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B Ocean mixing timescale through time and implications

for the origin of iron formations
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I Abstract https://doi.org/10.7185/geochemlet.2433
2 o Our study examines whether the ocean mixing timescale has remained constant
goe\,,ies and Primeau (2011) throughout Earth’s history. If varied, it could have affected the distribution of geo-
2 ;:1-5 pkPohl et al. (2022) chemical tracers in ancient seawater, complicating interpretations of sedimentary
£ archives. For example, the modern ocean mixing timescale is similar to the neodym-
3’ * ium (Nd) residence time, allowing distinct Nd isotopic compositions (gxg) to coexist
§ § 05 <> <><> <> <> in different oceanic basins. However, it is unknown whether the Archean ocean was
more or less isotopically heterogeneous, and how this was recorded by banded iron
formations (BIFs). We use an Earth system model to investigate the sensitivity of
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ocean mixing dynamics to variations in day length, surface pressure, continental con-

figuration, and tidal dissipation. Our experiments indicate that the ocean mixing
timescale fluctuated between a few hundred and a couple of thousand years since the Archean. Coupling our mixing model
with a Nd cycling model in the Archean ocean, our simulations suggest that hydrothermal fluids could have mixed with other
water masses carrying Nd from sediments and rivers before reaching the continental shelf. The large range of eyy in some BIFs
might therefore reflect the weathering of exposed juvenile and ancient igneous rocks, challenging prevailing views on the hydro-

thermal source of iron in BIFs.
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¥ Introduction

Ocean mixing is a key process in marine biogeochemistry, as it
shapes the distribution of nutrients essential to life in the surface
ocean (Meyer et al., 2016) and influences the distribution of geo-
chemical tracers in seafloor sediments that are commonly used
to reconstruct ancient surface conditions (Algeo and Lyons,
2006). The overall ocean mixing timescale reflects the integrated
effects of both vertical and horizontal mixing processes, and the
present day ocean mixing timescale is about 1 kyr (Broecker and
Peng, 1982; Matsumoto, 2007). Consequently, geochemical spe-
cies with residence times that are much longer than 1 kyr are
generally well mixed in seawater and can thus be considered
as reliable tracers of global conditions. Changes in the abun-
dance and/or isotopic composition of these species in marine
sedimentary records are often interpreted as reflecting a different
balance of sources and sinks resulting from environmental
changes. Other species with oceanic residence times on the
order of 1 kyr or less such as neodymium (Nd), have hetero-
geneous isotopic compositions in modern seawater that can
be used to trace mixing between different ocean basins. A very
different dynamic was advocated for the Nd cycle in the Archean,
with important implications for our understanding of Superior-
type BIFs deposited on passive continental margins far from vol-
canic sources (Gross, 1972). Early studies made the case that iron
in those BIFs could have come from continental weathering
(James, 1954) but the present preferred hypothesis is that fluids
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from deep sea hydrothermal vents enriched deep ocean waters
in iron, which were upwelled to continental margins where their
oxidation led to BIF deposition (Derry and Jacobsen, 1988).
An important argument for a hydrothermal origin of iron in
Archean BIFs is the finding of positive eyy signatures in some.
We however now understand that much of the flux of Nd in
the modern oceans comes from benthic sediments (95 % of all
sources) (Du et al., 2020), begging the question of whether ocean
mixing would have overprinted the hydrothermal signature dur-
ing transit to the continental shelf.

In interpreting the chemical and isotopic compositions of
sedimentary archives, it is widely assumed that the ocean mixing
timescale has been similar throughout Earth’s history. However,
the drivers for ocean mixing like winds, tides, or density differ-
ences, are influenced by factors like day length, surface pressure,
and continental configuration that have changed through
Earth’s history. For example, ocean mixing might have slowed
due to shorter Archean day length (Bartlett and Stevenson, 2016)
by altering wind driven ocean circulation (Olson et al., 2020), or
due to less land exposure on early Earth (Bindeman et al., 2018).
On the other hand, stronger tides would have strengthened
mixing (Crawford et al., 2022). No previous study has provided
a robust quantification of the Precambrian ocean mixing time-
scale. Lowe (1994) hypothesised that in the Archean, high
surface temperatures might have prevented the formation of
marine shelf ice, potentially slowing ocean mixing timescales
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to hundreds of thousands, or even millions of years. Chen et al.
(2021) however countered that deep ocean mixing is primarily
constrained by the kinetic energy input from winds and tides,
and the ocean mixing timescale likely remained within a factor
of 10 of the present day value. Previous modelling studies that
have explored ocean mixing under conditions unlike present
day Earth have focused either on Phanerozoic Earth (Pohl ef al.,
2022) or exoplanets (Olson et al., 2020), leaving a significant gap
in our understanding of ocean mixing in the Precambrian era.

We use here an Earth system model called ¢cGENIE to
simulate the sensitivity of ocean mixing to day length, surface
pressure, continental configuration, and tidal dissipation, first
individually and then in combination. We then apply our results
to explore the dynamics of Nd cycling in Archean oceans and to
test the idea that Fe in BIFs was sourced from deep sea hydro-
thermal vents.

| Methods

¢GENIE includes a 3-D frictional geostrophic ocean circulation
model (GOLDSTEIN) with dynamic sea ice coupled to a 2-D
energy-moisture balance model of the atmosphere (EMBM;
Edwards and Marsh, 2005). The ocean and the atmosphere
are divided into a 36 X 36 equal-area latitude-longitude grid,
and the ocean includes 16 depth layers. The EMBM exchanges
heat and meteoric water with the underlying ocean, but does
not predict planetary albedo or wind fields, which need to be
prescribed in ¢GENIE. To generate these fields, we perform
simulations using the ExoPlaSim atmospheric GCM with T21
resolution (64 x 32 grid; Paradise et al., 2022). The decennially
averaged surface wind and planetary albedo fields from
ExoPlaSim are converted to cGENIE's 36 x36 grid using

modifications made to the ‘muffingen’ software and become
input files for cGENIE boundary conditions.

