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Abstract

Geological records suggest that marine phytoplankton might have arisen in the Proterozoic
while zooplankton remained absent, and marine productivity was not excessively low. However,
quantitative estimates of phytoplankton biomass and net primary productivity remain elusive.
Here, we use the Community Earth System Model version 1.2.2, modifying biological module and
boundary conditions, to simulate marine biogeochemical cycles in the Proterozoic. The
simulations demonstrate that, within the expected range of nutrient levels, phytoplankton at sea
surface was more than 2 times denser than present, sustaining a greener ocean due to the absence
of predators. Heavier surface chlorophyll in the Proterozoic would block sunlight from reaching
subsurface layers. This so-called self-shielding effect would decrease subsurface net primary
productivity significantly. Simulations show that, through the combined influence of low nitrate
level under a low-oxygen environment, the absence of diatoms, and self-shielding, the Proterozoic
net primary productivity was only approximately 60% and 30% of the present level in warm
(almost ice-free) and cold (sea-ice reaches around 30°N/S) periods, respectively. These findings
are subject to uncertainties in model framework and Proterozoic nutrients levels; a slightly less
green ocean or more productive ocean was possible if the phosphorus level was much lower or
higher than the present level.

MAIN TEXT

Introduction

The Proterozoic Eon covers over 40% of Earth’s history from 2500 to 538.8 Ma (million years
ago) with its climate being warm in the middle (Boring Billion) but extremely cold near both ends
(Snowball Earth events)2. Based on geochemical and palaeontological records, the primary



productivity during the Proterozoic might have been substantial (between ~5% and ~40% of the
present-day level)®*>6, During the Precambrian, nearly all global productivity was generated by
the marine biosphere, while roughly half of productivity came from the land biosphere after the
mid-Palaeozoic when vegetation colonized continents®. The Proterozoic marine community would
primarily be composed of small phytoplankton (e.g., cyanobacteria and green algae), with
zooplankton likely absent until the Ediacaran®>’. The oxygen isotope records indicate that the
gross primary productivity during the mid-Proterozoic might have been ~40% of the preindustrial
level if the atmospheric oxygen level (pO2) was 1-10% of the present atmospheric level (PAL)?,
consistent with geochemical simulation results®. An active marine biosphere in the Proterozoic
could have been important for the evolution of different Earth components. The biological
processes may have affected climate by consuming atmospheric COz, and (or) injecting organic
cloud nuclei into the atmosphere®®1°, The marine photosynthesis is critical for the evolution of the
atmospheric as well as marine oxygenation state*!. The increase in marine productivity and oxygen
levels were probably important for the evolution of animals®. However, our understanding of the
Proterozoic marine biogeochemical cycles is still rudimentary.

The primary productivity in the ocean is largely determined by the variations in temperature,
nutrients, and light availability. Other than the large temperature variations, the Proterozoic was
also characterized by very different nutrient levels from today due mainly to the low pO: at that
time. For example, the environment was likely iron rich, supplying abundant iron to the marine
ecosystem*213; denitrification would be enhanced in an anoxic ocean'*®, leading to nitrogen
limitation of the primary productivity; the phosphorus (P) level could have also been lower due to
limited oxic respiration and (or) removal by minerals!®'’, but some geochemical evidence
suggested otherwise!®. The dimmer Sun during the Proterozoic could have also affected the
productivity. Because zooplankton had not appeared during the Proterozoic'’, the bloom of
surface phytoplankton could have blocked sunlight and suppressed the subsurface primary
productivity, just as sometimes observed on the present-day Earth where predators are absent!®%,

Previous studies involving Proterozoic biogeochemical simulations were based mostly on
simplified models such as conceptual models*®2! and box models®?22%, Recently, an ocean general
circulation model has been used to explain the banded iron formations during a Neoproterozoic
Snowball Earth event?*. Although the Proterozoic biogeochemical cycle has been simulated with
an atmosphere-ocean general circulation model (AOGCM), that study mainly focused on the role
of ocean in modulating the atmospheric CO2 concentration (pCOz2) and super-greenhouse climate
in the aftermath of the Marinoan Snowball Earth event?®. Therefore, although serving their
purposes well, many of the important processes affecting the Proterozoic ecosystem were omitted
in the approaches employed by these previous studies. The simplified models could not reveal the
spatial structure of the ecosystem while the complex model?® neglected some of the differences in
ecological structure between the Proterozoic and the present, for example, the absence of
zooplankton. It is essential to employ an AOGCM that is adapted to the Proterozoic to
systematically study its ecosystem.

