic primary producers. It has
been suggested that fixed nitrogen, instead of phosphorus, limits
primary productivity on glacial-to-interglacial time scales (17).
Earth system models show that bioavailable nitrogen may have
been a limiting nutrient during parts of the Proterozoic when
PO, (partial pressure of oxygen) was at intermediate levels of 0.1x
to 0.4x present atmospheric level (13). The marine biogeochemical
cycle of nitrogen, which has multiple redox states, is closely coupled
with oceanic redox structures. Nitrogen fixation reduces atmo-
spheric N, to biologically accessible ammonium. In the presence
of O,, even at nanomolar levels (18), ammonium is oxidized to
nitrate through nitrification. In suboxic-to-anoxic seawater and
sedimentary porewaters, however, nitrate is reduced to gaseous
species and removed from the ocean mainly through denitrification
and anammox (19, 20). The availability of nitrate has long been re-
garded as a key factor dictating the competition between eukaryotic
and bacterial primary producers (21). Eukaryotes do not fix nitro-
gen, and thus, their growth is dependent on the assimilation of bio-
available nitrogen (22). In contrast, diazotrophic cyanobacteria fix
nitrogen whenever needed, although they can also release enzymes
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to efficiently scavenge bioavailable nitrogen from the seawater (21).
Thus, cyanobacteria can outcompete photosynthetic eukaryotes
and maintain ecological dominance when nitrate is limited, but eu-
karyotes have an upper hand when nitrate is readily available, due to
their ability to rapidly transport nitrate into the cell for further as-
similation (23) and to store nitrate in intracellular vacuoles (21, 24).
This nitrate-controlled dichotomy is readily seen in modern oceans,
where diatoms dominate in nitrate-rich areas and cyanobacteria in
nitrate-limited areas (Fig. 1). With low atmospheric oxygen levels
and widespread anoxic conditions in the pre-800 Ma oceans (25—
27), it is expected that nitrogen loss may be extensive and nitrate was
not widely available (28). Therefore, it is possible that nitrate avail-
ability may be as important as phosphorus supply in limiting or
fueling the ecological rise of photosynthetic eukaryotes. However,
the current understanding of the early Neoproterozoic nitrogen
cycle is extremely limited due to a lack of data, particularly for
the early Tonian Period, prompting us to generate data from the
Huaibei Group and to integrate a modeling approach to elucidate
the potential role of nitrate in this critical evolutionary event.

To fill the early Tonian gap of §'°N data, we investigated the ca.
1000 to 800 Ma Huaibei Group from the North China Craton
(NCQC), using a multi-geochemical proxy approach (Fe speciation
and N isotopes). The Huaibei Group offers a window onto the
shallow marine redox structure and nitrogen cycle before the pro-
liferation of eukaryotic algae. Noting that §'°N can be influenced by
local environmental conditions and can show appreciable spatial
variations (29, 30), we compiled a Proterozoic 8N database,

A B

which was then analyzed using time series techniques to identify
secular trends from local signals. Last, we used a simple box
model to provide a broader view of nitrate availability and its poten-
tial relationship with the ecological rise of eukaryotes. This integra-
tive approach helps us to quantitatively understand the early
Neoproterozoic nitrogen cycle and to evaluate the possibility of a
nitrate driver for the ecological rise of eukaryotes.

Geological background

The NCC is a major tectonic unit in China and one of the best
studied cratons in the world. Tonian sedimentary rocks, including
the Huaibei Group, occur in the Xuhuai rift system along the south-
eastern margin of the NCC. The Huaibei Group consists of 13 for-
mations and can be divided into three parts (fig. SI), with
eukaryotic fossils reported from the middle and upper parts of
the group. The lower part of the succession consists of the
Lanling, Xinxing, and Jushan formations that are predominantly sil-
iciclastic rocks, including quartz sandstone and shale with carbon-
ate concretions. The middle-upper Huaibei Group is dominated by
carbonate rocks and consists of the Jiayuan, Zhaowei, Niyuan, Jiu-
dingshan, Zhangqu, Weiji, and Shijia formations. Stromatolites and
molar-tooth structures are common in this part of the succession,
and putative vase-like microfossils, leiospheric acritarchs, Chuaria,
and Tawuia have also been reported from this portion of the
Huaibei Group (31). The upper part of the succession consists of
the Wangshan Formation (stromatolitic dolostone and limestone),
the Jinshanzhai Formation (quartz sandstone, shale, limestone, and
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Fig. 1. Distribution of diatoms, cyanobacteria, and nitrate in modern oceans. (A to C) Time-averaged (January 2011 to December 2015) concentration maps of first
major feature (the most prominent distribution pattern) of diatom (A), cyanobacteria (B), and nitrate (C). Major spatial features were extracted using singular value de-
composition (see the Supplementary Materials). Note that maps show concentrations in first major features rather than actual concentrations in oceans. Concentration
data are from NOBM (78). (D and E) Cross-plots of cyanobacteria (D) and diatom (E) versus nitrate concentrations in modern oceans, showing that diatoms are abundant in
nitrate-rich areas, whereas cyanobacteria are dominant in nitrate-limited areas. Time-averaged data of the first major component were used in the plots. For diatom and
nitrate, simple linear regression model (y = a + b*x) was applied. For cyanobacteria, log function [y = a + b*log(x)] was applied. R and P values were calculated using

Pearson correlation coefficient.
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stromatolitic dolostone), and the uppermost Gouhou Formation
(shale and siltstone) (32). The carbonaceous compression fossils
Chuaria, Tawuia, and Protoarenicola have been reported from the
Jinshanzhai Formation, and Chuaria, Tawuia, Dictyosphaera sp.,
Trachyhystrichosphaera aimika, and Valeria lophostriata have
been recovered from the Gouhou Formation (31, 33). The excep-
tional fossil preservation suggests low degrees of thermal maturity
(33), which is consistent with relatively low vitrinite reflectance (Ry:
2.2 to 2.5) of the Huaibei Group (34) and Raman spectroscopic data
of organic-walled microfossils from age-equivalent strata in the
same rift system (35).