We consider four factors that affect ocean mixing: day
length, surface pressure, tidal dissipation, and continental
configuration. Detailed descriptions of the corresponding
code modifications and parameterisations are available in the
Supplementary Information. We first carry out a series of
sensitivity experiments in which we vary each of the four
factors individually over a range of values or scenarios plausible
for Precambrian Earth to isolate the effects of each on ocean
mixing.

We then assess how day length, surface pressure,
continental configuration and tidal dissipation may have jointly
influenced mixing of Earth’s oceans through five Precambrian
eras: Paleoarchean (3.6-3.2 Ga), Neoarchean (2.8-2.5 Ga),
Paleoproterozoic (2.5-1.6 Ga), Mesoproterozoic (1.6-1.0 Ga),
and Neoproterozoic (1.0-0.6 Ga). Table 1 shows the parameter
values adopted for each period. Day length is relatively well con-
strained for the Precambrian Earth, so we assign the average
value from Bartlett and Stevenson (2016) to each period.
Surface pressures on Archean Earth depend on nitrogen degass-
ing and recycling between mantle and atmosphere. We test
atmospheric pressures of 0.5 to 2 bar for the Archean and
1 bar for the Proterozoic (Olson et al., 2018). Continental
configurations in deep time are highly uncertain, so we test
four configuration end members: aquaplanet, low latitude super-
continent, high latitude supercontinents, and the supercontinent
Pangaea (Fig. S-7). We estimate the wind driven dissipation rate
specific for each experiment from the wind speeds in the
ExoPlaSim simulations (Eq. S-3) and combine it with tidal
dissipation rates for the corresponding period from Webb
(1982) to come up with a diapycnal diffusivity profile for each

Table 1 Model setup of historical experiments. AP: aquaplanet; LS: low latitude supercontinent; HS: high latitude supercontinents.

Period Day length Surface pressure Continentality Diap };)C;i;liil;SNﬂy
Paleoarchean (3.6-3.2 Ga) 15 hr 0.5 bar AP 5.6x107° m?s7!
LS 54x107° m?s7!
HS 5.6x107° m?s7!
1.0 bar AP 5.9%107% m? 7!
LS 5.6x107° m? st
HS 5.8x107° m?s7!
2.0 bar AP 6.1x107° m?s7!
LS 5.8x107° m?s7!
HS 6.1x1075 m? 71
Neoarchean (2.8-2.5 Ga) 18 hr 0.5 bar AP 42x107° m? st
LS 40x107° m?s7!
HS 41x107° m?>s7!
1.0 bar AP 44%x107° m?s7!
LS 41x1075 m?s7!
HS 44x107° m?s7!
Paleoproterozoic (2.5-1.6 Ga) 18 hr 1.0 bar LS 3.6x107° m?s7!
HS 3.8x10° m?s7!
Pangaea 3.7x107° m? 7!
Mesoproterozoic (1.6-1.0 Ga) 22.5 hr 1.0 bar LS 1.9x 1072 m? st
HS 22x107° m?s7!
Pangaea 21x107°5 m?s7t
Neoproterozoic (1.0-0.6 Ga) 22.5 hr 1.0 bar LS 1.9%x107° m?s7!
HS 22x107° m? 57!
Pangaea 21x1073 m? 57!
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experiment. We use pre-industrial solar forcing, atmospheric
chemistry, and geothermal heat flux across our experiments to
isolate the effects of Earth’s geophysical and planetary evolution
on ocean mixing timescale, except in experiments with non-
present day-level surface pressure where we remove ozone
(Supplementary Information). To provide a baseline for each
of the two scenarios (with and without ozone), we model the
present day ocean mixing with (present day baseline) and with-
out (ozone-less baseline) ozone.

We run each of our experiments for 10,000 model years to
achieve steady state and capture long term mean ocean circula-
tion. Six historical experiments reach a snowball state due to
global cooling induced by lowered surface pressures and
increased rotation rates. For the remaining experiments, we take
the mean benthic (>2 km deep ocean floor) and maximum global
ventilation ages as diagnostics for the ocean mixing timescale.
Ventilation age is a measure of vertical mixing, where age is reset
when a water parcel is at the top of the water column, not when
different oceanic basins are homogenised (Ridgwell, 2017).
In practice, however, this is also an approximate measure of lat-
eral mixing in the deep ocean, since the ages of the oldest water
masses are limited by lateral transport from the regions of deep
water formation to the rest of global deep ocean.

Building upon our understanding of Precambrian ocean
mixing, we explore the potential of Nd isotopes as a geochemical
tracer of water mass provenance and source of rare earth ele-
ments (REEs) and iron in Archean oceans. Our modelling of
the modern Nd cycle shows that we can reproduce well the
basinal heterogeneity of eyy in the modern ocean (Fig. S-3).
To model the Archean oceanic Nd cycle, we estimate Nd input
fluxes from rivers, aeolian dust and hydrothermal vents using
similar scaling arguments as those used for Fe by Dauphas et al.
(2024). The Nd flux from benthic sediments and isotopic hetero-
geneity of various sources in the Archean are uncertain. To
address this, we conducted four simulations (Table S-1), where
mass balance is always adjusted to reproduce the average eng
value of Superior-type BIFs (Fig. 3a) and the residence time is
set to 643 yr (Supplementary Information):

Scenario 1. Each source has a homogeneous isotopic com-
position, and the benthic sediment source represents 95 % of the
total Nd input flux.

