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A variety of different controls have been proposed for Precambrian marine productivity ranging from environ-
mental factors such as temperature to the flux rate of nutrients (e.g., phosphorus) derived from the continents. In
addition to other first-order differences in the Earth system such as a less luminous young Sun, the Earth and

. Moon were substantially closer together, which would have resulted in a greater tidal forcing. The potential
Nutrients . . . L. . . . . .
Precambrian biogeochemical implications of this enhanced forcing have been little explored. Here we use idealized ba-
Tides thymetries and continental configurations to examine mid-Archean ocean tides. We find that, even in the absence
of realistic coastal geometries, mid-Archean tidal velocities, sea-surface height, and mixing equaled or exceeded
modern values, and that there would have been higher frequency of extreme values. We use a modern tidal
model with accurate coastal geometry (HYbrid Coordinate Ocean Model; HYCOM) to scale the idealized results.
We propose that mid-Archean water parcel velocities would have been at least 4.5 times greater than at present,
that sea-surface height would have been at least 2.5 times greater than at present, and that tidal mixing fronts
would have been more common. Each of these factors would result in greater flux and distribution of nutrients,
both due to exposure of the sea beds/nascent continents and enhanced onshore-offshore transport, potentially
strongly influencing marine productivity even in the absence of substantial permanently exposed subaerial
continental landmass.

1. Introduction the role of phosphorus because while fixed nitrogen may be produced

directly in the water column by diazotrophs, phosphorus is primarily

In the modern ocean, a substantial proportion of the total biological
productivity takes place in the relatively shallow waters of the conti-
nental shelf (Walsh, 1991; Muller-Karger et al., 2005; Moore et al.,
2013), with some areas acting as net carbon sources to the atmosphere
and others as net carbon sinks from the atmosphere (e.g., Chen and
Borges, 2009). Productivity is high both in tropical areas characterized
by high temperatures (e.g., Behrenfeld et al., 2006) and also at cooler,
higher latitudes in bathymetrically complicated areas like fjords (Smith
et al., 2015). While either nitrogen or phosphorus may be limiting to
marine productivity (e.g., Howarth, 1988; Tyrrell, 1999, Moore et al.,
2013), most work on Precambrian primary productivity has focused on

delivered to marine ecosystems via transport of sediments derived from
continental weathering (Bjerrum and Canfield, 2002; Planavsky et al.,
2010; Jones et al., 2015; Reinhard et al., 2017; Lenton and Daines, 2017,
2018), and there is evidence for nitrogen fixation back to at least 3.2 Ga
ago (Stiieken et al., 2015). This dependence on a continental phosphorus
source in turn has implications for both water column and atmospheric
oxygen levels because a nutrient-limited phototrophic biosphere would
produce less net oxygen (e.g., Dzombak and Sheldon, 2020).

One relatively unexplored factor in this potential Precambrian
nutrient limitation and in the balance between carbon sources and sinks
is the role of tides. Tidal velocities have been shown to have a direct
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impact on the rate of sediment transport and deposition (Van de Kreeke
and Robaczewska, 1993). Furthermore, in shelf regions with strong
tides, mixing fronts develop (Simpson and Hunter, 1974), driving
nutrient delivery that is critical to marine life. Tidal amplitudes also
produce net effects on seabed irradiation and the spectral distribution of
light over time, impacting photosynthesis and other photochemical
processes in shallow water ecosystems (Bowers and Brubaker, 2010).
Both the delivery and distribution of nutrients and the potential for
changes to seabed irradiation could impact a variety of types of Pre-
cambrian sedimentation, including the deposition of chemical sediments
like Lake Superior-Type banded iron formations (BIFS) that are only
present in the Precambrian sedimentary record (e.g., Kappler et al.,
2005; Posth et al., 2011), and which were particularly common during
the Archean. In particular, questions remain about what the primary
iron mineral phases are (e.g. Johnson et al., 2018 versus Robbins et al.,
2019), how and in what form iron is transported from deep-sea hydro-
thermal vents onto continental shelf areas (e.g., Posth et al., 2013), and
whether oxygen production in the water column through either photo-
synthesis or (indirectly) photoferrotrophy was a necessary condition for
the formation of Superior-style BIFs (e.g., Konhauser 1998; Konhauser
et al., 2002; Kappler et al., 2005; Konhauser et al., 2007; Bekker et al.,
2010; Posth et al., 2014). Given that BIFs exhibit rhythmic bedding
between iron-rich and iron-poor laminations, a variety of authors
(Bontognali et al., 2013; Ojakangas, 1983; Ojakangas and Ojakangas,
2010; Walker and Zahnle, 1986; Watchorn, 1980) have proposed a tidal
influence on their formation. However, a variety of critical parameters
including the Earth’s rotation rate (and hence length of day; e.g., Wil-
liams, 1997) and the total strength of the tidal forcing were substantially
different during the Archean, making it problematic to use present-day
observations to understand the role of Archean tides. Herein we explore
the potential impacts of tides on nutrient and exposure dynamics on
continental shelves in the Archean. We use a variety of idealized con-
tinental configurations and bathymetries to examine the sensitivity of
tidal sea surface height (SSH) perturbations, tidal velocities, and the
Simpson-Hunter parameter for tidal mixing fronts, to these poorly
constrained environmental factors.

2. Background
2.1. Archean tidal forcing

Ocean tides represent a dynamical response to the equilibrium tidal
forcing (Pugh, 1987; Cartwright, 1999). The lunar equilibrium forcing
depends on Earth-Moon system parameters, including the Earth-Moon
distance and the Earth’s rotation rate. The Sun also causes tides,
which are 46% as large as lunar tides for present-day conditions (Pugh,
1987; Cartwright, 1999); hence, solar tides are substantial, but smaller
than the lunar tides. Lunar tidal forcing is proportional to the inverse of
the cube of the Earth-Moon distance. Similarly, solar tidal forcing is
proportional to the inverse of the cube of the Earth-Sun distance, which
is substantially larger than the Earth-Moon distance. Tidal forcing con-
tains a rich spectrum of tidal lines occurring at different periods, with
clusters around one-half of Earth’s rotation period (semidiurnal tides)
and one Earth rotation period (diurnal tides). The dynamical response of
ocean tides to tidal forcing depends upon several factors, including the
Earth’s rotation rate, frictional processes, the global configuration of
continents and oceans, seafloor bathymetry, and solid-earth body and
load tides (Hendershott, 1972; Pugh, 1987; Cartwright, 1999). Because
of plate tectonic forces, the global basin geometry and seafloor ba-
thymetry change over time (e.g., Condie, 1997). Therefore, although
tides are predicted to a high degree of accuracy today, present-day tide
models cannot provide information about the tides of the early Earth.