The depositional age of the Huaibei Group is relatively well con-
strained by available radiometric, biostratigraphic, and chemostrati-
graphic data (fig. S1). Authigenic monazite from the Xinxing
Formation gives a SIMS Pb—Pb age of 1086 + 17 Ma, which is
taken as an approximation of the initial depositional age of the
Huaibei Group (36). Dolerite sills intruding the Wangshan Forma-
tion are dated at 906 + 10 Ma (37), providing minimum age con-
straints on the intruded strata. The authigenic xenotime from the
Shijia Formation suggest a minimum depositional age of 919 + 23
Ma (36). These ages constrain most of the Huaibei Group between
~1086 and ~906 Ma. On the basis of an age model using strontium
isotope chemostratigraphy, the deposition of most of the carbonate
strata occurred between ca. 980 Ma and ca. 920 Ma (38). However,
the youngest detrital zircons from the Jinshanzhai Formation yield a
maximum depositional age of 820 + 11 Ma (39), and the existence of
Protoarenicola in the same formation suggests a Tonian age (>720
Ma). Hence, a ~100-Ma unconformity may be present between the
Wangshan and the Jinshanzhai formations, and therefore, in this
study, we assigned a <820-Ma age to the Jinshanzhai Formation.
The presence of T. aimika, V. lophostriata, and Dictyosphaera sp.
in the Gouhou Formation, Protoarenicola in the Jinshanzhai For-
mation, Pararenicola in the Shijia Formation, and Tawuia at multi-
ple horizons in the Huaibei Group supports a Tonian age for this
group. The §"°C_,p, chemostratigraphy is also consistent with the
Tonian global 8'3C record (31).

In this study, we focus on the middle and upper parts of the
Huaibei Group, which were mostly deposited on a shallow-water
carbonate platform (40). Development of storm deposits, ripple
marks, and cross-stratification suggests extensive mixing of the
water column (41). In addition, paleontological data from the Jin-
shanzhai and Gouhou formations also indicate an open marine en-
vironment (33). A total of 141 carbonate samples were collected
from four sections in the Huaibei region of North China, including
the Zhaowei section (Jiayuan, Zhaowei, Niyuan, and Jiudingshan
formations), Liangtang section (Jiudingshan Formation), Lushan
section (Zhangqu, Weiji, and Shijia formations), and Langan
section (upper Wangshan, Jinshanzhai, and Gouhou formations).
These samples were analyzed for iron speciation and nitrogen
isotope composition.

Iron speciation

Iron speciation is a widely used approach to evaluate local redox
conditions in ancient sedimentary basins. This proxy focuses on
iron species that are highly reactive (Feyr) toward dissolved
sulfide, including iron in carbonate (Fe.,), iron oxides (Fe,y),
magnetite (Fen,g), and iron that has reacted with dissolved sulfide
to form pyrite (Fepy) (42). In sediments deposited under an anoxic
water column, enrichment of highly reactive iron occurs via shelf-

Kang et al., Sci. Adv. 9, eade9647 (2023) 22 March 2023

to-basin iron transport, resulting in elevated ratios of Feyy to the
total iron (Fer) in the sediment (43). It has been shown, through
analyses of modern and ancient sediments, that Feygr/Fer < 0.22
is indicative of sediments deposited under oxic water columns,
and Feygr/Fer > 0.38 is indicative of sediments deposited under
anoxic water columns. Furthermore, ferruginous (anoxic, iron-
replete) and euxinic (anoxic, sulfide-replete) water columns can
be distinguished using Fe,,/Feyy ratios, because proportionally
more Fegr would react with hydrogen sulfide and precipitate as
pyrite in the euxinic water columns than in ferruginous conditions.
A threshold Fe,,,/Fepr of 0.7 to 0.8 is widely used to separate ferru-
ginous (<0.7) from euxinic conditions (>0.8) (42). More recently,
with Holocene data from the eastern Mediterranean Sea (44), a
lower threshold (0.6 to 0.8) has been suggested (45). While the
iron speciation proxy was initially applied in the analysis of fine-
grained siliciclastic rocks, recent work demonstrates that Feyr/Fer
isalso a reliable redox proxy for carbonate rocks with Fer > 0.5 weight
% (wt %) (46). Here, we compiled a Fe speciation dataset of carbon-
ate samples (Fer > 0.5 wt % ) from modern and ancient anoxic
basins to further evaluate the effectiveness of Fe,,,/Feyg in carbonate
rocks (see the Supplementary Materials).

The nitrogen isotope proxy

The nitrogen isotope composition (§'°N) of sedimentary rocks is a
powerful tool for understanding the ancient nitrogen cycle. Sedi-
mentary nitrogen has a biological origin and ultimately comes
from primary producers (19, 20). Primary producers assimilate ni-
trogen from seawater and hence reflect the §'°N of the ocean reser-
voir. In the ocean system, bioavailable nitrogen is ultimately
supplied by N, fixation and removed by a combination of pathways,
including heterotrophic denitrification and anammox in the water
column and sediments, as well as the burial of nitrogen in sedi-
ments. On geologic time scales, the §'°N of the ocean reservoir is
controlled by the isotopic fractionation associated with these
input and output fluxes. For the input flux, nitrogen fixation is as-
sociated with a small fractionation (eyy; x,) of =2%o to +1%o
when Mo-based nitrogenase enzyme is used (19). Alternative path-
ways using V-/Fe-based nitrogenases can cause fractionations of —6
to —8%o; however, on the basis of the nitrogen isotope record and
phylogenetic data, these enzymes are thought to be negligible in
Precambrian oceans (19, 47). Given the 8"°N of atmospheric N,
(8N = 0%o) (48), in a fully anoxic ocean (Fig. 2A) where ammo-
nium is the dominant species and assimilation is quantitative (i.e.,
nitrate is completely removed) (19), a near-zero (-2 to +1%o) S'°N
for marine sediments would be expected. On the other hand, when
nitrate is abundant (Fig. 2, B and C), its partial removal from the
water column through denitrification and anammox can impart
substantial isotopic fractionations of —10 to —30%eo (ex,-No;)
(49), leading to '°N enrichment in the residual nitrate pool.
When denitrification/anammox occurs in the sediments, however,
nitrate loss is quantitative and the net isotopic fractionation ap-
proaches 0%o (49). The nitrate SN signals are then transferred
to sediments by organisms assimilating nitrate as the nitrogen
source. As shown in Fig. 2 (B and C), nitrogen cycles in a Protero-
zoic ocean with oxygenated surface water and in the modern ocean
with an oxygen minimum zone are similar. The major difference is
the extent of nitrogen removal and therefore the size of nitrate res-
ervoir. In modern oceans, the average 8'°N value of sediments is
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Fig. 2. Simplified nitrogen cycles in Precambrian and modern oceans. R-NH, represents organic nitrogen. (A) Nitrogen cycle in a fully anoxic ocean (e.g., in much of
the Archean). Arrows between organic nitrogen and ammonium represent ammonification and nitrogen assimilation processes. (B) Nitrogen cycle in an anoxic ocean
with oxic surface water (e.g., in much of the Proterozoic). Arrows from organic nitrogen to nitrate represent a combination of ammonification and nitrification processes.
Arrows from nitrate to organic nitrogen represent the nitrogen assimilation process. (C) Nitrogen cycle in the modern ocean with an oxygen minimum zone (OMZ).

about +5%o due to partial nitrate loss in oxygen minimum zones
(29), whereas average 8'°N of Proterozoic sediment is expected to
be lower (but still above 0%o) due to stronger nitrate loss and pro-
portionally greater ammonium assimilation. In summary, positive
8"°N values of sediments can be regarded as evidence for nitrate
availability in the contemporaneous oceans, and near-zero §'°N
values indicate nitrate scarcity and/or extensive nitrogen loss.