Scenario 2. Same as Scenario 1 but the benthic source is
reduced as it is only 95 % of the flux comprising benthic, riverine
and aeolian sources.

Scenario 3. Same as Scenario 1 but the benthic source is
isotopically heterogeneous depending on the distance from
continental and hydrothermal sources.

Scenario 4. Same as Scenario 2 but we allow for a hemi-
spheric dichotomy in the eyq values of benthic and continental
sources.

I Results and Discussion

Variation in ocean mixing timescale through Earth’s history. In
our modelled present day oceans, the mean benthic ventilation
age is 0.79 kyr and the maximum global ventilation age is 1.3 kyr
(Figs. 1, S-4), slightly shorter than the data constrained model
estimates of present day ventilation ages from DeVries and
Primeau (2011). Nonetheless, climatology fields from our model
resemble observed pre-industrial distributions (Figs. S-5, S-6),
supporting our model’s accuracy in simulating the ocean mixing
timescale through time.

Day length and ocean mixing timescale are negatively cor-
related. Increasing day length from 15 to 24 hr decreases mean
benthic ventilation age by 0.32 kyr and maximum global venti-
lation age by 0.47 kyr (Fig. 1a). This inverse relationship between
ocean mixing timescale and day length is qualitatively consistent
with the expectation that wind driven Ekman transport strength-
ens with longer day length (Olson et al., 2020). Ekman transport
(m? s71) is calculated as the horizontal velocity integrated in the
vertical direction, V' =7/(2pQ sin ¢), where 7 is wind stress (Pa),
pis seawater density (kg m~3), Q is planet’s rotation rate (rad s7%)
and ¢ is latitude (degrees). When day length increases (equiva-
lently, rotation rate Q) decreases), Ekman transport induced by
a given wind stress increases, causing the ocean’s overturning
circulation to strengthen (Nikurashin and Vallis, 2012).
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Figure 1 Sensitivity of the ocean mixing timescale to Earth’s day length, tidal dissipation, surface pressure, and continental configuration.
Dashed lines are data constrained model estimates of present day ventilation ages from DeVries and Primeau (2011). Symbols with black
outline indicate present day baseline ages in (a), (b), (d) and ozone-less baseline ages in (c). AP: aquaplanet; LS: low latitude supercontinent;

HS: high latitude supercontinents.
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Figure2 Variationin mean benthic(a) and maximum global (b) ocean mixing timescales through time. Squares and triangles correspond to
historical experiments with surface pressure of 1 bar and 2 bar, respectively. Continental configuration is represented by blue (aquaplanet),
yellow (low latitude supercontinent), red (high latitude supercontinents), and green (Pangaea) symbols. The black diamond at 0 Gyr is our
present day baseline experiment, while black diamonds for the historical periods give the mean values of all experiments in the respective
period. The asterisk at 0.5 Gyr is modelled Phanerozoic mean benthic ventilation age from Pohl et al. (2022), and the pentagrams at 0 Gyr are
data constrained model estimates of present day ventilation ages from DeVries and Primeau (2011).

Diapycnal diffusivity (x) and ocean mixing timescale are
also negatively correlated. A ten fold increase in x reduces mean
benthic ventilation age by 0.56 kyr and maximum global venti-
lation age by 0.85 kyr (Fig. 1b). Diapycnal diffusivity affects the
ocean mixing timescale both directly via diffusive transport of
tracers and indirectly via the global overturning circulation
(Nikurashin and Vallis, 2012).

Atmospheric surface pressure and ocean mixing timescale
are negatively correlated beyond 1 bar. Increasing surface pressure
from 1 to 2 bar decreases the mean benthic ventilation age by
0.25 kyr and the maximum global ventilation age by 0.46 kyr
(Fig. 1c). Surface pressure affects ocean mixing via changes in
the wind stress 7=c,p,|ulu, where u is wind speed and |u| is
its magnitude (m s, ¢, is a dimensionless drag coefficient,
and p, is air density (kgm~3). Increasing surface pressure increases
air density more significantly than it decreases wind speed due to
friction, thereby increasing wind stress (Fig. S-13), which in turn
enhances ocean mixing. A deviation from this trend is found at
surface pressure lower than 1 bar, possibly resulting from in-
creased sea ice cover at low surface pressure (Olson et al., 2020).

Continentality configurations with more land mass
present in the high latitudes than the low latitudes have longer
ocean mixing timescales, with the mean benthic ventilation age
varying between 0.23 and 0.80 kyr and the maximum global ven-
tilation age between 0.59 and 1.6 kyr (Fig. 1d). The reasons for
this behaviour are not entirely clear, although multiple mecha-
nisms may contribute. Low latitude landmasses tend to reduce
oceanic meridional heat transport out of the tropics (Enderton
and Marshall, 2009), resulting in a larger equator-to-pole tem-
perature difference that may strengthen deep ocean overturning
circulation. Moreover, in our simulations, we find deep water
formation at both poles (with upwelling in the low latitudes)
in the case of a low latitude supercontinent, while the aquaplanet
and high latitude supercontinent setups exhibit deep water
formation in only one hemisphere (Fig. S-8). The latter result,
however, may depend on details of the model configuration
(Enderton and Marshall, 2009).