Here, we use an AOGCM, Community Earth System Model version 1.2.2 (CESM1.2.2), to
simulate the marine biogeochemical cycle during both warm (pCO2=2240 ppmv) and cold
(pC0O2=280 ppmv) climate states of the Proterozoic, and compare it to that from a preindustrial
(PI) simulation (see Methods). In the cold state, the annual mean sea-ice edges reach ~30° latitude
(Fig. 1C), while in the warm state, sea ice is almost absent. Although the continental configuration
used here was reconstructed for the late Neoproterozoic (see Methods), the fundamental



characteristics of the ecosystem across the entire Proterozoic may have been analogous since the
continents remained at relatively low latitudes for the whole eon??’. Moreover, the sensitivity
simulations (see Methods) could have covered the uncertainties due to the evolution of continental
configuration. Since the diatom and zooplankton were likely absent during the Proterozoic'”’, we
modify the composition of the ecosystem (only consider the small phytoplankton (<20 pm) and
diazotroph, following the strategy employed by Gianchandani, et al.?*; see Methods) and boundary
conditions accordingly (see Methods and Supplementary Table 1). Similar simulations were
carried out and the climatology analyzed previously by Liu, et al.?® with the only difference being
that the biogeochemical cycle was not turned on. These previous simulations can be compared to
the ones performed herein to see the influence of the biogeochemical cycle on the surface albedo.
Our model results indicate that, within the expected nutrient regimes, the biomass of phytoplankton
in the Proterozoic model setup was higher than that in present-day Earth when predatory
zooplankton were absent. Consequently, the denser chlorophyll, causing a greener ocean surface
than the present level, would have blocked the subsurface layers from receiving sunlight and
reduced the primary productivity there. The total productivity of the Proterozoic ocean simulated
by the CESM 1.2.2 was likely lower than that of the present-day ocean.

Results

Greener Proterozoic Ocean. Simulation results show that, without grazing by zooplankton, more
phytoplankton would have survived in the upper ocean during the Proterozoic. The global mean
chlorophyll averaged within the upper 150 m is 0.10 mg/m? in PI (Fig. 1A), similar to the
observations?®. By contrast, the global mean chlorophyll is 0.24 mg/m3 and 0.15 mg/m? during the
warm and cold periods of the Proterozoic, respectively (Fig. 1B-C). Moreover, chlorophyll in Pl
would have varied smoothly over the globe with the majority oceans having values of smaller than
0.15 mg/m? (Fig. 1A), while the chlorophyll may have reached >0.3 mg/m? over most of the low-
latitude oceans in the Proterozoic (Fig. 1B-C). If the permanently ice-covered regions in the cold
case are excluded, the mean chlorophyll becomes 0.30 mg/m?. That is, the simulated concentration
of chlorophyll in the upper ocean of the Proterozoic was much higher than that of PI in both the
warm or the cold periods. Correspondingly, the plankton carbon within the upper 150 m of ocean
was also much higher in the Proterozoic model simulations than in Pl (Fig. 1D-F and
Supplementary Figure 1).

The model simulations further indicate that the difference in the concentration of chlorophyll
within the upper 10 m of ocean between the Proterozoic and Pl could have been even more
dramatic (Supplementary Figure 2); over regions where primary production is active, the
concentration of chlorophyll in the former is generally over 10 times that in the latter (compare
Fig. 2A-C and Supplementary Figure 2A-C). During the warm period of the Proterozoic, the
primary production may have been active from the equator to approximately 50° latitude (Fig. 2B),
covering ~70% of the ocean area; during the cold period, all open ocean (i.e., not covered by sea
ice) would have remained production active (Fig. 2C). Therefore, most parts of the simulated
Proterozoic ocean would look much greener than the modern ocean (Supplementary Figure 2).
The high-latitude oceans of the Proterozoic were barren in life even during the warm period,
because the temperature there would still be too low for phytoplankton to flourish while the cold-
tolerant diatoms have not evolved yet®,

The much higher concentration of chlorophyll in the near-surface ocean in the Proterozoic model
simulation is primarily due to the absence of zooplankton. In the modern ocean, over 85% of the
phytoplanktonic net primary productivity (NPP) is grazed by zooplankton (Supplementary Figure



3A;%1) and the small phytoplankton contributes only ~50% of the chlorophyll. In contrast, the small
phytoplankton contributes ~90% of the chlorophyll in the Proterozoic setup of our model. The rest
of the chlorophyll is mainly from diatoms (~45%) and diazotrophs (~10%) in the present-day and
Proterozoic, respectively. Due to the absence of grazers, the planktonic carbon can easily reach 3
mmol/m? in the upper 50 m and can even be >7 mmol/m? (Fig. 1E-F), which is nearly impossible
in the modern ocean (Fig. 1D; 3233). The small phytoplankton constitutes ~85% of the upper-ocean
biomass in the Proterozoic according to the model simulation results while only taking up 40% in
the modern. When the zooplankton is added back to the Proterozoic ocean (see Methods for
Sensitivity Simulation Group 1 and Supplementary Table 2), surface chlorophyll decreases
substantially (Supplementary Figure 4), confirming that the absence of zooplankton was the key
trigger of the greener Proterozoic ocean.

Less Productive Proterozoic Ocean. Although the simulated Proterozoic ocean is characterized
by more massive phytoplankton, the model results show that its total NPP is less than the PI
ocean’s. The simulated global total NPP is about 2907 teramoles per year (Tmol/yr) and 1500
Tmol/yr in the warm and cold periods, respectively, ~60% and ~30% of the present level (4754
Tmollyr) (Fig. 2A-C). The present global mean euphotic depth is about 80 m, defined as the
maximum depth at which NPP can occur®* (Supplementary Figure 5A). But the productive
euphotic layer would thin to ~40 m and ~30 m in the warm and cold Proterozic ocean, respectively
(Supplementary Figure 5B-C). This smaller total NPP in the simulated Proterozoic is partially due
to the absence of diatom because it contributes only 20% of the total NPP in the present ocean;
excluding the influence of diatom, the global simulated NPP of the warm and cold Proterozoic
ocean is still about 25% and 60% less than that of the present ocean, respectively.