On the basis of previous nitrogen cycle models (50, 5I), we
applied a steady-state box model to understand how nitrate avail-
ability in the ocean affects nitrogen isotope signals preserved in sed-
iments (fig. S2). Because our focus is the evolution of the nitrate
reservoir on geological time scales (>10° years), steady-state
models are appropriate (50, 51). In addition, because the box
model does not capture spatial heterogeneity and temporal dynam-
ics, the simulated outputs only represent global averages. In this
model, two nitrogen reservoirs were considered (fig. S2) (51). The
first reservoir (Nfye/ammonium) includes organic nitrogen of di-
azotrophic organisms (Ngy.,, mostly cyanobacteria) and ammoni-
um derived from the remineralization of this organic matter. The
second reservoir (Nygimilator/itrate) includes nitrate and organic
nitrogen of nitrate-assimilating organisms (Ngsimilator» mostly eu-
karyotes). We only considered net input and output fluxes related
to these two reservoirs. For example, although dissimilatory nitrate
reduction to ammonium was argued to be important in Proterozoic
ferruginous oceans (52), this nitrogen transformation pathway is
not included in our model because it is a recycling flux that is ac-
counted for when the net nitrification is parameterized. For the
Nfixer/ammonium reservoir, the only input flux is N, fixation
(Fgy)- A large portion of this input flux is balanced by net nitrifica-
tion (Fremin) coupled with remineralization, which supplies nitrate
to the second reservoir (N,gsimilator/Ditrate). Only a minor portion
escapes from remineralization and is buried in marine sediments
(Ffixer_burial)- For the Ngimilator/Ditrate reservoir, Fiepin is the
major input, with two minor input fluxes (atmospheric deposition
Faepo and riverine input Fyjye,). In this study, Fgepo and Fiiver were
considered when the model was validated by reproducing modern
ocean §'°N values (see the Supplementary Materials). However,
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because these two fluxes are orders of magnitude smaller than Fp,
and their impact on model results is negligible (5I), they were not
considered when modeling the Precambrian nitrogen cycle. The
major output fluxes from the N, milror/Ditrate reservoir are deni-
trification/anammox in the water column (F,,.4) and sediments
(Fsq), with a minor part of N gimilator Duried and preserved as sedi-
mentary N (Fyssimilator_burial)- I our model, Fgq was held as a cons-
tant equivalent to its modern value, because even surface sediments
under oxic water columns can reach the denitrification zone (53).
Ultimately, the ratio of Fy to Fyq controls 8'°N of the nitrate res-
ervoir (Nygsimilator/Nitrate). We note that in extreme cases where
marine anoxia and water-column denitrification/anammox are
prevalent, nitrate is exhausted in the water column and denitrifica-
tion/anammox in the sediment is diminished. In such cases, it is
inappropriate to hold Fyq at its modern value. Although not imple-
mented in this model, in such extreme cases, isotopic fractionation
associated with both water-column and sedimentary denitrifica-
tion/anammox approaches to zero, and 8"°N of the nitrate reservoir
(Nassimilator/Nitrate) would be near zero and insensitive to Fyq/Fyycq.
When in steady state, the fluxes into and out of the ammonium
and nitrate reservoirs can be described as follows (Egs. 1 and 2)

(1)

Fpy = Fremin + Fﬁxer_burial

wed T+ Fsd + Fassimilator,burial (2)

F remin

The isotope mass balance can be described in Egs. 3 and 4

15 15
Fﬁx X (6 Natmo + 8ﬁx) = Fremin X 8 Nﬁxer/ammonium

15
+ Fixer_burial X 8 Nﬁxer/ammonium (3)

15 15
Fremin x 8 Nﬁxer/ammonium = I'wed X (6 Nassimilator/nitrate + swcd)
15
+ Fyq % (6 Nassimilator/nitrate + ssd) + Fassimilator _burial

15
X & Nassimilator/ nitrate

(4)
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where 615I\IatmO) 815Nﬁxer/ammonium’ and 615Nassimilator/nitrate are ni-
trogen isotope compositions of atmospheric N, Ngy.,/ammonium
reservoir, and N imilator/Ditrate reservoir, respectively, and g,
€wed> and ggq are fractionation factors associated with Fgy, Fiycd,
and Fq, respectively (see the Supplementary Materials for the pa-
rameterization of gy, €ycq» and ey, which are defined as € = §'*
Nproduct 8" N eactant). Fractionations associated with
denitrification and anammox are not differentiated and are repre-
sented by a single fractionation factor that integrates both denitrifi-
cation and anammox, as is commonly done in field site
measurements (49). This choice is also supported by culture exper-
iments showing similar isotopic effect of denitrification and
anammox (54). Furthermore, we assumed no isotopic fractionation
associated with Fremim Fassimilator_burial’ and Fﬁxer_burial (19> 20, 51)
Solving Egs. 1 to 4, we can obtain the nitrogen isotope compositions

of the two oceanic reservoirs (Egs. 5 and 6)

()

15 15
S Nﬁxer/ammonium = 8" Natmo + &fix

15 15
5 Nassimilator/nitrate =39 Nﬁxer/ammonium - (chd X €yed + Fsd

X ssd)/Fremin

(6)

Because nitrate is the focus of this study, we formulated f, similator
(Eq. 7) as the proportion of nitrogen that is buried from the
Nassimilator/Ditrate reservoir. Thus, fussimilator €an be viewed as an in-
dicator of nitrate availability in the ocean; when nitrate level is high,
we expect a greater f,ssimilator Value or a larger contribution of nitrate
burial to the total nitrogen burial.