Q)EAc

Our sensitivity tests highlight the fact that multiple factors
could have influenced ocean mixing through Earth'’s history, sev-
eral of which act in opposing directions. Consequently, we find
that the variations in ocean mixing timescale are relatively minor
in our experiments aimed at simulating different Precambrian
eras (Fig. 2). The mean benthic ventilation age varies from 0.26
to 0.96 kyr, and the maximum global ventilation age varies from
0.68 to 2.4 kyr. We therefore conclude that the ocean mixing
timescale remained broadly like the present day value, varying
between a few hundred and a couple of thousand years through
the Precambrian (Figs. S-9 to S-12).

Neodymium isotopes as tracers of water mass provenance
and REE (and Fe) sources in Superior-type banded iron forma-
tions. In Figure 3b, the calculated seawater eyg at ocean depths
relevant to BIF deposition exhibits the following ranges respec-
tively: +0.56 to +0.69 (Scenario 1), +0.39 to +0.87 (Scenario 2),
+0.30 to +1.0 (Scenario 3), and —1.2 to +2.3 (Scenario 4).
Archean Superior-type BIFs (Fig. 3a) have eyq ranging from —3.5
to +5.3 with an interquartile range of —0.6 to +2.1. Scenarios 1, 2
and 3 cannot explain this range. In Scenario 4, which involves
a smaller benthic flux and a drastic heterogeneity in the isotopic
compositions of continental and benthic sources (reflecting, for
example, contributions from juvenile and ancient crust), we can
reproduce that range.

All our flux estimates give the benthic sediment flux as
the dominant Nd source in the Archean oceans, representing
79 % to 95 % of the total. Our Nd isotope modelling results
show that under those circumstances, it is difficult for the
hydrothermal eyq4 signature to be expressed in BIFs deposited
in continental shelf environments. Instead, the source of pos-
itive enq in BIFs could be juvenile emerged crust, most likely
derived secondarily from benthic sediments, as documented
in modern porewater and authigenic eyq in the North Pacific
(Du et al., 2016). Kamber (2010) argued for the weathering of
juvenile emerged lands as the source of positive eyq in BIFs,
but there is no robust evidence for a large dominance of mafic
rocks at that time. Examination of detrital sediments shows that
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Figure 3 (a) Temporal evolution of eygq of Precambrian BIFs (black circles; Hu et al., 2020; Haugaard et al., 2016), depleted mantle-derived
basalts (orange squares; Vervoort and Blichert-Toft, 1999) and detrital sedimentary rocks (blue triangles; Garcon, 2021). Archean Superior-type
BIFs are represented by black filled circles in the zoom-in view. (b) Modelled seawater ey averaged over various column depths in the Archean
ocean with mean benthic ventilation age of 0.33 kyr. The four scenarios are detailed in the main text and Supplementary Information.

young continental crust comprising both mafic and felsic rocks
extracted from depleted sources existed at that time (Gargon,
2021), which through weathering could have supplied highly
heterogeneous eyq to the oceans. The role of hydrothermal fluids
in BIF deposition could have therefore been less significant than
previously thought, with continental weathering being the main
source of Fe and Nd to the oceans.

Il Conclusions and Implications

Our study provides the first quantitative evidence that despite
changes in Earth’s day length, surface pressure, continentality,
and tidal dissipation, the ocean mixing timescale has remained
relatively constant through geological eons, likely varying
between a few hundred and a couple of thousand years since
the Archean. Coupling this model of physical mixing with a
model of Nd cycling in Archean oceans challenges the prevailing
view that Fe and Nd in Superior-type BIFs come from hydrother-
mal sources. Instead, it suggests that Fe and Nd might have been
derived from heterogeneous continental crust made of ancient
and juvenile igneous rocks.
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Parameterization of the effect of tidal dissipation and wind energy input on diapycnal
mixing
GOLDSTEIN, the ocean circulation model within cGENIE, uses a stratification-dependent diapycnal mixing scheme
(Oliver and Edwards, 2008):

K(2) = Kcf(2) X (Pz1e0(2)/ P2(2)), (Eq. S-1)
where f(z) = e~(2500m=2)/700m i 3 reference vertical profile exponentially growing with depth and equal to 1 at a
depth of 2500 m, p,(z) is the density stratification, p, ., (2) = (—5.5 X 1073)e?/659™ kg m=* is a reference

stratification profile, and k. is the diffusivity at 2500 m when p,(z) = p, ¢, (2). K is treated as an adjustable parameter

and is set to 2.5 X 1075 m? s™1 in our present-day ocean reference case. The resulting diffusivity profile is broadly

1 -1

consistent with observations (Fig. S-1), with values below 10™°> m? s~ in the thermocline and around 10™* m? s~1 at

depth (Kunze et al., 2006).
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For a given stratification, with its effect explicitly accounted for in Eq. S-1, diapycnal diffusivity x is expected
to be proportional to the turbulent kinetic energy dissipation rate € in the ocean interior, which derives mainly from
breaking of internal waves that are ultimately driven by lunisolar tides and surface wind stress (0.3 and 0.1 TW
respectively for input rates of energy into vertical mixing below the mixed layer, Yang et al., 2017). We therefore expect
Ke/Kem = €/em = (&¢ + €w)/Em = (st / St,m)(ft,m / sm) + (sw / sw,m)(swlm / sm), where the subscript m indicates
present-day conditions, &; is the tidal energy dissipation rate, and ¢,, is wind-driven turbulent dissipation rate.
Waterhouse et al. (2014) suggest that tides contribute about 3/4 of the dissipation rate today, thus indicating that &; ,,, /

&m =~ 3/4, while ¢, ,, / &, = 1/4. We therefore have,

Ke/Kem = % (ec/€cm) + % (ew/Ewm)- (Eq. S-2)

Lunisolar tides would have changed in the past due to the greater proximity of the Moon and different
continentalities. Assuming a present-day continental configuration, Webb (1982) calculated the influence of Earth-
Moon distance on tidal dissipation through time. Assuming that the fraction of tidal dissipation that contributes to deep
ocean mixing stayed roughly constant through time, the results suggest that &, /&;,, = 0.7,0.7,1.6,1.9,2.7 at 1, 1.6, 2.5,
2.8 and 3.6 Ga respectively.