Unlike in the modern ocean where NPP is maintained almost everywhere except the polar oceans
(Fig. 2A), NPP is limited to a few zonal stripes in the Proterozoic setup of our model. When the
Proterozoic climate is warm, the model results show that NPP concentrates in the equatorial region
where upwelling is strong and between roughly 30° and 50° latitudes of both hemispheres where
the temperature is still relatively high and vertical mixing is strong?® with significant iron
deposition from dust (Fig. 2B and Supplementary Figure 6A). The NPP in these three latitudinal
bands in the upper 20 m of the warm Proterozoic ocean may have been much higher than those in
P1 (Fig. 2D-E). When the Proterozoic climate is cold, the NPP concentrates in the equatorial region
only since the mid-latitude region becomes cold or sea-ice covered (Fig. 2C and 2F), giving a
much lower global NPP.

The simulated NPP decreases with depth because of colder and darker ambient conditions, but the
rate of decrease could have been much higher in the Proterozoic than in the present ocean (Fig.
2D-F and G-1). For example, the NPP decreases from ~90 to 60 (x10°") mmol/m?/s in the upper 50
m near the equator in the present ocean (Fig. 2D) while it decreases abruptly from ~150 to 10 (x10°
") mmol/m?®/s in the warm Proterozoic ocean as shown by the simulation results (Fig. 2E). This
rapid decrease of NPP with depth should be an important reason why the global total NPP
(contributed by small phytoplankton and diazotroph) is lower in the simulated warm Proterozoic
than in the present (Supplementary Figure 7), even though the near-surface NPP is much higher
(Fig. 2D-F). The massive phytoplankton (chlorophyll, Fig. 1B-C) floating at the surface would
have blocked the sunlight from reaching the subsurface and thus decreased the NPP beneath. This
phenomenon is termed the self-shielding effect®>3® as will be discussed in more detail in the next
section. However, note that the different nutrient levels between the Proterozoic and PI, especially



the marine nitrate (N), are also important for the Proterozoic oceans being less productive than Pl
oceans (see Discussion).

Self-Shielding Effect. The subsurface ocean of the Proterozoic indeed receives much less sunlight
than that of the present simulated by the CESM1.2.2 (Fig. 3A-C and Fig. 4). In the warm
Proterozoic scenario, the global mean solar radiation received in the second layer (10 m — 20 m
depth) of the ocean is 22.6 W/m?, about 15 W/m? less than the present-day level (Fig. 3A-B).
Compared to the warm case, the solar radiation received in the subsurface ocean of the cold case
is also low but is relatively high along ~30° latitude and part of the equator. This relatively high
value is due to the low NPP and chlorophyll near the sea-ice edges where the temperature is low
but the surface radiation is high; the high values along the equator are coincident with the low NPP
(Fig. 2C) and chlorophyll (Fig. 1C) there. In fact, the pattern of the subsurface solar radiation in
all three cases (Fig. 3A-C) corresponds well with that of the NPP (Fig. 2A-C) and chlorophyll (Fig.
1A-C), indicating that the high surface NPP and chlorophyll are the primary reasons why the
Proterozoic subsurface ocean is deprived of sunlight. As described above, the high surface NPP
and chlorophyll in the simulated Proterozoic ocean are due to the absence of zooplankton
(Supplementary Figure 4).

Whether the self-shielding effect is the reason why the simulated Proterozoic biological
productivity is lower than the present can be checked by looking at the major limiting factor of
productivity that is output by CESM1.2.2%. In the present, N is the most important limiting factor
for the growth of small phytoplankton in much of the low to mid-latitudes, except in the South
Pacific and Southern Ocean where Fe is the main limiting factor (Fig. 3D), consistent with both
observations®® and other simulation results?®. During the warm Proterozoic, the simulation results
indicate that N is still the dominant limiting factor in the mid-high latitudes due to its much lower
deposition rate to the ocean compared to the present (Supplementary Table 1) and the enhanced
denitrification effect under the anoxic Proterozoic ocean'*!® (Supplementary Figure 8). However,
in lower latitudes where simulated small phytoplankton flourish (Fig. 1B and 1E) and the surface
NPP is high (Fig. 2E), sunlight becomes the most limiting factor (Fig. 3E). For the cold case, the
low temperature and sunlight are the most limiting factors in the extratropics and tropics,
respectively (Fig. 3F). The fact that sunlight is the most limiting factor for primary productivity in
the warm regions of the Proterozoic indicates that self-shielding could have been the major reason
for its lower total NPP. The Proterozoic ocean has been thought to be less productive probably due
to nutrient shortage (especially N)*¢, but here we show that the self-shielding effect, induced by
phytoplankton aggregation, could have played an even more important role under the feasible
Proterozoic nutrient background (Methods). The simulated greener but less productive Proterozoic
ocean compared to the PI regime is summarized in the schematic Fig. 4.