7)
As the total burial flux (Fioa)_puriar) 18 @ mixture of Frcer purias and
Fyssimilator_burial the nitrogen isotope composition of sediments

fassimilator = Fassimilator_burial/Ftotal_burial
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Fig. 3. Geochemical data from the Huaibei Group. Red points in (A) to (C) denote samples with Fer > 0.5%; blue points, Fer 0.4 to 0.5%; black points, Fer < 0.4%. Blue
band in (B) marks sediments deposited under oxic conditions, and green band marks sediments deposited under anoxic conditions. In (C), green band represents fer-
ruginous conditions, and orange band represents euxinic conditions. In (D), green band marks near-zero 8'°Np values indicative of dominance of nitrogen fixation.
Color and size of data points are keyed to reflect TN and TOC contents. Blue line is LOWESS regression fit with 95% CI (gray shadow) calculated from SEs.
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(8"°Neq) can be expressed as follows (Eq. 8)

15 _ 15
S NSEd - (1 _fassimilator) x 8 Nﬁxer/ammonium +fassimilator

15
X 8 Nassimilator/nitrate

(8)
Because both F,gmilator_burial and nitrate loss through denitrifi-
cation/anammox are controlled by the extent of anoxia in the ocean,
Fssimilator_burial 18 €xpected to decrease when nitrate loss increases.
We thus added an extra constraint on Fygimilator burial (EqQ- 9) (51)

! (9)

where Fiotal denit = Fwed + Fsa- Because our focus is on fggimilator OF
Fassimilator_burial asa proportion Othotal_burial (Eq 7)> we used a cons-
tant Fioal burial (= 25 Tg/year) in our model calculation. We varied
Jassimilator from 0 to 100% to understand how variation in nitrate
availability would affect 8" Nyeq. Last, the uncertainty of eg, and
€wea Was evaluated using a Monte Carlo simulation in which egy
and &4 were sampled from uniform distributions (eg,, —2 to
1%o0; €yca, —30 to —22%o0). Although higher &4 values (—15 to
—10%o0) have been reported from cellular-level culture experiments
(55), we used community fractionation factors from field studies to
better capture global average conditions.

F assimilator_burial ¢ F
total _denit

RESULTS

Twenty-five samples with Fer greater than 0.5% and 11 samples
with Fer between 0.4 and 0.5% were analyzed for iron speciation
(Fig. 3A). All of these samples have Feyr/Fer greater than 0.38
(average, 0.68; range, 0.38 to 0.94) and Fe,,/Feyg less than 0.6
(average, 0.05; range, 0 to 0.40) (Fig. 3, B and C).

The compilation of Fe speciation data from carbonate deposits in
modern and ancient anoxic basins (Fig. 4), where inference of redox
condition was based on independent proxies (e.g., redox-sensitive
trace metal concentrations) or Fe speciation data from adjacent
beds of fine-grained siliciclastic sediments (table S1), shows that
carbonate samples with Fer > 0.5 wt % can be used in iron specia-
tion analysis for paleo-redox investigation (see the Supplementary
Materials). The compilation also validates the recently revised
threshold of Fe,,/Feyr = 0.6 to 0.8 (45) for the differentiation of
ferruginous and euxinic conditions based on carbonate samples
with Fer > 0.5 wt % . In light of this, carbonate samples from the
Huaibei Group with Fer > 0.5 wt % provide reliable Fe speciation
data, whereas those with Fer between 0.4 and 0.5 wt % are consid-
ered, but with caution.

A total of 123 carbonate samples from the Huaibei Group were
decarbonated and the residues were analyzed for total organic
carbon content (TOC), total nitrogen content (TN), organic
carbon isotope composition (8'*Croc), and total nitrogen isotope
composition (8" Npu) (Fig. 3D and fig. S3). Average TOC is 0.05
wt % (ranging from 0.01 to 0.21 wt %, n = 123), average TN is
0.006 wt % (ranging from 0.001 to 0.032 wt %, n = 112), average
8"Croc is —27.0%o (ranging from —29.8 to —19.8%o, n = 123),
and average S Npuik is 2.0%o (ranging from —2.0 to 4.2%o,
n = 112). About 74% of the samples have 8'°Ny i less than 2.5%o
(n = 83), and ~54% samples have 8'°Ny, between 1.5 and 2.5%o
(n=61). A positive excursion was observed in the Jiudingshan For-
mation, where "N rises from 1.4 to 4.2%o and then declines to
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1.7%o. Short-term fluctuations of 8'°Ny . values were also ob-
served in this section.

Numerical modeling results show that §'°N4 has a nonlinear
relationship with the proportional contribution of nitrate-assimilat-
ing eukaryotes (fussimilator) t0 sedimentary nitrogen. 8" N,.q values
are highest when f,smiaror is ~0.5 but decrease to near-zero values
when f,imilator approaches zero or unity (Fig. 5E). When f, imilator
approaches zero, the ocean is mostly anoxic and nitrate is not avail-
able. Sedimentary nitrogen is largely derived from nitrogen-fixing
cyanobacteria, which have near-zero 8'°N values. When fassimilator
approaches unity, the ocean is mostly oxic and water-column deni-
trification/anammox approaches zero. As a result, 8" N assimilator/
nitrate and sedimentary 8"°N approach 0%o.

The modeling results also show that modeled §'°N,.q is affected
by the fractionation factor associated with nitrogen fixation [egy,
allowed to vary between —2 and +1%o (51)] and the fractionation
factor associated with water-column denitrification/anammox
[ewca> allowed to vary between —30 and —22%o (49)] (Fig. 5, A to
D). Briefly, as eg, increases, heavier nitrogen is introduced to the
ocean through nitrogen fixation and §'°N,.q reaches higher
values. In contrast, as &4 decreases, lighter nitrogen is removed
from the ocean through water-column denitrification/anammox
and 8"°Nq reaches higher values.

The §'°N data from the Huaibei Group were incorporated in a
compilation of sedimentary nitrogen isotope data (n = 1824) from
~1.6 to ~0.539 Ga, which is updated from a database compiled by
Stiieken et al. (19). The compiled dataset captures a wide range of
marginal marine depositional environments to reflect the global ni-
trogen cycle. Data are grouped into 100-Ma time bins and plotted in
Fig. 6A. The dataset is dominated by §'°N data derived from fine-
grained siliciclastic lithologies (1194 samples) as opposed to car-
bonate rocks (630 samples). This is especially true for the Mesopro-
terozoic data, with only 85 of 574 samples from carbonate rocks.