For a complete picture of mid-Archean tides, one must account for
the unique astronomy, basin geometry, and bathymetry of the era. Tidal
friction slows down the Earth’s rotation rate (Munk and MacDonald,
1960; Lambeck, 1980; Williams and Boggs, 2016), implying that the
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Precambrian day length would have been shorter than it is today.
Conservation of the total angular momentum of the Earth-Moon system
then implies that the Earth-Moon distance must increase over time. The
present-day increase in the Earth-Moon distance has been measured by
lunar laser ranging to be 3.83 cm yr~! (Williams et al., 1978; Dickey
et al., 1994; Williams and Boggs, 2016). While exact values for Earth’s
rotation rate and the Earth-Moon distance during the mid-Archean are,
of course, not available, plausible values can be estimated from models
of the Earth-Moon evolution. For 3 Ga, studies place the Earth’s rotation
period at about 16 h and the Earth-Moon orbital radius at about 52 Earth
radii (Ross and Schubert, 1989; Bartlett and Stevenson, 2016; Daher
et al.,, 2021). See Table 1 for a summary of the differences between
present-day and mid-Archean values of the Earth-Moon distance and
rotation period. For simplicity, the forcing period of the mid-Archean
principal lunar semidiurnal tide M is assumed to be 8 h. Thus, the
forcing frequency is computed as 2rn / (8 h). The mid-Archean forcing
amplitude of M, is determined from the present-day value scaled by the
increase in the inverse of the cube of the Earth-Moon distance. For
simplicity, the effects of changing Earth’s obliquity, lunar orbit incli-
nation, and lunar orbit eccentricity (e.g., Daher et al., 2021) on the M,
forcing amplitude have been ignored here.

The effects of continental geometry and tidal forcing frequency on
tides are associated with the concept of normal modes of oscillation and
proximity to resonance. As with other oscillatory systems, the ocean has
normal modes of vibration (Platzman, 1984, 1991; Miiller, 2007, 2008,
2009). These normal modes are associated with both spatial patterns
and frequencies, and are a function of seafloor depth (which controls the
speed of shallow water gravity waves), the basin geometry (which sets
the amount of time it takes for shallow water waves to propagate across
basins), and other factors such as friction and the Earth’s rotation rate.
Large tides occur when the spatial patterns and frequencies of the
normal modes have some degree of correspondence with the spatial
patterns and frequencies of the tidal astronomical forcing. A close cor-
respondence of the normal mode and forcing frequencies describes a
resonant condition.

2.2. Archean continents and bathymetry

While regional bathymetries have been reconstructed for parts of the
Precambrian (e.g., Pratt, 2001), because of plate tectonics, well-
constrained whole-ocean bathymetries are not available for the
Archean. It is generally assumed that early Earth’s interior was much
warmer and has since cooled through time (e.g., Holder et al., 2019) due
to a combination of radioactive decay and direct heat loss at the surface.
Crustal composition was generally more mafic and consisted of denser
rock types (Lipp et al., 2021). Potential consequences of this are minimal
surface topography (e.g., Rey and Coltice, 2008) and substantially less
total emergent land until the Neoarchean (Flament et al., 2008), and
deep ocean basins composed of denser rock types than in the Phanero-
zoic (Herzberg et al., 2010).

While there is significant ongoing debate about the timing of the
onset of modern-style plate tectonics, most estimates range between 3.2
and 2.5 Ga (e.g., reviewed in Cawood et al., 2018). However, whether
the onset of modern-style plate tectonics involved a proto-
supercontinent (e.g., Capitanio et al., 2019) or numerous, smaller

Table 1
Present-day vs. mid-Archean M, tidal forcing.
Time Rotation Forcing Moon Forcing
period period frequency distance amplitude
hrs stx10* Earth radii m
Present- 24 1.405 60 0.242334
day
Mid- 16 2.182 52 0.372270
Archean
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more widely spaced micro-continents remains an open question. Thus,
without a single strongly supported Archean bathymetry, we instead
consider this as an opportunity for a sensitivity test of different potential
surface configurations of both emergent land and continental shelf
width, and use a modern depth structure (see 3.1) as in previous at-
tempts to model Archean oceanic biogeochemistry (e.g., Olson et al.,
2013).

3. Simulation details
3.1. Bathymetries

Researchers have taken a variety of approaches to modeling pre-
historic oceans in eras with uncertain bathymetries. One climate model
of the late Mesoproterozoic era was conducted with a single bathymetry
model construction for 1.0 Ga and several simulations with different
continental rotations (Fiorella and Sheldon, 2017). Green and Huber
(2013) employed a paleo-reconstruction of the 55 Ma geometry to
simulate tides in the early Eocene, while Green et al. (2017) employed
paleo-reconstructions of several epochs to model deep-time tides.
Another recent study employed three paleobathymetry reconstructions
(at 55 Ma, 116 Ma, and 252 Ma), as well as a present day bathymetry,
randomly shuffled to roughly simulate plate tectonic motions
throughout the Earth’s history (Daher et al., 2021). A randomized fractal
approach was employed by Blackledge et al. (2020) to generate a variety
of continental configurations for simulations of past, present, and future
ocean tides.

Because no realistic depth profile maps exist for the mid-Archean era,
we adopt an approach that is somewhat similar to that used by Black-
ledge et al. (2020) in that the continents are generated from first prin-
ciples. The landmasses in our study are systematically designed, and are
more idealized than the fractal geometries in Blackledge et al. (2020).
We design several idealized bathymetries with simplified block geom-
etries because they are easy to construct and manipulate. Our objective
with these geometries is to gauge the effects of various bathymetrical
features on the tides by changing some continental characteristics while
holding others constant. None of the simulation results obtained using
these maps are assumed to be quantitatively representative of the mid-
Archean period, although we can predict that some are likely to be
more realistic than others. The geometries are designed to build a
qualitative picture of how mid-Archean tides would have compared to
present-day tides under various assumptions. The bathymetries used
here specifically allow us to assess the tidal response to halving the total
land area, doubling the continental shelf area, decreasing the average
depth of the ocean, and changing the size, number, and position of the
continents.

The present-day Earth geometry and bathymetry (Smith and Sand-
well, 1997) is used as a reference point for all idealized maps developed
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in this study. The present-day geometry/bathymetry is designated as
bathymetry 0 in Table 2 and is depicted in Fig. 1 on a latitude-longitude
coordinate system, clipped at 82°S and 82°N. This trimming near the
poles—accomplished by means of artificial walls—is required for all
bathymetries in this study because grid cells become very small at these
latitudes, thus necessitating small time steps and slowing down the
model. All comparative bathymetry statistics shown in Table 2 are
computed for clipped bathymetries.