Discussion

Support from modern observations. The simulated greener ocean and related strong self-
shielding effect in the Proterozoic are not unimaginable. This phenomenon has also been witnessed
in the present eutrophic marginal sea with water bloom and macroalgal abundance®*%°. In the
bloom regions, the surface chlorophyll concentration could increase to ~2-5 mg/m? 414243 close
to the Proterozoic values simulated by CESM1.2.2 (Supplementary Figure 2B-C). More relevant
to the Proterozoic case is the field experiment in the Gulf of Mexico region where the loss of
predators (similar to excluding the zooplankton in the Proterozoic simulations) was found to
contribute to the overgrowth of phytoplankton and induce self-shielding*. The effect of reducing



predators on thriving phytoplankton might be more significant than increasing nutrients (e.g., N
and P), at least in the northern Gulf district**. In the open ocean of North Pacific, the abundance
of fish (e.g., salmon and saury) would graze zooplankton and thus enhance the growth of
phytoplankton**®. Green of part of Long Lake in Michigan was observed when the largemouth
bass was experimentally removed, because it allowed smaller zooplanktivorous fishes to thrive,
reducing zooplankton and increasing phytoplankton?>4’. The shielding effect by surface blooms
on the subsurface and benthic primary productivity has also been observed in the modern West
Florida shelf and Weeks Bay of Alabama!®*®. Based on both in-situ and laboratory data, the
subsurface NPP in the coastal lagoon near Baltic Sea was believed to be lower due to light
limitation caused by a high surface chlorophyll concentration®®. These observations and fieldwork,
although for modern Earth, might provide appropriate bases for our findings herein.

The abundance of small phytoplankton simulated in the Proterozoic would induce a stronger self-
shielding effect compared to the modern macroalgal aggregation, because larger phytoplankton
has lower light absorption efficiency according to both theoretical® and modeling®® studies. The
slower sinking speed of small phytoplankton compared to large algae®? should also contribute to
the greener Proterozoic ocean. Although the rise of algae promoted phagocytosis by eukaryotes
during the Neoproterozoic, this process mainly happened in the benthos within the continental
shelf*3, Thus, the phagocytosis may have little grazing effect on the dense phytoplankton in the
Proterozoic open surface ocean away from continents as demonstrated in the simulations (Fig. 1B-
C).

Other effects of the dense surface phytoplankton (chlorophyll). The simulated dense surface
phytoplankton in the Proterozoic ocean has various effects and implications in both biochemistry
and climate. 1) The euphotic depth (defined as the maximum depth at which NPP can occur®¥) in
the Proterozoic would have been over 50% shallower than the present-day level indicated by the
simulation results (Supplementary Figure 5 and Fig. 4); 2) massive surface chlorophyll could have
absorbed solar radiation® and decreased the regional surface albedo by up to ~2.5%
(Supplementary Figure 9A); 3) the stronger absorption of solar radiation at the surface could also
have shallowed the mixed-layer depth (Supplementary Figure 9B), reducing ocean-atmosphere
exchanges; 4) aerosol emissions by phytoplankton (e.g., dimethyl sulfide and isoprene), which are
effective cloud condensation nuclei that modulates cloud properties and climate>*®, might have
been enhanced and played a role in initiating the Neoproterozoic Snowball Earth events'®. Note
that the albedo effect of surface phytoplankton on the global mean surface temperature is very
small and the cloud effect of biogenic aerosols is not simulated in this study. Thus, further studies
are warranted to investigate the interaction between clouds, climate, and marine biogeochemistry
in the Proterozoic.

Uncertainties in the simulated surface greening and NPP. It should be noted that the model
framework employed in this study is subject to uncertainties. Whether these uncertainties affect
the main conclusions herein are discussed in what follows. Firstly, we show that the dimmer Sun
during the Proterozoic is not the reason for the limited subsurface light availability; increasing the
solar luminosity to the present strength (see Methods for Sensitivity Simulation Group 2) has little
influence on the surface greenness and NPP of the ocean (Supplementary Figure 10).

Secondly, the uncertainty in the vertical diffusivity, which affects nutrient availability, does not
affect the main conclusions. Increasing (decreasing) vertical diffusivity parameters by ~53%
(24%) in warm Proterozoic simulation (see Methods for Sensitivity Simulation Group 3) would
increase (decrease) the NPP by ~22% (17%) (Supplementary Figure 11A-B) compared to the



default simulation (Fig. 2E). Stronger vertical mixing would alleviate nutrient limitation and
increase NPP (still lower than the present-day value; Supplementary Figure 11C-D) but the
reconstructions of both day length®” and orbital cycles®® suggest that the tidal dissipation during
the Proterozoic was likely much weaker than during the Phanerozoic. In the meantime, the
simulated greener Proterozoic surface ocean and related self-shielding effect are unaffected
(Supplementary Figure 11E-F).