DISCUSSION

Evidence for primary oceanic signals

Previous petrographic, paleontological, and geochemical work on
the same suite of samples analyzed here indicates excellent preser-
vation of the sedimentary fabrics, minimal diagenetic alteration,
and low degrees of thermal maturity (31, 56). Here, we further
assess possible postdepositional alteration of the Fe speciation and
8"N signals.

Fe speciation is subjected to diagenetic and metamorphic alter-
ations because iron and sulfur can be removed from or added to the
sediments after deposition. Given that most carbonate samples are
micritic with no notable recrystallization or late-stage cements (31),
postdepositional alteration is likely limited. One specific concern
for the Fe speciation proxy is the reaction between highly reactive
iron minerals and dissolved sulfide from diagenetic fluids,
which could potentially elevate the Fe,,/Feyr of samples with
Feyr/Fer > 0.38 and thus lead to false signals of euxinia (57).
Because all analyzed samples have low pyrite contents and no
euxinic signal is recorded in the Huaibei samples, this indicates
that this bias is not a concern for our samples. Another form of post-
depositional alteration comes from deep burial dolomitization,
which introduces reactive iron from external sources (42) and ele-
vates the Feyr/Fer ratio. However, previous studies have shown that
dolomite in the Huaibei Group and many other Neoproterozoic
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Fig. 4. Fe,,/Feyp ratios plotted against carbonate percentage for independently assessed euxinic and ferruginous samples. Modern and ancient samples with
Fer > 0.5% were plotted. The data compilation confirms that the recently proposed euxinic/ferruginous threshold (0.6 to 0.8) is valid for distinguishing euxinic versus
ferruginous conditions in carbonate samples. See table S1 for data sources and independent assessment of redox conditions.

successions are likely syndepositional or early diagenetic (58, 59),
suggesting a lack of highly reactive iron input later during diagen-
esis. In addition, Fe.,;, is not correlated with Mg/Ca (fig. S4), indi-
cating that dolomitization is not a major controlling factor on Fe_,,
and Fepg.

8"°N signals in sedimentary organic matter can also be altered by
diagenesis, metamorphism, and detrital contributions. Isotope
modifications during biodegradation in the water column and in
surface sediments are controlled by oxygen exposure time, which
is related to dissolved oxygen content, water depth, and sedimenta-
tion rate. When oxygen exposure is limited, isotopic alteration
during this process is negligible (<1%o) (20). Considering that the
Huaibei carbonates were deposited on a shallow-water carbonate
platform (where sedimentation rate tends to be high) and under fer-
ruginous conditions (see discussion below), isotope alteration
during early diagenesis is likely minimal. In late diagenesis, nitrogen
can be removed from organic matter as NH," through either micro-
bial remineralization or thermal maturation. This ammonium can
be recaptured by clay minerals (as substitutes for monovalent
cations) in the sediment or rock under closed system conditions
(60). Instead of a net loss of sedimentary nitrogen, this process
merely redistributes N between organic matter to clay minerals.
Therefore, §'°N of bulk samples (8N, including both
organic-N and clay-NH,") remains relatively robust against diage-
netic alteration. Regarding low-grade metamorphism (from anthra-
cite to semigraphite stages), which is suggested by low vitrinite
reflectance (34) and organic-walled microfossil preservation (33)
in the Huaibei Group, previous studies have demonstrated that
metamorphic denitrogenation can cause nitrogen loss but induces
little isotopic fractionation (20). However, these studies focused on
coal deposits with high organic matter contents (20). Because
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progressive metamorphism causes preferential loss of N relative
to C, and preferential loss of light isotopes (**N and '>C), correla-
tions between 8'°Ny and TN, 8N i and C/N, and 8"° Ny, and
8B Corg are expected (51). However, none of these correlations are
observed in our data (fig. S5, A to C). Nitrogen from detrital clay
minerals can also potentially mask the primary §'°N signals. The
strong correlation between TN and TOC of decarbonated samples
(fig. S5D), however, indicates that TN is dominated by organic ni-
trogen, although the nonzero intercept does suggest that a small
fraction of TN is derived from clay minerals. However, even this
small amount of clay-bound nitrogen may have been, at least par-
tially, recaptured nitrogen from the decomposition of
organic matter.

Ferruginous shallow waters and nitrate limitation in the
early Tonian Ocean

High Feyg/Fer ratios (>0.38) but low Fe,, /Fepy ratios (<0.6) of all
Huaibei samples with Fer > 0.5% indicate that the Huaibei carbon-
ates were deposited under a persistently anoxic and ferruginous
water column (Fig. 3). The development of ferruginous conditions
in the Xuhuai rift basin is consistent with the previously published
Fe speciation data from Tonian siliciclastic rocks in the adjacent
Huainan region, which also indicate consistently ferruginous con-
ditions elsewhere in the basin (27). Guilbaud et al. (27) argued for a
transition from euxinic to ferruginous mid-depth waters in the ear-
liest Tonian that was driven by a greater Feyy flux into the oceans
relative to that of sulfate, ultimately related to change in weathering
regime during the amalgamation of Rodinia. Considering that the
ferruginous conditions are recorded in carbonate rocks of the
Huaibei Group deposited on a shallow-water carbonate platform,
the chemocline must have been relatively shallow, at least in the
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Fig. 5. Results of numerical modeling, showing effect of f,similatorr €fixs @and
£wed ON 8'°N,eg. (A to D) Model results showing effect of &g, and &,,cq ON sedimen-
tary nitrogen isotope composition (8'°Nseq). Each plot shows modeled §8'°Ngeq
values with a fixed &g, value but variable g,q values. When &gy is higher or ,cq
is lower, 8'°Nseq becomes higher at a fixed fyssimilator; NOte that the eycq axis is in-
verted. Relationship between §'*Nyeq and fassimiiator is NOt linear: §'°Nyeq is highest
at intermediate f,ssimilator Values, but decreases when f,gsimiiator aPProaches to zero
(due to greater contribution from nitrogen-fixing organisms) or unity (due to
weaker denitrification/anammox). (E) Modeled 8'°N..4 values with Monte Carlo
sampling of gg, (=2 to 1%, uniform distribution) and &,cq (=30 to —22%o,
uniform distribution). Black line represents median values, and green shade
shows 95% Cl. In modern oceans, fysimilator 1S ~0.7 and 8'°Nyeq is ~5%o (black
dot). 8'°Nyeq of Huaibei Group samples is ~2.0%o (red dot), and fyegimiiator is €Stimat-
ed to be <0.5 in more anoxic Tonian oceans.