An idealized version of the present-day Earth continental geometry
and bathymetry has been developed for use as a control (Fig. 2a). It has
two large block continents separated by oceans of different sizes—one
twice as wide as the other. The configuration represents the Americas
and Afro-Eurasia, with the Atlantic and Pacific oceans between them.
The water volume and average depth of the ocean, as well as the pro-
portional areas of land, continental shelf, and deep-ocean, are matched
as closely as possible to those of the present-day Earth. For real conti-
nental edges today, the shelf-slope break depth varies between ~20 and
500 m (Fairbridge and Bourgeois, 1978), but is generally fairly consis-
tent and often at or near the photic zone (Emery and Uchupi, 1984). We
represent simple continental shelves and slopes in the idealized ba-
thymetries by overlapping two logistic curves. The shelf cut-off depth
(the limit of the first logistic curve) is set to 135 m, which is the average
break depth of present-day shelves (Heezen et al., 1959).

Starting with the simplified control, or “Default” bathymetry
(Fig. 2a), we create the other geometries used in the simulations by
systematically altering proportions of land and shelf, ocean floor depth,
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Fig. 1. Bathymetry O — Present-Day Bathymetry (“Real”). Description: In order
to properly render shelves and shallow seas, the color scale saturates at 5,000
m. The maximum depth in the bathymetry is 9822 m.

Table 2

Summary statistics for idealized bathymetries.
D Name Classification Max Depth Mean Depth Water Volume Land Shelf Intermediate Depth Deep Ocean

m m 108 m? % % % %

0 Real (Reference) 9822 3684 1.328 28.7 4.1 5.7 61.5
1 Default Control 4285 3684 1.327 28.7 4.2 5.5 61.6
2 Half Area Deep Transitional 4285 3790 1.641 14.3 4.2 5.4 76.0
3 Half Area Transitional 4164 3683 1.595 14.3 4.2 5.4 76.0
4 Twice Shelf Mid-Archean 4164 3487 1.510 14.3 8.4 5.4 71.9
5 Translated Lon. Mid-Archean 4164 3487 1.510 14.3 8.4 5.4 71.9
6 Translated Lat. Mid-Archean 4164 3486 1.510 14.3 8.5 5.4 71.8
7 Broken Mid-Archean 4244 3488 1.510 14.3 8.4 5.3 72.0
8 Supercontinent Mid-Archean 4179 3488 1.510 14.3 8.4 5.3 72.0

Description: All percentages in this table represent area-weighted percentages of total grid cells. For example, the ‘percentage of land’ represents the total percentage
of area in the bathymetry that would be considered land. Land is defined as having depth < 0 m. Continental shelves are regions with 0 m < depth < 135 m. In-
termediate depths are those with 135 m < depth < 1500 m. Deep ocean constitutes all remaining area with depth > 1500 m. (For bathymetries that are not considered
to be representative of the Mid-Archean, the characteristics that specifically disqualify them are shown in bold).
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Fig. 2. Idealized bathymetries. Description: Bathymetries are clipped at 82°N and 82°S for computational purposes. See Table 2 for descriptions of (a)-(h).

and continental placement. All of the idealized bathymetries are
depicted in Fig. 2. The second bathymetry (Fig. 2b) is constructed from
the control by cutting the land area roughly in half. Because decreasing
the proportion of land increases the average depth, an additional ba-
thymetry (Fig. 2¢) is subsequently made by raising the deep-ocean floor
level to negate this change. From there, we make another map by
doubling the continental shelf size (Fig. 2d). In all other geometries
created after this point (Fig. 2d-h), we hold the depth profile roughly
constant and alter the continental configurations. It should be noted that
“a roughly constant depth profile” in this case means holding the per-
centages of land, shelf, slope (or regions of “intermediate depth”), and
deep ocean roughly constant, while modifying the maximum depth-and

thus, the water volume—to achieve this purpose. We made this decision
with the hypothesis that small modifications to the water volume and
maximum depth of the ocean would have less of an impact on the tides
(particularly those in the continental shelf regions) than the amounts of
land area and shelf area. The validity of this assumption is investigated
in Section 4.6 based on results from simulations using transitional ba-
thymetries 3 and 4.

Of the maps with modified continental configurations, one (Fig. 2¢)
examines the effect of shifting the longitudinal positions of the conti-
nents relative to each other, or in other words, widening the “Atlantic-
like” ocean and narrowing the “Pacific-like” ocean. Another (Fig. 2f)
tests the effect of latitudinal translation of the continents, or moving the
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continents so that their northern and southern boundaries no longer
coincide and more continental landmass is placed at extreme latitudes
up to 70°N and 70°S. In another bathymetry (Fig. 2g), the total land area
is broken up into many smaller continents to simulate the postulated
early stages of plate tectonics prior to the aggregation of large conti-
nental landmasses, sometimes termed a “micro-continent” or “island-
arc” world. A final geometry (Fig. 2h) represents a super-continent
model, in which the majority of the land area is combined into one
large continent, with the remainder placed in several smaller islands,
which could be considered analogous to island-arc settings. Compara-
tive statistics for each of the eight idealized maps, and for real present-
day bathymetry, are summarized in Table 2.

In Section 2.1, we discussed the hypothesized geometrical differ-
ences between the mid-Archean and present-day bathymetries. Two
primary characteristics that we choose to focus on in this study are the
differences in land area and shelf size. Therefore, all of the bathymetries
are categorized based on these two characteristics: all maps with
roughly half the land area and twice the shelf area of the control are
classified as “Mid-Archean”, while remaining maps are termed “Tran-
sitional”. Transitional maps, while not the primary focus of this work,
are used to create potentially useful simulations that isolate the effects of
one astronomical or bathymetrical characteristic on tidal processes.

There are known limitations to working with idealized geometries.
Due to the uniformity and simplicity of the coastline, the bathymetries
used in this study lack the intricate bays and other shallow water fea-
tures typically associated with large resonant tides in the continental
shelves (e.g., Pugh, 1987; Egbert and Ray, 2000; Arbic et al., 2007,
2009, amongst many). It should be noted that more intricate coastal
features such as the Bay of Fundy, where tides are particularly high, are
not well resolved at the grid resolution we are using. In light of these
limitations, we expect that the results produced by our simulations
represent a realistic lower bound for Precambrian shelf tides, but they
cannot be extended to predict extreme high shelf tides quantitatively.
Shoreline complexity is a function of many processes, with glacial his-
tory being a key control. The oldest currently documented glaciation is
the ~2.9 Ga ago Pongola Glaciation (e.g., Eriksson et al., 1998; Young
etal., 1998; Luskin et al., 2019), so there is no reason to expect shoreline
complexity at the time simulated herein was different than today.
Therefore, we can still consider the frequency of and relative differences
between extreme tides across the simulations to be qualitatively infor-
mative, but note that this relationship may not be true for earlier parts of
the Archean or the Hadean.