Davies et al. (2020) found that the deep ocean tidal dissipation rate could vary by about a factor of 4 depending
on the continental configuration. To take the continentality effect into account, we therefore apply a factor of 0.5 to the
minimum & /&, ,, and a factor of 2 to the maximum &,/¢&; ,,, obtained from Webb (1982), resulting in a likely range for
€t/ & m between 0.35 and 5.4.

We estimate €, /¢, ,, in our simulations by estimating the spatially integrated wind energy dissipation over the

ocean surface and normalizing it with the present-day value,

&y _ p JvidA

Ew,m Pm J vm2dA’

(Eq. S-3)

where p is mean surface pressure in bar and v is surface wind speed in m/s. We calculate &,,/¢,, ,, for three groups of
sensitivity experiments: continentality, surface pressure, and day length, as well as all the historical simulations from
ExoPlaSim. The minimum and maximum &,,/¢,,,, values across all simulations are 0.61 and 1.7, which we use as the

likely range for our diffusivity sensitivity experiments.
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To estimate the minimum and maximum diffusivities, we combine the minimum and maximum of &; /&, ,,, and
Ew/Ewm respectively, which yields k¢ = 1.0 X 107> m? s71 and k¢ ey = 1.1 X 107* m? s™1. Including the

present-day baseline case with k. = 2.5x 107*m? s71

, and an additional intermediate value with k., = 6.9 X
107> m? s~ we therefore have four experiments in our diffusivity sensitivity series: x, = 1.0 x 107>,2.5 x
107°,6.9 x 1075,1.1 x 10~* m?s ™. For the historical period simulations, we take &,/ &t m for the corresponding time

period from Webb (1982) and the estimated €, /&, ,,, values from Eq. S-3 specific to the respective simulation. The

resulting diapycnal diffusivity values, computed using Eq. S-2, are provided in Table 1.

Modification of day length in cGENIE

Solar day length was explicitly hard-coded at its present-day value (86400 seconds/day) in the GOLDSTEIN ocean,
GOLDSTEIN-SEAICE sea-ice, and EMBM atmosphere modules within the cGENIE model. In addition, present-day
sidereal day length was implicitly used in deriving the scaled Coriolis coefficient fsc = 2 X 7.2921 x 107> = 2 X
2m/86164. To enable simulations with day lengths (rotation rates) different from Earth’s modern 24 hr day length, we
introduce solar day length and sidereal day length in ¢cGENIE as namelist parameters, following the instructions in
Ridgwell (2017). The code for the version of the “muffin” release of the cGENIE Earth system model used in this paper

is tagged as v0.9.50 and is assigned a DOI: 10.5281/zenodo.10798347.

cGENIE assumes a default year length of 365.25 days/year. In this paper, we modify the number of days per

year such that all simulations have the same orbital period (total seconds/year).

Setup of ExoPlaSim simulations and boundary conditions for cGENIE

Atmospheric modeling in ExoPlaSim. cGENIE does not model a dynamic atmosphere and requires prescribed
atmospheric and surface boundary conditions to force ocean circulation. These inputs are in the form of wind stress
fields and zonally-averaged planetary albedo. The variations in wind patterns and planetary albedo are significant when
varying rotation rate and surface pressure, so to account for the effect on wind-driven circulation, we first conduct
equivalent simulations using ExoPlaSim v. 3.0.6 (Paradise et al., 2022; pypi.org/project/exoplasim/3.0.6/), a modified

version of the Planet Simulator (PlaSim, Fraedrich et al., 2005). ExoPlaSim is a fast atmospheric GCM modified to
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simulate a wider variety of non-Earth-like planets, including different rotation rates and surface pressures. We run our
simulations at T21 resolution (32 latitudes by 64 longitudes), 10 atmospheric layers, and all present-day Earth-like
parameters except for rotation rate, surface pressure, and land map as varied across our experiments. ExoPlaSim uses a
slab ocean that lacks dynamic heat transport and simulates a mixed layer of constant depth (set in our experiments to
100 m) and constant heat capacity (set by the model to 4180 J kg'! K'!). A present-day Earth-like climate is also imposed
for all experiments at 1 atm pressure by using modern solar flux and pre-industrial levels of pCO,, and climate is thus
only allowed to vary in response to our parameters of interest. ExoPlaSim’s atmospheric composition comprises only
Nz, CO», H>0, and O3, which is sufficient to produce a realistic behavior. At pressures other than 1 atm, pN» and pCO,
are both multiplied to keep their relative amounts constant.