Thirdly, the uncertainty in nutrients levels, specifically, the levels of N, P, and iron (Fe), do affect
the surface greenness and NPP of the Proterozoic but the main conclusions should stay intact for
the expected range of nutrients levels. For N, although the initial marine nitrate concentration is
set to the present level, it achieves a new equilibrium level quickly with the specified boundary
conditions. The boundary condition that affects N the most is pO2 because denitrification using
nitrate will be triggered once the Oz concentration in the ocean is lower than some threshold (0.1
umol/L in CESM1.2.2). For pO2=1% PAL, used in all simulations presented above
(Supplementary Table 1), the oceanic and sedimentary denitrification is indeed much stronger than
in Pl (Supplementary Figure 8D-F and Supplementary Figure 12) and the final nitrate reservoirs
are suppressed by over three orders of magnitude through enhanced denitrification (Supplementary
Figure 8A-C). Such phenomenon has also been demonstrated by previous field observations and
simulations'**®. Thus, N is expected to be an important limiting factor for the Proterozoic
ecosystem (Fig. 3E-F). If pOz2 is increased to 10% PAL (see Methods for Sensitivity Simulation
Group 4), the simulation results show that the denitrification effect is reduced substantially, NPP
increases but by only ~7% compared to pO2=1% PAL scenario (Supplementary Figure 13). When
pO2 is reduced to 0.1% PAL, the surface greening and self-shielding effect are still strong
(Supplementary Table 3). Thus, the uncertainty in N does not affect the main findings here.

For P, it turns out its initial reservoir is too large to be affected by the specified Proterozoic
boundary conditions (Supplementary Table 1) during the simulations (Supplementary Figure 14),
thus additional sensitivity simulations with different initial P concentration have to be carried out
(see Methods for Sensitivity Simulation Group 5). Geochemical records indicate that the
Proterozoic P could have been 500% to 2.5% of the present oceanic level (POL)*"*8%°, Simulation
results show that a much greener Proterozoic ocean would have been obtained if P is increased to
200% and 500% POL (Supplementary Figure 15A-B) with even stronger self-shielding effect and
shallower productive layer (Supplementary Figure 15G-H). The simulated global total NPP at
P=200% POL is still lower than that in PI; only when P is increased to 500% POL, the simulated
total NPP is larger than P1 (Supplementary Figure 15G and Supplementary Table 3). On the other
hand, even though NPP is reduced to one sixth of the Pl value when P is reduced to 25% POL, the
simulation results show that the mid- to low-latitude ocean surface remains slightly greener than
the Pl ocean surface (Supplementary Figure 15D and Supplementary Table 3). Thus, the
Proterozoic ocean would have been greener but less productive unless P was more than twice or
less than one fourth of the PI level (i.e., 1 POL).

For Fe, sensitivity simulations (see Methods for Sensitivity Simulation Group 6) show that even
when atmospheric and riverine dust inputs are completely removed, and the Fe from ocean bottom
is reduced to 10% of the present strength, a much greener ocean can still be maintained
(Supplementary Figure 16E). This means that the uncertainty in Fe has almost no influence on our
main findings. Therefore, these sensitivity tests indicate that the Proterozoic ocean would have
been greener but less productive for the expected nutrient ranges (25% POL < P < 200% POL, and
loose ranges for N and Fe) of nutrients levels.



Deficiency in the oxygen cycle. The oxygen cycle in CESM1.2.2 suffers from a few problems
which prevent us from letting pO:z evolve freely and has to be prescribed. If we let pO2 evolve
freely, the large simulated oxygen outgassing flux from the ocean would double it in a few
thousand years if the initial pO2 is 1% PAL. This timescale will lengthen to ~17000 years when
pOz2 is increased to 10% PAL (see Methods for Sensitivity Simulation Group 4; Supplementary
Table 3). This excessive Oz from the model is due to deficiency in both the source and sinks. For
the source, the oxygen production rate by photosynthesis may have been overestimated for the
Proterozoic by the model because several enzymes for catalyzing oxygen production have not
evolved®®®!, For sinks, both the influence of marine (e.g., SO2 and H2S) and terrestrial (e.g., FeS)
reducers are absent. The remineralization in the seawater is parameterized with the present marine
oxygenation and decoupled with the calculated Oz concentration, so the oxygen sink in the anoxic
Proterozoic ocean may have been largely overestimated®?. Moreover, the refractory dissolved
organic carbon (DOC), which may increase oxygen outgassing, is omitted in the model we use®.
Fortunately, such deficiency in the modeling of oxygen cycle should not interfere with the primary
productivity of the near-surface ocean (Supplementary Table 3).

In summary, our model results suggest a greener Proterozoic ocean due to the absence of predators
and in the meantime a less productive ocean due to absence of diatoms, the low N nutrient level
under low pO2, and strong self-shielding effect (Fig. 4). It is noted that a less green or more
productive Proterozoic ocean might be plausible when the phosphorus level was less than one
fourth or more than twice of the PI level, respectively. Whether cold or warm, the surface
concentration of chlorophyll of the Proterozoic ocean in ice-free regions was about 2.4 and 3.0
times that of the present-day counterpart under the Proterozoic model setup (Supplementary Table
1). The simulated thriving marine phytoplankton might be a reasonable explanation for the
observed fossil records and putatively substantial primary production®*>8, Even when the sea ice
has developed to near the tropical regions, the regional chlorophyll in the open ocean could still
reach 0.5 mg/m?, which is similar to what is observed in the modern bloom areas. The heavily
concentrated surface phytoplankton would have absorbed and blocked radiation from reaching the
ocean layer beneath, inducing the so-called self-shielding effect. This effect makes sunlight the
most limiting factor for phytoplankton growth. The simulated greener Proterozoic ocean surface
lowers the sea surface albedo and increases surface ocean stratification; it could also have effects
on climate by releasing more cloud condensation nuclei to the atmosphere. These may be important
for understanding the geological records and coevolution of climate and marine biogeochemistry
in the deep-time Earth.