3.2. Tide model

The governing equations for tides can be found in many sources
including Hendershott (1972), Pugh (1987), Arbic et al. (2004), and
references therein. The Modular Ocean Model version 6 (MOMS6), taken
from Hallberg, 2015, is used in one-layer (barotropic) shallow-water
mode to time-evolve the tidal equations for sea surface height (SSH)
and parcel velocity (') on the model bathymetries described above. To
simplify the study, we only simulate the principal lunar semidiurnal tide
(My), which is the largest tidal constituent in the ocean and which by
itself accounts for about two thirds of the present-day tidal energy
dissipation (Egbert and Ray, 2003). Modeling additional tidal constitu-
ents, such as Sy and K;, would involve additional computer resources
and analysis time. Due to the exploratory nature of this study, we
decided that this would be best left to future work.

As in almost all modern tide simulations, the simulations we per-
formed for this paper include a quadratic bottom boundary layer drag,
which dissipates energy primarily in shallow regions where tidal ve-
locities are large (e.g., Arbic et al., 2004; Egbert et al., 2004; Egbert and
Ray, 2000, 2003; Jayne and St Laurent, 2001). Many modern tide
models also include a parameterized topographic internal wave drag,
which accounts for the generation and ultimate breaking of internal
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waves generated by tidal flows over topographic features (e.g., Arbic
et al., 2004; Egbert et al., 2004; Egbert and Ray, 2000, 2003; Jayne and
St Laurent, 2001). Wave drag depends not only on topography but also
on stratification. Therefore, wave drag terms vary spatially in complex
patterns. For simplicity, in the present paper we used a spatially constant
linear wave drag scheme, rather than a spatially varying wave drag. We
do this in part because our bathymetries do not include topographic
features in the deep ocean. We conduct several simulations with present
day astronomical conditions using bathymetry number 1 (the “default”
bathymetry) to tune the drag coefficient. The linear drag value resulting
in tidal energy dissipation closest to the present-day M, dissipation
value of 2.4 TW (Egbert and Ray, 2003) after two iterations of the self-
attraction and loading term (SAL, see below) is then selected and used
for all subsequent simulations. Because ocean stratification varies over
deep time, and because wave drag depends on stratification, deep-time
tidal dissipation will depend on stratification. Sensitivities to assumed
ocean stratification values are left as a topic for future work. For now, we
note that Green et al. (2017) found that the sensitivity of tide simula-
tions to changes in wave drag (motivated by likely changes in stratifi-
cation) is actually fairly small.

With input parameters established, each of the simulations is run
through four iterations of the SAL term (Hendershott, 1972; Ray, 1998).
The SAL term accounts for self-attraction (self-gravitation) of the tides
upon themselves, for the deformation of the solid earth due to tidal
loading, and for the self-attraction of the tidal load-deformed solid earth.
The term is computed by decomposing the tidal elevations into spherical
harmonics, and taking an inverse spherical harmonic transform after
accounting for the different loading effects for each degree of harmonic.
Because this is computationally expensive, an iterative procedure is
often used (e.g., Arbic et al., 2004, amongst others). A scalar approxi-
mation (Ray, 1998), equal to the tidal elevation perturbation multiplied
by a coefficient with a value of about 0.1 for present-day conditions, is
often taken as a simplification for the SAL term. Here, because the very
different mid-Archean conditions are likely to yield a different optimal
SAL scalar coefficient, we first determine the coefficient values. For each
of the bathymetries in Table 2, we conduct a “run 0” with no SAL term.
After run 0 is completed, we perform a least-squares fit on the SAL terms,
computed offline using the full spherical harmonic treatment, against
the tidal elevations themselves. The slope of the least-squares fit pro-
vides a scalar SAL coefficient (3) that we use in a first scalar

Table 3
Summary of simulations and their inputs.

D Bathymetry ID / Forcing Forcing Classification 8
Name frequency amplitude
1 1 - Default Present- Present- Control 0.1202
day day
2 1 - Default Mid- Mid- Transitional 0.0955
Archean Archean
3 2 - Half Area Mid- Mid- Transitional 0.1124
Deep Archean Archean
4 3 - Half Area Mid- Mid- Transitional 0.1122
Archean Archean
5 4 — Twice Shelf Mid- Mid- Mid-Archean 0.1017
Archean Archean
6 4 — Twice Shelf Mid- Present- Transitional 0.1014
Archean day
7 5 — Translated Mid- Mid- Mid-Archean 0.1063
Lon. Archean Archean
8 6 — Translated Mid- Mid- Mid-Archean 0.1039
Lat. Archean Archean
9 7 — Broken Mid- Mid- Mid-Archean 0.0934
Archean Archean
10 8- Mid- Mid- Mid-Archean 0.0948
Supercontinent Archean Archean

Description: For simulations that are not considered to be representative of the
Mid-Archean, the characteristics that specifically disqualify them are shown in
bold.
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approximation of the SAL term (Ray, 1998). Values of B that were
calculated for each simulation are included in Section 2.3, Table 3. This
scalar coefficient is then used in “run 1”. After run 1 is completed, the
SAL terms are again computed offline with spherical harmonics, and the
results of run 1, in the form of tidal amplitude and phase maps, are used
in “run 2”. An identical process is used to initiate “run 3” from “run 2”
output data, and the results of this study are based upon analysis of “run
3” for each geometry. Arbic et al. (2004) found that three iterations of
the SAL term are generally sufficient to achieve near-convergence. The
computed total power dissipation can be used to check the convergence
of the model. For our simulations, the power output varied by 15% or
less between the second and third iterations.

In the simulations, each iteration runs for 56 model days. To verify
that the system has reached a steady state, we examine plots of kinetic
and potential energy over time. The simplified techniques employed to
solve for the tidal amplitudes and phases require the data analyzed to
represent an integer number of full lunar days. Therefore, in each
simulation, the number of model hours used in analysis is chosen based
on the Earth’s rotation rate. For simulations with present day rotation
rates, 25 h is chosen, as it is actually closer to the exact lunar day length
(twice the period of My) than 24 h. For Mid-Archean simulations with a
16-hour rotation period, 16 h of data are used for tidal analysis.