Ozone is handled differently in our experimental configurations. Due to its role in stratospheric warming, Os is
necessary to produce modern Earth surface temperatures and reasonable extents of sea-ice in the model. However, the
climate responds unrealistically to ozone present in the atmosphere at higher surface pressures. When pressures increase,
a higher number of collisional interactions between molecules in the atmosphere affects the absorption and emission of
infrared radiation, causing increased greenhouse warming (termed pressure broadening). This effect is parameterized in
ExoPlaSim as an idealized multiplicative parameter that alters absorption by O3, CO,, and H,O by adjusting the amount
of effective absorber (Paradise et al., 2021). Pressure broadening offsets the significant cooling effect of Rayleigh
scattering that also occurs at higher pressures. At 2 atm surface pressure, we find that O3 generates a strong warming
positive feedback with water vapor when pressure broadening is applied to both absorbers, generating surface

temperatures that are unrealistic for any time period in our study (mean global temperatures upwards of 60 ° C and

maximum temperatures around 75-80 °C). Therefore, we enable Oz only in simulations where the surface pressure is 1
atm. A 1 atm simulation without ozone is provided for comparison with the pressure sensitivity experiments (Fig. S-2).

Boundary conditions in cGENIE. To derive required boundary conditions for cGENIE’s ocean circulation
(wind fields and planetary albedo), we implement modifications to the ‘muffingen’ open source software version v0.9.21
(DOI: 10.5281/zenodo.10802839), which in its original state takes output files from coupled GCM experiments to create
a full set of input files for running an equivalent simulation in cGENIE. Our modified scripts re-grid and convert only

ExoPlaSim wind stress, velocity, and radiation outputs to input files for cGENIE’s 3636 grid. A supplementary script

‘)) EAG Geochem. Persp. Let. (2024) 31, 54-59 | https://doi.org/10.7185/geochemlet.2433 SI-4



https://doi.org/10.7185/geochemlet.2433

Geochemical Perspectives Letters — Supplementary Information

converts cGENIE land-sea mask files to ExoPlaSim landmap files so that the spatial boundary conditions correctly align
with the topography of the cGENIE experiment.

Wind stress fields required by cGENIE’s GOLDSTEIN, GOLDSTEIN-SEAICE, and EMBM modules are in
the form of x- and y- component (eastward and northward) wind stress at the u and v grid points of cGENIE’s Arakawa
C grid. An additional wind speed field, computed as the vector magnitude of the x- and y- wind velocity from ExoPlaSim,
is used by the EMBM. Planetary albedo is calculated as the ratio between total annual incoming and outgoing shortwave
radiation at the top of the atmosphere and it is regridded to a zonally averaged planetary albedo. All regridded products
are generated from an average of the last 10 simulation years in ExoPlaSim to account for minor inter-annual variations
in output variables or different monthly averaging at non-present-day day lengths. Finally, we adjust the wind-stress
scaling parameter in the cGENIE model to achieve comparable modern global ventilation ages using ExoPlaSim wind
fields. Because cGENIE by default calibrates its wind-driven circulation to the magnitude of its own internal wind field
when external GCM wind fields are not applied, this adjustment is necessary to compensate for the differences in how
the two models—ExoPlaSim and cGENIE—calculate and report the average magnitude of wind stress (e.g., Crichton

etal.,2021).

Setup of Nd isotope modelling in cGENIE
To estimate the Nd-&yy4 budget for Archean oceans (Table S-1), we need to know the following:
1. The residence time of Nd.
2. Nd input fluxes (g/yr) of rivers (¢ng,), acolian dust (¢ngq), hydrothermal fluids (¢pngp) and benthic
sediments (¢ngs)-
3. Global mean Nd isotopic compositions of seawater (&xg sw), IVer (Exq,), acolian dust (&ng g), hydrothermal
fluid (enq,n), and benthic sediment (eyq ) sources.
We estimate ¢ngr» Pnad> and ¢dngp following the approach used by Dauphas et al. (2024) for iron. We assume
that at steady-state, the Nd flux from rivers scales with the rate of continental chemical weathering, which itself is going

to scale with the rate of CO, degassing through

Inar(D) = 700, mange PN (0 (Eq. S-4)
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where r¢o, = 0.8 is the Archean to present-day ratio of the fraction of CO, drawdown associated with continental
weathering (Krissansen-Totton et al., 2018), ry = 2.3 is the Archean to present-day ratio of mantle heat flux
(Patocka et al., 2020), and ¢yg,(0) = 1.5 x 10° g/yr is the present-day global Nd river input flux (Xu ez al., 2023),
resulting in ¢ng,(t) = 2.76 X 10° g/yr into the Archean oceans. The Nd river flux may have been affected by its
speciation and pH-dependent adsorption on solid particles (Goldstein and Jacobsen, 1987), which is not accounted for
here due to lack of constraints. The Archean to present-day ratio of mantle heat flux is also uncertain, as it could have
been significantly lower than what we adopted here. Indeed, Korenaga (2008) argued that the mantle heat flux did not
change much since 4 Ga.

For the flux of dust, we use the following scaling,

Prnaa(®) = 74" Paust(0) * T[nage " [Nd]a(0) - £ (1), (Eq. S-5)

where r, = 0.5 is the Archean to present-day ratio of areal extent of emerged continents (Korenaga et al., 2017),
Paust(0) = 440 Tg/yr is the present-day dust input flux (Wu et al., 2020), 7[yq],. = 0.65 is the Archean to present-
day ratio of Nd concentration of emerged continents (Ptacek ef al., 2020), [Nd];(0) = 20 ug/g is the present-day
global mean Nd concentration in dust (Goldstein ez al., 1984), and f(t) = 0.1 is the Archean fraction of Nd in dust that
dissolves along with Fe in seawater (Dauphas et al., 2024; Greaves et al., 1994), resulting in ¢ygq(t) = 2.86 X
108 g/yr during the Archean.

In the modern ocean, hydrothermal fluids represent a negligible source and in fact represent a net sink due to
scavenging of Nd by particulate iron (German et al., 1990). In the anoxic Archean ocean, high-temperature hydrothermal
fluids could have released Fe and Nd into seawater without elemental fractionation (Jacobsen and Pimentel-Klose, 1988).