Xuhuai rift basin. The expansion of ferruginous seawaters onto car-
bonate platforms is also in line with recently published uranium
isotope data, which indicate extensive shallow-water anoxia on a
global scale in the early Tonian Period (56).

As discussed above, ferruginous shallow waters would be expect-
ed to cause extensive nitrogen loss through denitrification and
anammox, leading to a marine nitrogen cycle dominated by N-fix-
ation and sedimentary N characterized by near-zero §'°N values.
The Huaibei Group has an average 8Ny u of 2.0%o0 (Fig. 3),
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indicating extensive but not quantitative removal of nitrate
through denitrification and anammox, which would likely result
in nitrate limitation. Variations in 8" Ny, values throughout the
Huaibei Group may be related to small-scale changes in the
oxygen level of surface waters, while bottom waters maintained fer-
ruginous conditions. The positive excursion in the Jiudingshan For-
mation probably represents a transient expansion of oxic shallow
waters. These small-scale and transient variations are consistent
with a small nitrate reservoir, which was sensitive to local changes
in input or output fluxes.

On the basis of numerical modeling results (Fig. 5), a mean
8" Npuik of ~2.0%o0 from the Huaibei Group would require a rela-
tively low contribution from nitrate assimilators (mostly eukary-
otes) to sedimentary nitrogen. These §'°Np,y values suggest
fassimilator Of 0nly 0.11 (when &5, = —0.5%0 and &g = —26%0) on
average; although fissimilator Of 0.87 (when en, = —0.5%0 and
€wed = —26%0) can mathematically satisfy the mass balance equa-
tions, this is inconsistent with the geochemical data indicative of
shallow-water ferruginous anoxia and a relatively small marine
nitrate reservoir. Under a scenario with high &g, (1%0) and low
€wed (—30%0), fassimilator WOuld decrease further to 0.03. Even at rel-
atively low &g, (—2%o0) and high eycq (—22%0), fassimilator 1S still rel-
atively low (0.24). In comparison, fussimilator in modern oceans is
about 0.7 (see the Supplementary Materials). Thus, our integrated
Fe speciation and nitrogen isotope data, coupled with numerical
modeling results, suggest that the Xuhuai basin was probably char-
acterized by ferruginous anoxia, a relatively small marine nitrate
reservoir, and a relatively low contribution of nitrate assimilators
to sedimentary nitrogen. Considering the global-scale shallow-
water anoxia evidenced by uranium isotope data (56), the patterns
we observed in the Xuhuai basin may be representative of the global
ocean. If so, an inescapable implication is that nitrate-assimilating
eukaryotes likely played a limited ecological role in early
Tonian oceans.

Long-term §"°N trend, nitrate availability, and ecological
rise of eukaryotes

The compilation of sedimentary nitrogen isotope data (n = 1824)
span the beginning of the Mesoproterozoic at 1.6 Ga, when acri-
tarchs started to appear abundantly in the fossil record (I), to the
end of the Neoproterozoic at ~0.539 Ga, when multicellular eukary-
otes, including possible stem-group animals, became ecologically
dominant (61).

We argue that the long-term trend in §'°N values over this time
interval can inform us about changes in the marine nitrogen cycle
and nitrate availability. In particular, the lowest quartile of §'°N data
in each time bin is informative. We focus on the lowest quartile for
two reasons: (i) It is likely more informative of the extent of nitrate-
limited regions, and (ii) it helps us to better tackle the potential
impact of diagenetic alteration. With regard to the first reason,
there was likely greater spatial heterogeneity in nitrate concentra-
tions in Proterozoic oceans relative to modern oceans, given that
the average nitrate concentration was lower and the residence
time was shorter. The residence time of fixed nitrogen in modern
oceans is less than 2000 years (62). With stronger nitrogen loss
through denitrification/anammox in Proterozoic oceans, the resi-
dence time may be shorter than the ocean mixing time, resulting
in spatial heterogeneity in both nitrate availability and §'°N
values (e.g., figs. S6 and S7). Considering that oxic oases may
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Fig. 6. Nitrogen isotope composition (5"°N) of sedimentary rocks through time. (A) Compilation of published nitrogen isotope data from Mesoproterozoic to Neo-
proterozoic. Boxplots show distribution of 5'°N values in each 100-Ma time bin. Blue line is LOWESS regression fit of lowest 25% &'°N data in every 100-Ma time bin; see
fig. S6 for LOWESS regression fit of lowest 50% data and the entire dataset. Gray shade is 95% Cl calculated from 10,000 bootstrapping experiments. Red triangle marks
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8'°N values characteristic of a nitrogen cycle dominated by nitrogen fixation (€.g., fassimilator < 0.16; see Fig. 5). (B) Frequency distributions of §'°N values from bootstrap-
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(n = 10,000) of pre-800 Ma (blue) and post-800 Ma (orange) samples.

have been present in Mesoproterozoic oceans and nitrate supplies
may have been locally abundant (63), such isotopic heterogeneity
was likely accentuated. Because the focus of this study was on the
ecological rise of eukaryotes on a global scale, we are more interest-
ed in time intervals and regions where nitrate availability could have
limited eukaryote success, rather than local environments where eu-
karyotes may have managed to survive. As such, the lowest quartile
of the 8'°N compilation is more informative of the extent of nitrate-
limited regions. For the second reason, the lowest quartile helps us
to better address the potential issue of diagenetic alteration. Some of
the variations in the compiled §'°N data may be related to diagen-
esis and metamorphism, which tend to elevate §'°N values. There-
fore, instead of tracking the temporal pattern of the entire dataset,
we subjected the lowest quartile in each 100-Ma time bin to a locally
weighted scatterplot smoothing (LOWESS) regression analysis to
understand the long-term evolution of SN (Fig. 6A). Nonetheless,
as sensitivity tests and a validation of the trend captured by the
lowest quartile data, we also conducted the same LOWESS regres-
sion on the lowest 50% data and the entire dataset (fig. S6). We
would also like to note that §'°N data from the terminal Ediacaran
Period (551 to 539 Ma) were not included in the analysis because
this interval is marked by a brief return to extensive oceanic
anoxia (64) and thus a likely return to a more broadly nitrate-
limited ocean. The terminal Ediacaran is characterized by rather
low 8'°N values (19, 20) and witnessed the extinction of both
macro- and microscopic eukaryotes (65, 66), perhaps representing
a transient return to a prokaryote-dominant world ecologically akin
to pre-Cryogenian oceans.