3.3. Simulation design

In total, 10 different ocean tide simulations were conducted in this
study, and the input parameters are summarized in Table 3. The control,
or “Default”, uses present-day astronomical conditions and the default
(control) bathymetry. The remaining simulations are divided into two
categories. Just as bathymetries are classified as “Mid-Archean” or
“Transitional” in Table 2, simulations are also deemed as representative
of the Mid-Archean period or not. For a simulation to qualify as “Mid-
Archean”, it must use a bathymetry that is classified as Mid-Archean, as
well as the Mid-Archean values for tidal forcing and frequency discussed
in Section 2.1. Any simulations lacking one or more of these re-
quirements are considered “Transitional”; they are helpful in assessing
the importance of various bathymetrical and astronomical characteris-
tics with regard to the tides, but they are not considered to represent
tides during the Mid-Archean period for the purposes of this study. With
a few exceptions, data output from transitional simulations 2, 3, 4, and 6
will not be included in the main body of the paper but will be available

Table 4
Total power dissipation for each simulation.
ID  Bathymetry ID Forcing Forcing Classification =~ Power
/ Name frequency amplitude dissipation
™
1 1 - Default Present- Present- Control 2.352
day day
2 1 — Default Mid- Mid- Transitional 2.077
Archean Archean
3 2 - Half Area Mid- Mid- Transitional 6.077
Deep Archean Archean
4 3 - Half Area Mid- Mid- Transitional 5.495
Archean Archean
5 4 — Twice Shelf Mid- Mid- Mid-Archean 5.576
Archean Archean
6 4 — Twice Shelf Mid- Present- Transitional 2.544
Archean day
7 5 — Translated Mid- Mid- Mid-Archean 4.575
Lon. Archean Archean
8 6 — Translated Mid- Mid- Mid-Archean 3.491
Lat. Archean Archean
9 7 — Broken Mid- Mid- Mid-Archean 3.915
Archean Archean
10 8- Mid- Mid- Mid-Archean 2.729
Supercontinent Archean Archean

Description: Simulation characteristics are repeated here for convenience.
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as supplemental material.
4. Results & discussion
4.1. Power dissipation

The tidal power dissipation values in the simulations are listed in
Table 4. For all ten simulations shown, the power dissipation matches
the power input to within 1.2% or less. Comparison of simulations 5 and
6 verifies that total dissipation drops with increased moon distance if all
other factors are held constant, and the decrease is roughly proportional
to the squared ratio of the tidal forcing amplitudes', as expected.
However, we observe a drop in the power dissipation from simulation 1
to simulation 2, despite the decrease in Earth-Moon distance. This in-
dicates that changes in the favorability of resonance conditions, due to
the Earth’s rotation rate and continental geometry (e.g., Webb, 1982;
Bills and Ray, 1999; Daher et al., 2021), can cancel the effects of lunar
proximity. The results of simulation 1 suggest strong resonance match-
ing between the present-day idealized continental geometry and the
present-day tidal forcing frequency. Those resonance conditions break
down in simulation 2 for the same bathymetry with Precambrian tidal
forcing (higher frequency). Results from the mid-Archean simulations,
however, suggest more favorable resonance matching conditions than
the control. All of the mid-Archean simulations with two or more large
continents show an energy dissipation gain of over 1 TW. The super-
continent model stands out with the smallest dissipation gain (<0.5TW).
Despite the wide range in the power dissipation values across the mid-
Archean simulations (standard deviation of 1.1TW), each is at least
16% greater than the control. Averaging these yields a power dissipation
of 4.1 + 0.5 TW, a statistically significant increase over the present day.

4.2. Global SSH maps

Global maps of SSH amplitude can be useful for the insight they
provide concerning resonance conditions and total power dissipation.
Side-by-side comparisons of similar simulations are particularly
insightful for this purpose. Fig. 3 shows a comparison of SSH amplitudes
for simulations 1 and 2, as well as 5 and 7. The control geometry is used
in the first two, but the Earth-Moon radii and tidal forcing periods differ.
Recall that despite the increased lunar proximity in simulation 2, the
tidal power output drops (Table 4). Therefore, the control bathymetry is
not as resonant under Precambrian astronomical conditions. The
breakdown of resonance between simulations 1 and 2 is clearly reflected
in the figure. In the first simulation (Fig. 3a), large regions of high
amplitude exist along the equator between the two continents.
Conversely, in simulation 2 (Fig. 3b), the total area with high SSH am-
plitudes appears to be smaller, and we see smaller amplitude extremes,
indicative of weaker tidal resonances.

A similar comparison can be performed for simulations 5 and 7,
which are identical except for the longitudinal positions of the conti-
nents. Simulation 7 (Fig. 3d) has continents that are shifted closer
together by 41.625° longitude, effectively shrinking the Pacific Ocean.
Differences in resonance matching are readily apparent between the two
models. Simulation 5 displays a larger number of high-amplitude re-
gions and dissipates over 1 TW more energy than simulation 7. In both
simulations, however, the power output is higher than in the control
(Table 3); both simulations have higher average SSH amplitudes than
the control simulation (Fig. 3a), especially at higher latitudes.

While global maps can provide big-picture information about the
tides, the remainder of the discussion will focus on tidal statistics in the
continental shelf regions (<135 m depth), as these are the regions with
the largest proportion of primary productivity, and they are also where

1 The drop is about 8% less than expected, and this discrepancy is likely due
to nonlinearities in the model.
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Fig. 3. Global SSH amplitude comparisons for select simulations.

geologically critical sediment types such as BIFs are most often depos-
ited (Gross, 1980; Trendall, 2002; Bekker et al., 2010; Konhauser et al.,
2017). Data for each result will be presented in histograms with log-
scaled shelf area on the y-axis and the physical oceanographic param-
eter on the x-axis. Shelf areas are presented as percentages because the
true amount of continental shelf area during the mid-Archean is poorly
constrained and because the raw shelf area is not the same for all the
bathymetries. For each parameter, histogram plots for the control and
the five mid-Archean simulations will be shown. Histogram plots of each
parameter for transitional simulations 2, 3, 4, and 6 are not in the text
but are included as supplemental figures S1, S2, and S3.

In addition, data from a simulation (Timko et al., 2019) of a modern
ocean tide model with realistic continents is introduced. The simulation
was performed at 0.08° resolution with the HYbrid Coordinate Ocean
Model (Chassignet et al., 2009) and is referred to here as simulation
#11, or “HYCOM”. MOM6 and HYCOM are comparable, and both are
capable of simulating tides under idealized or realistic conditions. We
chose to use output from a realistic simulation of HYCOM because the
simulation had already been completed and was thus convenient to use.
Here, we use results for the My tidal component. In each section, a
histogram from the HYCOM simulation is displayed next to the control
histogram. Comparing output data from the HYCOM simulation against
data from the idealized control allows us to hypothesize how mid-
Archean tidal conditions in the presence of realistic coastlines may
have differed from our idealized-geometry simulations. For the HYCOM
bathymetry plot, refer to supplemental figures.