Methods

Model Description. To simulate the marine biogeochemical cycle during the Proterozoic, the
Community Earth System Model version 1.2.2 (CESM 1.2.2) has been employed in this work
which has been broadly used in the deep time simulations®*®, CESM1.2.2 includes six
components, namely atmosphere, ocean, land, sea ice, land ice, and rivers, which interact with
each other through a coupler®. The land ice component is not activated in this study. The
atmosphere and land components are both operated on the T31 grid with a horizontal resolution of
3.75°%3.75°. The ocean component (Parallel Ocean Program version 2, POP2)%" and sea ice
component are operated on the g37 grid with a uniform 3.6° spacing in the zonal direction and
variable spacing (0.6°-3.4°) in the meridional direction. The atmosphere and ocean have 26 and 60
layers in the vertical direction, respectively.



For the horizontal diffusion, the anisotropic mixing of momentum® and Gent and Mcwilliams®®
parameterization, which drives the mixing of tracers along isopycnal surfaces with activated
submesoscale mixing, has been employed in the model. In the 720 Ma continental configuration
used here, the vast ocean without continents in the mid-high latitudes of the Northern Hemisphere
would give rise to excessively strong westerly ocean currents (~70 cm/s with ~20° meridional
width), warranting higher tracer diffusivities than the default”®. Thus, we have increased the
horizontal diffusivity (variable ah in the model) by a factor of 5 (from 800 m?/s to 4000 m?/s), as
employed in previous work using the same continental configuration and resolution®. For
vertical mixing, the K-profile parameterization (KPP) has been used in POP2, in which the interior
mixing coefficients are computed at every grid point according to relevant physical processes’.
These physical processes include surface wave breaking, shear instability, convection, background
internal wave breaking, and tidal dissipation. For the present-day, the background internal wave
breaking is prescribed to a universal constant (also represented by vdc1 with a value of 0.16 cm?/s),
and the tidal dissipation is horizontally variable and decreases exponentially from the bottom to
the top. In the deep-time simulations, because the tidal dissipation is unknown, the background
and tidal dissipation together (x) are represented by a function that depends on depth (z) only,

x = vdcl + vdc2 * tan[(z-1000 m) * 4.5x103 m?] 1)

where vdcl = 0.524 cm?/s and vdc2 = 0.313 cm?/s as recommended by NCAR-suggested deep-
time standards and previous work?72,

For the purpose of this study, the biogeochemical elemental cycling (BEC) model embedded in
POP2 has been activated which consists of the upper ocean (0-150 m) ecological and full-depth
biogeochemical dynamics®”73, The internal sources and sinks of carbon (C), oxygen (O2),
phosphorus (P), nitrogen (N), silicate (Si), and iron (Fe) in BEC, are driven by three functional
groups of phytoplankton and one zooplankton. Higher-trophic-level predators and heterotrophic
bacteria have been implicitly resolved by the parameterized loss terms associated with zooplankton
and scavenging of organic matter, respectively®”’3, The trophic complexity (phytoplankton—
zooplankton—detritus) of type-based BEC is relatively competitive among marine biogeochemical
models employed in Phase 5 and 6 of the Coupled Model Intercomparison Project (CMIP5 and
CMIP6)™. The phytoplankton groups, grazed by the zooplankton, include (pico/nano calcareous)
small phytoplankton (<20 pm), N-fixing diazotroph, and diatom. Here, only the former two
phytoplankton groups have been involved in the simulations, because the diatom and zooplankton
are not believed to have evolved until the end of the Permian®® and Ediacaran’, respectively.
Moreover, the biomass of large phytoplankton (e.g., dinophyta) is less than that of small
phytoplankton and contributes limited NPP in the modern Earth, thus typical marine
biogeochemical models always omit various types of large phytoplankton?®’. Although the
primary marine phytoplankton community might be cyanobacteria during the Proterozoic, the
metabolite and biomass (e.g., H:Corganic and O:Corganic ratios) contents are similar to those of
modern phytoplankton”™ 767 Thus, the model strategy of ecosystem simplification based on the
modern Earth has been widely employed in the simulations of Neoproterozoic?* and Permian’®
biogeochemistry.

The organic carbon in the ocean, mainly in the form of dissolved organic carbon (DOC) and
particulate organic carbon (POC), is consumed by a few remineralization processes in the model
and the rest is permanently buried into the seafloor. These remineralization processes include the
direct oxidation by oxygen in the seawater, the denitrification in both seawater and the
sediments’®®°, and the remineralization by ferric iron, manganese oxides, and sulphate. The anoxic
remineralization utilizing these latter three oxidants is lumped into one process in CESM1.2.2, and



its flux is formulated to be equal to the organic carbon flux at the seafloor minus the POC settled
into sediments and organic carbon consumed by denitrification®. The settling fluxes of particles
are parameterized based on the marine production, particle aggregation, and physical processes of
seawater (e.g., advection)®”"3. A maximum burial efficiency of 80%?8! is imposed to this POC flux
at the seafloor, and the buried organic matter is lost instantaneously from the ocean domain. To
avoid drift of the ocean nutrient inventories, an additional input of nutrients is needed to balance
the loss of nutrients by this POC burial”382, That is, the nutrients lost due to the permanent burial
of these POC are put back to the ocean also instantaneously. The BEC model has been shown to
perform well based on a wide range of metrics for the studies of the present®# and paleo Earth’®.