We therefore use the following scaling,

Bran(t) =Ty 00 u(0) - [Feln(0) - (52) (D). (Eq. $-6)

mafic

where Tdhyaro = 5 is the maximum Archean to present-day ratio of hydrothermal heat flux (Lowell and Keller, 2003),

Pnw(0) = 5.9 X 1016 g/yr is the present-day high-temperature hydrothermal water flux (Dauphas et al., 2024),

[Fel,(0) = 5.8 mmol/kg is the present-day Fe concentration in high-temperature hydrothermal fluid (Dauphas et al.,
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2024), and (Nd/Fe) yaic(t) = 0.00013 is the Nd/Fe ratio in Archean mafic rocks (Ptacek et al., 2020), resulting in
$nan(®) = 1.25 x 1010 g/yr during the Archean.

In the modern ocean, the flux from benthic sediments accounts for ~95% of total Nd sources (Rempfer et al.,
2011; Abbott et al., 2015a, b; Haley et al., 2017; Du et al., 2020). The mechanisms of this benthic sediment Nd input
are not yet defined, but the Nd flux seems to be dominated by deep-sea sediments (water depth > 3 km) and may be
controlled by the extent of benthic seafloor area and sediment provenance, with no clear influence of the redox state of
the sediments (Du et al., 2018). We posit that in the Archean, the sediment source consistently scaled with the flux of
other sources (Table S-1).

We make two different assumptions for that scaling: it could either represent 95% of the total flux including
hydrothermal, or 95% of the total flux excluding hydrothermal. While the sediment source dominates the overall Nd
flux, other sources play significant roles in the Nd cycle as they can influence the ey value of nearby water masses.
Assuming that the benthic flux represents 95% of the total, we have ¢ng = (Pnar + PNaa T Prnan) /5% = 3.11 X

10 g/yr and ¢ngs = 95%Png = 2.95 X 101! g/yr. Assuming that the benthic flux represents 95% of the total

excluding hydrothermal, we have ¢yngs = 5.79 X 1010 g/yr and ¢Png = Gnar + ONdd T PNap t Pngs = 7.34 X
1019 g/yr. In both cases, the benthic flux dominates all other fluxes (79% to 95% of the total).

For the first assumption, we use [Nd]s, = 1.43 X 1077 g/kg by taking the average of the Nd concentrations of
3.1-3.4 Ga seawater estimated from BIF magnetite of Badampahar greenstone belt (Ghosh and Baidya, 2017) and
dolomite of Pilbara Block (Yamamoto e al., 2004). For a 1.4 X 1021 kg ocean, this gives a total Nd inventory equal to
2.0 x 10'* g. The calculated Nd residence time in the Archean oceans is therefore Tyg = Nd/¢ng = (2.0 X 101 g)/
(3.11 x 10 g/yr) = 643 yr. The Nd concentration in the Archean ocean is, however, poorly constrained, and we
adopt a constant residence time of 643 yr in all simulations. Therefore, [Nd],, becomes 3.37 x 1078 g/kg for the
second assumption.

In the modern ocean, Nd is removed from the water column by scavenging on particles following a first-order

kinetic rate law ¢ngsink = k - dt - [Nd]s,,, where k = 1/7y4 (Bacon and Anderson, 1982; Du et al., 2020). We assume
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that Nd removal in Precambrian oceans took place through the same mechanism with the same first-order kinetic law
applying, and we set k = 1/643 yr~! in our model to balance the input fluxes.

We estimate Archean exggw, Endn> ENdr and Eng g Values by taking the average exg of Superior-type BIFs
compiled (Pongola BIF, Alexander et al., 2008; Marra Mamba BIF, Alibert and McCulloch, 1993; Benchmark BIF, Frei
et al., 2008; Central Slave Cover Group BIF, Haugaard et al., 2016), depleted mantle-derived rocks (Vervoort and
Blichert-Toft, 1999), and detrital sedimentary rocks (Gargon, 2021) respectively, assuming eyq, = &ngq as Tiver and
dust Nd both reflect continental eyy. Taking the average of eyq of each rock type during the Archean (Fig. 3a), we have
ENdsw = 10.63, engp = +2.6,and engr = engg = —0.42. We then solve for the benthic sediment isotopic composition
&nd,s through a simple mass balance calculation that ensures that the source eyq value is equal to seawater (the sink eyg
value is that of seawater),

Endsw = (ENdr X Nar T Endd X Dnad + Enan X DNah T Ends X Pnas)/(Bnar + Brad + Pnan + Pnas)-  (Eq. S-7)

By plugging in the values for Nd fluxes and isotopic compositions from above, we get eyqs = +0.56 for
Scenario 1 and eyg s = +0.26 for Scenario 2.

We additionally consider a heterogeneous scenario (Scenario 3) where eyqs = &ngp in sediments located closer
to the hydrothermal source, and eyg s = eng,r in sediments located closer to the continental sources. The magnitude of
sediment flux carrying either isotopic signature is proportional to the magnitude of the corresponding flux.