4.3. Sea surface height (SSH) in the continental shelves

In Fig. 4, SSH amplitudes for each of the mid-Archean simulations
are compared to the control amplitudes. In the control, 1.4 m represents

roughly the cutoff point for the top 95th percentile of SSH amplitudes.
For each simulation, the percentage of shelf area with SSH amplitudes at
or above this ‘critical value’ is calculated and displayed on the plot. A
dashed line is drawn in each plot at the location of the critical value
(fixed at 1.4 m) and a solid line is drawn at the mean value (variable).

Amongst the 5 representative mid-Archean simulations, the mean
SSH amplitudes and the percentages of amplitudes above the critical
value are comparable to the control, with some simulations achieving
higher values and others lower depending on which continental geom-
etry is used. Interestingly, all 5 of the representative mid-Archean sim-
ulations have more skew toward high values, achieving higher SSH
extremes than the control, regardless of which bathymetry is used. In
other words, SSH amplitudes in the mid-Archean simulations generally
have higher extremes, and this trend holds even for simulations that do
not have higher mean values, although the size of the maximum values
remains bathymetry dependent.

The impact of resonance conditions on the summary statistics is
readily apparent when comparing simulations 5 and 7, where the two
continents have the same shapes and sizes in both geometries. The
change in distance between the two continents alone from simulation 5
to 7 causes roughly a 16% drop in the weighted mean and a 51% drop in
the percentage of shelf SSH values above the critical threshold. Recall
from Table 4 that simulation 7 also has roughly an 18% drop in power
dissipation as compared to simulation 5, indicating that simulation 7 has
less favorable resonance conditions. Because the shapes of the coast-
lines, continental slopes, and ocean basins are identical in these two
simulations, the difference in the SSH amplitudes must be attributed to
resonance conditions, and not these other factors. Therefore, there is at
least some positive correlation between favorable resonance conditions
(as measured by power dissipation) and high SSH values.

Comparing simulations 7 and 9, we can see that the impact of
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Fig. 4. SSH amplitudes in the continental shelves.
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resonance conditions competes with other factors related to continental
geometry. The tides in simulation 9 dissipate about 14% less power than
simulation 7, but achieve almost the same weighted mean SSH ampli-
tude (1% greater) and nearly double the percentage of SSH amplitudes
above the critical value (102% greater).

To understand what these idealized simulations could imply for SSH
amplitudes in the presence of realistic coastlines, we display a com-
parison of HYCOM shelf SSH values against the control (Fig. 5). It is
readily apparent that the realistic bathymetry results in a lower mean
SSH value and many more grid points with small SSH values
(approaching zero). The idealized geometry seems to artificially reduce
the number of SSH amplitudes in the 0 m-0.3 m range. Perhaps this is
due to the fact that the lower grid resolution and the logistic curves used
in this study result in too few grid cells with very shallow depths like
those we might expect to see directly adjacent to coastlines. Most of the
continental shelf points in the idealized geometries are much nearer to
the 135 m shelf break depth. It is a reasonable assumption then that
realistic mid-Archean geometry conditions would have also resulted in a
much larger percentage of SSH amplitudes below 0.1 m than are seen in
the idealized datasets (closer to 11%, as seen in the present day model).

Perhaps more interesting is the large difference between extreme
SSH values in Fig. 5a and Fig. 5b. The realistic coastline results in an SSH
extreme that is nearly 2.5x greater than we observe in the idealized
control and a roughly 19% increase in the number of extreme values as
well (5.63% vs. 4.72%). Given that information, it is reasonable to say
that the extremes in plots 4b—4f are a lower bound for the SSH extremes
we would expect to see in the mid-Archean. If the scale factor is also
2.5%, this means that SSH extremes would have easily surpassed 5 m,
and may have even achieved 6 m. An increase in extreme tides relative
to the modern distribution suggests that, in at least some parts of the
world, more of the seabed was exposed episodically than under present
conditions and with greater frequency because of the shorter day
duration. As a result, greater nutrient delivery and recycling due to tidal
processes would have been possible in such locations. More complex
bathymetries with higher spatial resolution would be needed to assess
this quantitatively.

4.4. Parcel velocity semi-major axis in the continental shelves
The parcel velocity is a vector with east-west and north-south

components (u(t) and v(t), respectively, where t represents time). A
phase diagram of the overall velocity appears as an ellipse, whose
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orientation and ratio of semi-major axis to semi-minor axis are depen-
dent on the amplitudes and phases of u(t) and v(t), which we refer to as
(U, g and (V, g,), respectively. Here, we focus on the semi-major axis
(A), which is interpreted as the maximum parcel speed achieved in one
cycle of the tides and is given by the following equations (Pugh, 1987):

U4+ V2 +a?
A=\ )

@ = \/U* + V* + 202 V2cos2(g, — &) )

Histograms of A in the continental shelves are shown in Fig. 6.
Vertical lines are drawn at 0.3 m s~!, which is roughly the 96th
percentile cutoff for the control simulation. For each simulation, the
percentage of shelf area with A at or above this ‘critical value’ is
calculated and displayed on the plot.

In contrast to the SSH results, all of the mid-Archean simulations
achieve higher mean A values than the control, and all simulations but
the supercontinent simulation achieve higher percentages of A values
above the critical threshold. All but the translated longitude simulation
achieve higher extreme velocity amplitudes than the control as well.
Simulation 5, which has the highest global power dissipation, stands out
with the highest mean and the highest percentage of values above the
critical threshold. However, high global power dissipation does not
appear to have as great an impact on the presence or size of extreme
velocity amplitudes. The broken continent and supercontinent models
stand out with the highest extreme velocities and the greatest number of
extreme outliers, despite having global power dissipation values that are
relatively low amongst the mid-Archean simulations.

Interestingly, the 0.8-0.9 m s™! bin is empty for all of the simula-
tions. For simulations achieving values higher than 0.9 m s™7, there is
actually a gap in the plot at the 0.8-0.9 m s~ range. The reason for this
is not clear. However it is worth noting that tidal velocities still achieve
values in this range. Rather, the value of A (the maximum speed of the
velocities in a particular area) never falls in the 0.8-0.9 m s7! range.