The silicate weathering model, employed for the boundary condition settings in BEC, is essentially
the same as that in Park, et al.® but with improvement to reduce the bias in global total weathering
flux®>®, This model considers the processes of regolith generation and physical erosion in the
vertical depth and is thus capable of reflecting the influence of supply-limit and kinetically limited
conditions simultaneously®’. The silicate weathering rate depends on the surface temperature,
runoff, surface slope, and lithology, with the former two simulated in CESM1.2.2, while the latter
two have been set as described in the next section.

Boundary Conditions for the standard simulations. The continental configuration employed
here is appropriate for 720 Ma in the Proterozoic®’ with slight modification to increase model
stability?®°. Due to the lack of surface topography reconstruction and the understanding that the
surface of deep-time Earth was generally smooth®, the surface is assumed to be basically flat. The
land surface is set to desert since plants had not colonized the continents during the Precambrian®.
The solar constant is set to 1285 W/m?, 6% weaker than the present value®. Atmospheric oxygen
concentration (pOz) is prescribed at 1% PAL (PAL: present atmospheric level) with globally
uniform distribution and then BEC calculates the dissolved oxygen in the ocean based on Henry’s
law and relevant piston velocity for the marine biogeochemical simulations®*. The climate effects
of atmospheric aerosols might be significant!** but beyond the scope of the current study, and
thus are omitted in the atmosphere model. The orbital parameters are assumed to be those of the
year 1990; the concentrations of CH4 and N20 are prescribed to be 805.6 and 276.7 ppbv,
respectively, as those in the preindustrial. All the settings above are similar to those in previous
modeling studies of the Snowhball Earth events?®7°. To be consistent with Liu, et al.?® so that many
of the BEC-induced changes (e.g. mixed-layer depth) can be calculated, atmospheric dust in the
atmosphere model is assumed to be zero. To simulate the marine biogeochemical cycle during the
Proterozoic in both warm and cold periods, two experiments are carried out in which pCO:z is set
to 2240 and 280 ppmv, respectively.

The boundary conditions of BEC include the nutrients deposited from the atmosphere and injected
by runoff into the ocean. Because dust is an important source of Fe for marine life®?, the spatial
distribution of dust deposition from a previous simulation is prescribed. Specifically, we use the
results of Liu, et al®® from the experiment in which pC02=280 ppmv and surface
erodibility=0.01875 (Supplementary Figure 6A). In this simulation, the amount of dust deposition
over the ocean was about 6 times the present level. The Fe is assumed to be 3.5% of the dust mass,
0.8% of which is bioavailable based on models and observations®*°*. The nitrogen deposition input
in BEC contains NOy (e.g., NO, NO2, and HNO3) and NHx (e.g., NHs and NH2). During the
Precambrian, the natural NOy came from the volcanoes and photochemical reactions under a low
oxygen level®®%, Here we borrow the NOy deposition rate (3.52x108 kg/yr) from the
photochemical simulations in which the N20 outgassing rate is set to 1 PAL while pO2=1% PALY".
The pO2 has varied from about 0.001% to 10% PAL during the Proterozoic'?, but the 1% PAL pO:



state may cover most Meso-Neo Proterozoic!! and thus has been selected here. Meanwhile, the
primary source of NHy should be NHs from volcanos and NH2 generated by the subsequent
photochemistry, both of which are highly soluble. The present NH3 volcanic outgassing rate
(3.72x107 kg/lyr) is used as the deposition rate of NHy for the Proterozoic following the strategy in
Kasting and Walker®. Both NOy and NHx deposition rates are about one order of magnitude lower
than the present level due to the lack of biota sources (e.g., agriculture and biomass burning) with
globally uniform distribution in the Precambrian®,

The riverine inputs of nutrients to the ocean include dissolved inorganic carbon (DIC), dissolved
organic carbon (DOC), dissolved inorganic phosphorus (DIP), dissolved organic phosphorus
(DOP), dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), dissolved silicate
(DSi), dissolved iron (DFe), and alkalinity (ALK), which should all be specified according to
Proterozoic conditions. Due to the barren continents during the Proterozoic, the organic
components (i.e. DOC, DOP, and DON) in runoff are neglected herein. Similarly, the majority of
DIN in modern runoff originates from nitrogen fixation by terrestrial life*® as there is little nitrogen
in basic rocks!®, and thus DIN can also be omitted here. The DSi is set to zero because diatoms
have not yet emerged. The DFe in runoff is fixed to 1.5 Tmol/yr based on the biogeochemical
model for the low pO: Precambrian®, The weathering rates (WR) are calculated by the
weathering model described above, assuming a uniform felsic (acid volcanic rock) lithology and
using the climate fields from the simulation (with pCO2=2240 and 280 ppmv) of a previous
study?®. The global total DIC and ALK are calculated to be equal to twice the calculated weathering
rate®®. DIP is assumed to be 0.0382% of the weathering flux based on fieldwork for the acidic
volcanic rocks!®, The spatial distribution of DIC, DIP, DFe, and ALK fluxes are scaled by the
pattern of simulated runoff flowing into the ocean in CESM1.2.2 (Supplementary Figure 6B-C)?,
All the boundary conditions are summarized in Supplementary Table 1. Due to the lack of globally
gridded reconstructions for biogeochemical variables during the Proterozoic, their initial values
are set to the present level, and will evolve to new equilibrium state under the boundary conditions
above. All simulations were continued for 3,500 years so that both the climate and the
biogeochemical cycle (e.g., the total NPP, DIC, and DOC) reach an equilibrium state, and the final
100 years are averaged for analyses.