LOWESS analysis of the lowest quartile data revealed a stepwise
increase in §'°N values around 800 Ma, from less than 2 to ~3%o.
The deviation in the 1.1- to 1.2-Ga time bin is probably related to
sampling bias: data in this time bin come from only one section that
was deposited in a well-oxygenated basin (67). Because of the
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scarcity of data in the 800- to 900-Ma time bin, the bootstrapped
LOWESS result indicates that the rise in 8'°N could have started
as early as 900 Ma, but a changepoint detection analysis revealed
that the most significant change in the mean and variance of the
lowest 25% 8'°N data occurred at ca. 820 Ma (Fig. 6A). We note
that more data from the 800- to 900-Ma time bin are needed to ac-
curately define the rise of §'°N. Sensitivity tests of LOWESS regres-
sion and changepoint detection analysis on the lowest 50% data and
the entire dataset (fig. S6) also revealed a stepwise rise at around 800
Ma, although these analyses show more temporal variation. These
analyses are further supported by a two-group analysis of the entire
dataset: the mean 8'°N values of pre—800 Ma (3.4 £ 2.2%o0) and
post—800 Ma (4.6 + 1.7%o) subdatasets are significantly different
(P < 0.0001, Z test), and the difference remains statistically signifi-
cant for the bootstrapped subdatasets (P < 0.0001, Z test) (Fig. 6, B
and C). The post-800 Ma subgroup has slightly higher TN and TOC
contents, but this difference is small, and therefore, the difference in
8"°N values is unlikely related to differences in either TOC or TN
(fig. S8). Last, the variability of the bootstrapped §'°N values is
higher in the pre-800 Ma subdataset (Fig. 6, B and C), consistent
with a smaller nitrate reservoir with greater spatial heterogeneity
and temporal dynamics.

We can use the same box model described above to better assess
the evolution of nitrate availability during the Mesoproterozoic and
Neoproterozoic eras. For the lowest quartile of the compiled data, a
rise in 8'°N from 2 to 3%o at ~800 Ma indicates an increase in
fassimilator from 0.11 [95% confidence interval (CI): 0.04 to 0.21,
Monte Carlo simulation to account for uncertainty in &g, and
€wedl 10 0.16 (95% CI: 0.08 to 0.31), suggesting a ~50% increase in
fassimilator (Fig. 5). For the entire dataset, the mean 8'°N values of the
pre— and post—800 Ma subgroups cannot be achieved with low egy
and high &, values. If the median values are used (e, = —0.5%o0
and &,,cq = —26%o), an increase in average 8'°N from 3.4 to 4.6%o
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implies a change in fjsimilator from 0.18 to 0.27, again representing
a ~50% increase. It should be emphasized that, because this box
model does not capture spatial heterogeneity and temporal dynam-
ics, the calculated 50% increase in nitrate burial flux represents a
global average. If we assume a first-order relationship between the
reservoir size and input/output fluxes, this change in nitrate burial
flux represents a 50% increase in nitrate availability in the global
ocean. Although the nitrate levels of post-800 Ma oceans may
have remained low relative to that of modern oceans, this significant
increase may have provided an important resource to support the
proliferation of eukaryotic primary producers and other eukaryotes
further downstream in the food chain.

We note that an increase in 8'°N values of sedimentary nitrogen
can also be achieved, in principle, by a decrease in €4 (i.e., greater
fractionation during water-column denitrification/anammox).
However, considering that nitrate concentration inserts a primary
control on the scale of fractionation (55), lower &4 values imply
higher nitrate levels in the ocean. Thus, the main conclusion still
holds that higher §'°N.4 values imply greater nitrate availability.

The ultimate driver for a stepwise increase in marine nitrate
availability at ~800 Ma is unclear. It is possible that this increase
was caused by the rise of atmospheric oxygen levels at ~800 Ma,
as indicated by the shale chromium isotope record [(25, 26), but
see (68, 69)]. The breakup of the supercontinent Rodinia (70) and
the rise of mountains (71) may have intensified continental weath-
ering (38) and enhanced nutrient supply (e.g., phosphorus) into the
ocean, which would incentivize nitrogen fixation to match the avail-
ability of other macronutrients, promoting the increase in primary
productivity and the subsequent rise of oxygen levels in the atmo-
sphere and shallow oceans. Oxic shallow waters would then weaken
water-column denitrification and anammox, increasing nitrate
availability and supporting eukaryotic primary producers. The eco-
logical rise of eukaryotes, in turn, would lead to a more efficient bi-
ological pump, push the oxygen demand to greater depths, and
deepen the chemocline (72), which would further increase the
oceanic nitrate reservoir size. This positive feedback highlights the
complex interactions among biological, atmospheric, oceanic, and
tectonic processes that would have influenced the growth of the
marine nitrate reservoir and the ecological rise of eukary-
otes (Fig. 7).

To sum up, the Fe speciation and nitrogen isotope data reported
here from the early Tonian Huaibei Group in the NCC fill an im-
portant gap in the oceanic redox proxy record of the Proterozoic.
Together, the data indicate ferruginous conditions in shallow
marine environments, where the contribution of nitrate-assimilat-
ing eukaryotes to sedimentary nitrogen was limited. A simple box
model calculation indicates that, in the Huaibei basin, nitrate assim-
ilators contributed ~10% to sedimentary nitrogen, compared with
~70% in modern oceans. With data from the Huaibei Group added
to the compilation of Mesoproterozoic-Neoproterozoic §'°N data,
our analysis indicates a stepwise increase in sedimentary §'°N
values at ~800 Ma. This increase implies a ~50% increase in
marine nitrate availability and eukaryotic contribution to sedimen-
tary nitrogen. It is possible that tectonic, oceanic, atmospheric, and
biological processes together shaped the history of marine redox
conditions and nitrate supply, which, together with the increased
availability of other nutrients such as phosphorus, supported the
ecological rise of eukaryotes.
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MATERIALS AND METHODS

Iron speciation

Fer was measured by heating ~0.3 g of powdered sample at 950°C
for 6 to 8 hours and then dissolving the powder in concentrated hy-
drochloric acid at 140°C for 48 hours. Iron in carbonate (Fe ),
iron oxides (Fe,y), and magnetite (Fep,,) were extracted from
~0.15 g of powdered sample following the sequential extraction
method of Poulton and Canfield (73). The iron concentration of
these extracted species was measured using the Ferrozine method
(74) and analyzed on a Thermo Fisher Scientific GENESYS 10S
UV-VIS spectrophotometer at Virginia Tech after they were left
to react with the Ferrozine reagent for ~12 hours to ensure that
the complexation reaction reached completion. Pyrite sulfur was ex-
tracted from ~5 g of powdered sample using the chromium reduc-
tion method (75), and its concentration was determined by
gravimetry of the produced Ag,S precipitate. Iron found in pyrite
(Fepy) was calculated using the stoichiometry of pyrite and the
amount of pyrite sulfur extracted. The precision (1 SD, here and
throughout) of the sequential iron extraction based on sample rep-
licates and internal laboratory standards was ~8%. The precision of
the gravimetric pyrite content analysis was ~6%, and Fer was ~5%.