Comparing the HYCOM simulation to the control (Fig. 7), we see that
idealized continents result in much smaller extreme velocities than
realistic ones. The highest value of A achieved by the HYCOM simulation
is over 4.5x greater than that of the control. If we assume a similar scale
factor for the mid-Archean, then realistic coastlines may have resulted in
extreme velocities larger than 4 m s™! for many continental configura-
tions (note that simulation 7 stands out as the one mid-Archean simu-
lation with a velocity extreme smaller than that of the control).
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Fig. 5. SSH amplitudes in the continental shelves (control vs. HYCOM).
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Fig. 6. Parcel velocity semi-major axis values (A) in the continental shelves.

To gain a sense for the geological significance of this increase in
extreme velocities, we’ve aligned boxplots of the data with the
Hjulstrom particle flow diagram (Earle, 2015) in Fig. 8. We see that the
realistic HYCOM present day simulation does not achieve high enough
tidal extremes to erode or transport particles larger than 100 mm.
However, if the mid-Archean did experience tidal velocities as large as 4
m s~} or more, as suggested, then that would be just fast enough to

10

transport 1000 mm particles and to erode 100 mm particles. It has been
shown that the composition of the weathering product on continents has
not changed dramatically through time (Dzombak and Sheldon, 2022).
However, the type of fluvial distribution of those sediments (braided
versus meandering) and their relative grain size distributions have
changed significantly, in particular with the rise of land plants in the
Paleozoic (Gibling and Davies, 2012). Young (2019) notes that much of
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the linear boxplots in supplemental figure S4).

the Archean sedimentary record on the Canadian Shield is characterized
by texturally immature rocks consistent with ‘unstable’ transport and
turbidity currents and Eriksson et al. (1998) documents thick sandstone
sequences all over the globe that are associated with tidal depositional
settings that lack small-scale sedimentary features (i.e., they lack evi-
dence for low energy transport processes). Both of those sets of results
are consistent with our model results here that suggest the potential for
eroding both larger clasts and more clastic material in response to higher
tidal velocities. The simulation results suggest that the mid-Archean may
have experienced tidal erosion and particle transport patterns that are
not achievable in the present day. To assess this quantitatively, more
simulations with realistic, higher resolution coastlines would need to be
performed.

11

4.5. Simpson-Hunter parameter (S) in the continental shelves

The Simpson-Hunter parameter (Simpson and Hunter, 1974) de-
termines the existence of tidal mixing fronts and is given by

h
§ =logy, (E)

where h is the depth of the water column, u = A (Section 4.4) is the
depth-averaged tidal velocity (Timko et al., 2019), and the air-sea heat
flux, Q, is assumed to be constant. For all computations of S in this paper,
the units for h and u are taken to be m and m s~!, respectively. Under
these conditions, the critical value for S is about 2.7 (Bowers and
Simpson, 1987). For each of the simulations in Fig. 9, the critical value is
represented as a dashed vertical line on the plot, and the mean value is
shown as a solid line. Because small values of S represent areas of tidal
mixing, here we are calculating the percentages of values that fall below

3
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Fig. 9. Simpson-Hunter parameter in the continental shelves.

the critical line. Note that when the text refers to “areas” or “locations”
with small or subcritical S values, the language refers to horizontal po-
sitions along the grid where tidal mixing fronts could have been present,
as inferred by tidal velocities observed in the one-layer model. Such
wording does not refer to vertically mixed area, as single-layer simula-
tions do not simulate tidal mixing. Doing so would require a multi-layer
model.

Not all of the mid-Archean simulations result in more values of S
below the critical value than the control; the results appear to be highly
dependent on bathymetry. The two simulations that stand out as having
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significantly more S values below 2.7 are number 9 (the “island-arc”
world) and number 10 (the “supercontinent” world). There is some
initial indication that with these continental configurations, tidal mixing
conditions could have been more favorable than in the present day.
However, simulations 5 and 7 indicate that less favorable tidal mixing
conditions in the continental shelves were also possible, depending on
the bathymetry.

Comparing against the HYCOM results (Fig. 10) we see that the
idealized geometries yield non-continuous distributions of S values in
the lower extremes, whereas the HYCOM simulation indicates that real
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Fig. 10. Simpson-Hunter parameter in the continental shelves (control vs. HYCOM).

bathymetries are likely to yield S distributions that are continuous in the
lower tails. Perhaps then, the better statistic to consider here is the
lowest achieved value of S in each simulation, in which case we see more
favorable tidal mixing conditions in all but simulation 7 (Fig. 9).

A limitation of the conclusions above is that the idealized simulations
provide very few below-critical S values for comparison. In every one of
the simulations in Fig. 9, there are relatively few values that fall below
the critical line (0.02% or less in all simulations). Any conclusions drawn
about trends from such a small sample of outliers have an inherently low
confidence level. We can judge from Fig. 10 that the presence of low S
values is highly dependent on having a realistic coastline. In the present-
day HYCOM simulation (Fig. 10b), the number of below-critical S values
is over 9% (about 3,098 times more than in the idealized control).
Therefore, it seems that more simulations with realistic bays and shelves
are needed to determine if tidal mixing fronts really were more preva-
lent in the mid-Archean than they are today, although our results pro-
vide some initial indication that this was possible.

4.6. Effects of water volume and maximum depth

As discussed in Section 3.1, the idealized bathymetries used in the
“representative” simulations were constructed by adjusting the ocean
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floor depth—and therefore, the water volume—in order to hold the
average depth and other characteristics constant as the land area was
repositioned. It was hypothesized that these changes to water volume
and ocean floor depth would have a relatively small impact on tidal
characteristics in the shelf regions. In this section, we evaluate the val-
idity of that assumption by comparing transitional simulations 3 and 4,
which differ only by ocean floor depth. Recall from Section 3.1 that the
bathymetry in simulation 4 has a shallower ocean floor and a 2.8%
decrease in water volume compared to the bathymetry in simulation 3.

Histograms of SSH amplitudes in the shelves (Fig. 11) reveal similar
distributions between the two scenarios, but in the simulation with
decreased water volume, the mean SSH amplitude has decreased by
~3% and the maximum SSH amplitude has fallen by ~0.1 m.

Histograms of A in the continental shelves (Fig. 12) reveal slightly
lower summary statistics in the case of decreased water volume. The
mean value of A drops by ~3% and the maximum parcel velocity ach-
ieved decreases by ~0.02 m s~ *.

Simpson-Hunter statistics are also similarly impacted by the change
in water volume (Fig. 13). In this case, the decrease in water volume
results in an increased mean of ~1% and a decrease in sub-critical values
of about 37%, suggesting a decrease in the shelf area where tidal mixing
fronts are present.
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Fig. 11. SSH amplitudes in the continental shelves (ocean depth comparison).
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Fig. 13. Simpson-Hunter parameter in the continental shelves (ocean depth comparison).