Finally in Scenario 4, to account for the possible heterogeneity in ey values due to coexistence of juvenile and
older crust in the late Archean, as is observed in detrital sediments of Archean age (Fig. 3a), we take the eyq values of
depleted mantle (eng,cjuv = +3.4) and continuous continental crust growth (éngcola = —3.1) models at ~2.5 to 3.0 Ga
from Gargon (2021) as endmembers for rivers, aeolian dust, and benthic sediments exg,, éngq and exgs. Detrital
sedimentary rocks indicate that this period saw an impulse of juvenile crust production from the depleted mantle (Gargon,
2021). We then solve for the relative contributions of these two endmember &y values into the Archean ocean such that
the bulk exg gy 18 reproduced,

¢ _ [eNd.colaxxtend cjurX(1=0) | (PNdr+PNa.d+PNd.s)+HENGR X PN
Nd,sw —
ONdr +PNdd T PNah T PNd,s

) (Eq. S-8)
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yielding x = 0.49, meaning that meaning that 49% of the river, aeolian, and benthic sediment sources have enriched
&ng = —3.1 and the remaining 51% have depleted eng = +3.4. Such proportion of juvenile crust needed to explain the
average BIF gyq value is close to the value calculated by Gargon (2021) for the source of detrital sediments during this
period (~50%).

The Nd riverine flux is applied in coastal grid cells around the supercontinents in the surface ocean, and the Nd
dust flux is applied in all surface ocean grid cells. The Nd hydrothermal flux is applied along ‘mid-ocean ridges’ between
115°W and 125°W in the bottom ocean, and the Nd sediment flux is applied in all bottom ocean grid cells except those
occupied by the hydrothermal flux. Nd sources are balanced by one sink, scavenging, which is parameterized following
the first-order rate law discussed above, applied uniformly to all ocean cells.

To test our model’s ability to reconstruct the source heterogeneity of eyq as observed in the modern ocean and
evaluate how sensitive it is to the sediment flux, we model x4 in the modern ocean with and without a sediment flux
(Fig. S-3). In the simulation aimed at reproducing the modern Nd cycle, we use modern river, dust and sediment Nd
input fluxes and corresponding eyq values that vary among basins based on Table 1 from Du et al. (2020). In the
simulation aimed at evaluating the influence of the sediment flux, the global seawater ey is affected only by the river
and dust fluxes. Despite variations in eyq in the North Atlantic that contrast with observations due to reduced North
Atlantic Deep Water formation in our modelled present-day ocean (Fig. S-4), incorporating a sediment Nd source with
variable eyq significantly improves the model’s ability to capture the observed gyy heterogeneity between Pacific and
Atlantic Oceans, especially at depths >200 m, which is the bathymetry relevant for Precambrian BIF formation (Trendall,

2002).
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Figure S-1 Depth profile of diapycnal diffusivity in the present-day baseline model simulation. The profile shows

the stratification-weighted horizontal average of the model’s 3-dimensional diffusivity field.
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Figure S-2 Annual mean surface air temperature in (a) present-day baseline with ozone and (b) ozone-less baseline.
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Figure S-3 Modelled Nd isotopic composition in present-day baseline with (left) or without (right) a benthic

sediment source. Circles are observational data compiled by Robinson et al. (2023).
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Figure S-4 Zonal mean water mass ventilation age in (a) present-day baseline with ozone and (b) ozone-less

baseline.
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Figure S-5 Annual mean sea surface temperature in (a) present-day baseline with ozone and (b) ozone-less

baseline.
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Figure S-6 Annual mean sea ice cover in (a) present-day baseline with ozone and (b) ozone-less baseline.
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Figure S-7 Continental configurations used in sensitivity and historical simulations.
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Figure S-8 Zonal mean water mass ventilation age in sensitivity tests. AP: aquaplanet; LS: low-latitude

supercontinent; HS: high-latitude supercontinents.
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Figure S-9 Zonal mean water mass ventilation age in ‘Paleoarchean’ simulations with day length = 15 hr and
individual diapycnal diffusivities (see Table 1 for details). Note that the color bar is saturated in the top left panel, where

the maximum age is 2.4 kyr.
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Figure S-10  Zonal mean water mass ventilation age in ‘Neoarchean’ simulations with day length = 18 hr and

individual diapycnal diffusivities (see Table 1 for details).
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Figure S-11  Zonal mean water mass ventilation age in ‘Paleoproterozoic’ simulations with day length = 18 hr and

individual diapycnal diffusivities (see Table 1 for details).
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Figure S-12  Zonal mean water mass ventilation age in ‘Meso/Neoproterozoic’ simulations with day length = 22.5

hr and individual diapycnal diffusivities (see Table 1 for details).
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Figure S-13  Annual mean surface wind stress and speed in ozone-less baseline vs. surface pressure sensitivity tests.

€)E

Geochem. Persp. Let. (2024) 31, 54-59 | https://doi.org/10.7185/geochemlet.2433

SI-17


https://doi.org/10.7185/geochemlet.2433

Geochemical Perspectives Letters — Supplementary Information

Supplementary Information References

Table S-1 compiles the parameter values used in the modelling the Nd cycle during the Archean.

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Seawater [Nd] (g/kg) | 1.43 x 1077 3.37x 1078 Same as Scenario 2
Seawater &yq +0.63
Hydrothermal Nd 1.25 % 1010 '
source (g/yr) Same as Scenario 1
I:ydrothermal flux 6
Rlxerine Nd source Same as | Same as Scenario 1

2.76 x 10° Scenario 1 1.35 x 10° 1.41 x 10°
(g/yr)
Riverine flux &yq -0.42 -3.1 +3.4
Dust Nd source 2.86 x 108 140 x 108 | 1.46 x 108
(g/yr)
Dust flux &ng -0.42 -3.1 +3.4
(S;ilrl;lem Ndsource |5 g5 1011 579 x 101° | 2.00 x 101 | 950 x 101° | 2.83 x 101° | 2.96 x 101°
Sediment flux &yq +0.56 +0.26 -0.42 +2.6 3.1 +3.4
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