Sensitivity Simulation Groups. Six groups of sensitivity simulations have been carried out to
estimate the influence of uncertainties in boundary conditions or model components to the main
conclusions drawn from the standard simulations described above. (1) Inclusion of zooplankton in
the Proterozoic. The zooplankton has been involved in the ocean simulation with the other
boundary conditions the same as those in the pCO2=280 ppmv simulation. (2) Increase of
Proterozoic solar constant. Based on the warm Proterozoic simulation, the solar constant is set to
the present level with 280 ppmv pCO: so that the climate state is similar to that of the warm
standard simulation, while all other boundary conditions (e.g., nutrients) are identical to those in
the warm simulation. (3) Variation in the vertical diffusivity. The vertical diffusivity (variable
vdcl in the model) has been increased to 0.8 and decreased to 0.4 cm?/s for the high and low
vertical mixing scenarios®®, respectively, based on the pC02=2240 ppmv simulation. (4) Different
atmospheric oxygen levels (pOz). The pOz2 is set to 0.1% and 10% of the present level in the
pCO02=2240 ppmv simulation. (5) Varying the phosphate reservoir. The marine phosphate level
has been set to 500%, 200%, 50%, 25%, 10%, and 2.5% of the present oceanic level, with other
conditions identical to those in the original pCO2=2240 ppmv simulation. (6) Lower iron input.
This group includes five simulations. In the first one, the sources from the atmospheric dust
deposition and riverine input are removed, so that only Fe input through the ocean bottom is
considered. In the other four simulations, the Fe from ocean bottom is further reduced to 50%,



25%, 10%, and 0% of the present level. The above boundary conditions for the sensitivity tests are
summarized in Supplementary Table 2.

Data Availability
The simulation results used for the present study are archived on Zenodo with the identifier
https://doi.org/10.5281/zenodo.18489467. Source data are provided as a Source data file.

Code Availability

The source code of CESM1.2.2 can be accessed at https://github.com/ESCOMP/CESM. The
NCAR Command Language (NCL) version 6.2.2 (https://doi.org/10.5065/D6WD3XHS5) is used
for graphing.
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Figures Legends

Fig. 1. Simulated chlorophyll and plankton carbon in preindustrial (P1) and Proterozoic
conditions. (A-C) Annual mean chlorophyll distributions averaged within the upper 150 m and
(D-F) zonal mean plankton carbon amount within the upper ocean in the preindustrial condition
(top), warm (pC0O2=2240 ppmv, middle), and cold (pC0O2=280 ppmv, bottom) scenarios in the
Proterozoic. The grey contour lines in A-C and light green bars at the top of D-F indicate the edges
and areas of sea ice with the gridbox fraction of 15%, respectively.

Fig. 2. Simulated net primary productivity and light availability in preindustrial (PI) and
Proterozoic conditions. (A-C) Annual mean net primary productivity averaged within the upper
150 m, (D-F) zonal mean net primary productivity within the upper ocean, and (G-I) light
availability within the upper ocean in the preindustrial condition (top), warm (pCO2=2240 ppmv,
middle), and cold (pCO2=280 ppmv, bottom) scenarios in the Proterozoic. The green contour lines
in A-C and light green bars at the top of D-I indicate the edges and areas of sea ice with the gridbox
fraction of 15%, respectively.

Fig. 3. Simulated sunlight and limiting factors for marine productivity in preindustrial (PI)
and Proterozoic conditions. (A-C) Annual mean photosynthesis-available radiation in the 10-20
m (second) ocean layer and (D-F) spatial distribution of the factor that most limits annual growth
averaged within the upper 150 m for the small phytoplankton in the preindustrial condition (top),
warm (pC02=2240 ppmv, middle), and cold (pCO2=280 ppmv, bottom) scenarios in the
Proterozoic. The green contour lines in each panel indicate the edges of sea ice with the gridbox
fraction of 15%.

Fig. 4. Schematic diagrams showing the simulated greener but less productive Proterozoic
ocean compared to preindustrial (PI). (A) and (B) represent the simulation results in tropical
regions for Pl and warm Proterozoic (pC02=2240 ppmv), respectively. The contours on the
horizontal plane in both panels show the chlorophyll levels (unit: mg/m?) in the surface ocean. The
contours on the left and right sides show the vertical distribution of the meridionally averaged
radiation (unit: W/m?) and zonally averaged net primary productivity (NPP) (unit: 107
mmol/m?fs), respectively. The atmospheric oxygen level (pO2) in the Proterozoic simulation (B)
is 1% of the present level. Two panels share the same color bar as shown in the figure.



Editorial Summary:

Here, the authors leverage the Earth system model CESM1.2.2 to simulate Proterozoic marine biogeochemical
cycles. Their simulations suggest that dense phytoplankton at the surface would have created a greener ocean
which may have prevented sunlight from reaching subsurface levels and contributed to reduced ocean
productivity.
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