Nitrogen and carbon isotopes

Samples were decarbonated using overnight digestion in 4 M hydro-
chloric acid and then centrifuged to separate the undissolved
residue. The undissolved residue was then rinsed three times with
18.2 megohm-cm deionized water to remove any residual hydro-
chloric acid. The undissolved residue was dried at 50°C and then
homogenized. An aliquot of 2 to 50 mg of decarbonated residue
was weighed and packaged in a tin capsule for organic carbon
isotope analysis; similarly, 50 to 200 mg of decarbonated residue
was weighed for nitrogen isotope analysis. Carbon and nitrogen iso-
topic compositions were determined separately on an Isoprime 100
isotope ratio mass spectrometer coupled with an Elementar vario
ISOTOPE cube elemental analyzer at Virginia Tech. For carbon
isotope analysis, the temperature of the combustion column and
the reduction column was set at 1050° and 650°C, respectively.
For nitrogen isotope analysis, the combustion column was heated
up to 1150°C, while the reduction column was kept
at 650°C. Samples were normalized to the Vienna Pee Dee
belemnite (VPDB) and Air scales using two-point
linear normalization. CH-6 (8"*Cyppp = —10.45 + 0.03%0), CH-7
(8"Cyppp = —32.15 + 0.05%0), Elemental Microanalysis Low
Organic Content Soil (8" Cyppp = —22.88 + 0.40%0), and Elemental
Microanalysis Wheat Flour (8" Cyppp = —27.21 + 0.13%0) were
used as carbon isotope standards. USGS25 (8" N air-
= —30.41 + 0.16%o0), USGS26 (8"°N 5, = 53.75 + 0.15%o), and El-
emental Microanalysis Urea (8" N i, = —0.30 + 0.2%o0) were used as
nitrogen isotope standards. The precision of organic carbon isotope
analysis was 0.4%o0 (1 SD, here and throughout), based on the re-
peated measurement of 11 Elemental Microanalysis Low Organic
Content Soil standards and 5 Elemental Microanalysis Wheat
Flour standards. §'°C measurements of Elemental Microanalysis
Low Organic Content Soil (—23.0 + 0.5%o) and Elemental Micro-
analysis Wheat Flour (—27.5 + 0.1%o) agree well with the expected
values. The precision of nitrogen isotope analysis was 0.1%o, based
on the repeated measurement of 16 Elemental Microanalysis Urea
standards. §'°N Measurements of Elemental Microanalysis Urea
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Fig. 7. Secular variations in §'°N and phosphorus content, in comparison with biomarker and eukaryotic fossil record of the Mesoproterozoic and Neoproter-
ozoic eras. (A) LOWESS regression curve of lowest 25% &'°N data in every 100-Ma time bin. A stepwise rise in 8'°N at ca. 800 Ma coincides with breakup of supercontinent
Rodinia and implies increasing marine nitrate availability. (B) Phosphorus concentrations of marine siliciclastic sediments through time (73, 79). LOWESS regression is
based on the entire dataset. An increase in late Tonian implies greater phosphorus availability in the surface ocean. (C) Biomarker data (see the Supplementary Materials)
(80). Note oldest steranes at ca. 820 Ma, increasing sterane/hopane ratios, and inferred dominance of various primary producers. (D) Approximate stratigraphic ranges of

major eukaryotic clades (5).

standards (—0.5 £ 0.1%o) agree well with the expected value. The
reproducibility for §'°N on duplicated samples (1 = 20) was 0.4%o.

Nitrogen isotope data compilation

Published nitrogen isotope data have been screened and only
samples below or near greenschist metamorphic grade that likely
better reflect primary oceanic signals were included (n = 1824).
As bulk nitrogen isotope values may be more accurate (19),
8"*Npui data were prioritized when available (n = 1759); if
8" Ny data are not available, then kerogen nitrogen isotope data
were used (n = 65).

Statistical analysis

Locally weighted scatterplot smoothing

LOWESS is a nonparametric, locally weighted regression method
for smoothing scatterplots. It is ideal for analyzing time series
plots with no theoretical functions. At each data point, a local poly-
nomial with a fixed degree is fitted to the nearest f percentage of the
dataset using weighted least squares. Data points within this f per-
centage of the dataset are weighted using the tri-cube weight func-
tion. More weight is given to points closer to the target point. We

Kang et al., Sci. Adv. 9, eade9647 (2023) 22 March 2023

used a polynomial degree of 2 to minimize bias. For the Huaibei
Group data (Fig. 3D), we used an f value of 30%, and the CI was
calculated from the SEs. For the compiled dataset (Fig. 6A), we
used an f value of 50% to minimize local fluctuations and capture
large-scale trends. To further minimize sampling bias, the data were
bootstrapped 10,000 times, and LOWESS regression was performed
each time. The 95% CI of the LOWESS regression was calculated on
the basis of the 10,000 LOWESS regression curves. All LOWESS re-
gression analyses were performed in the R Statistical Software using
the spatialEco and loess packages (76).

Monte Carlo simulation

In this study, we assume a uniform distribution for g5, (from —2 to
1%o) and €4 (from —30 to —22%o). Following the law of large
numbers, values for &g, and &g were randomly drawn from
these two uniform distributions to calculate the 8'°N,.q value
using the box model described in the text (fig. S2). This process
was repeated 10,000 times to estimate the 95% CI of
8" N,.q (Fig. 5E).

Changepoint detection

For the time series data, changepoint detection aims to estimate the
point at which the statistical properties of this dataset change based
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on the likelihood test statistics (77). In this study, we focused on
change in both the mean and variance of the §'°N dataset. The anal-
ysis was performed in R Statistical Software using the changepoint
package (77). We assumed a normal distribution of the data. The
default Modified Bayes Information Criterion penalty was used to
find the cutoff point, and the AMOC (at most one change) method
was used to detect the most significant change point.

Supplementary Materials
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Supplementary Text

Figs. S1 to S8

Tables S1 and S2

Legends for data S1 to S3
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