Apparently, the effect of increased water volume in the ocean is to
slightly increase tidal amplitudes, velocities, and mixing fronts in the
continental shelves. However, with a difference in ocean volume of <
3%, these differences are relatively small when compared to the impact
of other bathymetry characteristics, such as continental placement and
resonance conditions. Water volumes in our study are consistent
amongst the mid-Archean representative simulations but greater than
that of the present day control by ~13.8%. Therefore, if we were to
assume that the water volume in the mid-Archean oceans was the same
as the present day, it’s possible that the extreme values for SSH, A, and S
obtained from Sections 4.3 to 4.5 are currently slightly inflated. That
being said, it is unknown whether the total water volume in the mid-
Archean oceans was greater than or less than that of the present day
earth, as the sea level depends on factors such as the temperature of the
Earth’s surface and the density structure of the mantle, many of which
are still topics of research.

4.7. Implications for Archean biogeochemistry

The mid-Archean to Neoarchean was generally characterized by high
atmospheric CO; levels (e.g., Driese et al., 2011; Kanzaki and Murakami,
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2015), which in turn, should have resulted in high weathering rates for
any surface rocks that were exposed to the atmosphere (e.g., Kump et al.,
2000; Zaharescu et al., 2020). Previous work on the Paleoproterozoic
and Mesoproterozoic by Mitchell and Sheldon (2016) validated this
relationship by comparing reconstructed CO2 levels and paleo-delta
sediment chemistry. In addition, mid-Archean crust and weathering
products (Beaty and Planavsky, 2021; Lipp et al., 2021; Sheldon et al.,
2021; Dzombak and Sheldon, 2022) all had comparable inventories of
key nutrient elements such as Ca, K, Na, and P, and higher levels of Fe
and Mg relative to both average crustal compositions for the past 4 Ga
overall and today (e.g. Dzombak and Sheldon, 2020). Given that at-
mospheric O, was also much lower (various, e.g., Lyons et al., 2014), the
redox state of elements like Fe and Cr was also different in the weath-
ering product, resulting in significantly increased dissolved transport of
redox sensitive bio-available metals (e.g., Colwyn et al., 2019). For
example, mid-Archean paleosols have a much higher proportion of Fe?*
than even other pre-Great Oxidation Event paleosols, suggesting effi-
cient delivery of Fe?* to the oceans at that time (Sheldon et al., 2021).
Putting these ideas together, the nutrient flux to drive microbial meta-
bolic activity in the Archean was controlled by the weatherable land
area as well as the weathering intensity.
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As we have demonstrated herein, even under simplified continental
and coastal geometries, tidal forcing and other key parameters like
water parcel velocity and SSH that play key roles in controlling sediment
(and nutrient delivery) in the Archean equaled or exceeded present-day
forcing. To account for the simplified geometry, we have compared the
control scenario 1 to modern HYCOM results to determine the appro-
priate Archean scaling factors, roughly estimating that SSH would have
been 2.5x higher and water parcel velocity 4.5x higher. Higher velocities
coupled with a shorter day length would have resulted in significantly
increased seabed exposure and significantly increased weathering of
seabed rocks and sediments, including the potential to transport much
larger sediments than at present. While more work is needed to validate
the result, comparison of the Simpson-Hunter parameter for tidal mixing
between those two scenarios also provides some evidence for substan-
tially more tidal mixing fronts in the Archean than at present for some
continental geometries, such as the “island-arc” world and the super-
continent model. In these cases, results suggest that nutrients derived
from the continents or continental shelf could also have been better
mixed to greater depths and further off shore (Fig. 9). Given that the
biological pump is most efficient under low O, conditions as in the
Archean (Fakhraee et al., 2020), this enhanced flux of tidally derived
nutrients may also have played an important role in maintaining the
global carbon cycle, but further work is needed to couple biogeochem-
ical and tidal models to understand this relationship quantitatively
rather than qualitatively. A second potential impact of increased tidal
mixing would be that it could offer some mechanistic support for models
of BIF formation based on observations of rhythmic switching between
Fe-rich and Fe-poor strata (Bontognali et al., 2013; Ojakangas, 1983;
Ojakangas and Ojakangas, 2010; Walker and Zahnle, 1986; Watchorn,
1980), especially if coupled with extreme tidal velocities and SSH
capable of weathering and transporting more material.

All of the Archean scenarios resulted in higher mean water parcel
velocities in the shelf regions than in the default model, and most
resulted in larger extreme values there as well. These findings suggest
that the combined effect of mid-Archean astronomical conditions,
reduced land area, and wider shelf area (as in low freeboard continents)
tend to increase tidal velocities in the continental shelves. Yet, the sig-
nificance of this increase is highly dependent on the position and
number of the continents, and these differences are important to
consider as plate tectonic reconstructions improve. Within the various
Archean continental configurations, one of the simulations that most
amplified the enhanced tidal velocities was the scenario with small
fragmented continents. This bathymetry is also one of the most realistic
based upon geodynamic considerations (Flament et al., 2008; Rey and
Coltice, 2008). This suggests that regions with more rapid BIF deposition
may have existed on the margins of small continents. Future work is
needed to validate this result using more realistic coastlines and a wider
variety of “island-arc” geometries.

5. Conclusion

To examine the potential role of tides in Archean biogeochemistry,
we performed a number of simulations using realistically increased tidal
forcing and idealized geometries. To quantify the importance of geom-
etry, we also compared those results to a modern tidal scenario
(HYCOM). We find through those comparisons the distribution of key
parameters in shallow shelf areas including dissipation, SSH, tidal ve-
locity parameter A, and the Simpson-Hunter parameter S include, in
many cases, more extreme values under Archean tidal forcing. Further,
by comparing the idealized control scenario with HYCOM, we find that
the idealized geometries suppress those extreme results relative to
HYCOM, indicating that Archean extremes would have been much
higher than those measured here. For example, if the scaling indicated
by that comparison is reasonably accurate, then A could have exceeded
4 m s, which would have resulted in the potential erosion and trans-
port of materials up to small boulders in size. Further, the SSH amplitude
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extremes in the Archean, when coupled with the shorter tidal period,
would have resulted in a much higher frequency and magnitude of
seabed exposure. While models with more realistic coastlines are still
needed, Archean conditions also may have been more favorable for
tidally induced mixing fronts than present conditions based upon the
Simpson-Hunter parameter results, particularly for some continental
geometries. In the absence of other potential amplifiers of weathering
intensity (e.g., land plants), these results suggest that the stronger tidal
forcing on the early Earth likely played a key role in nutrient transport
and delivery to shelf areas as well as transport and delivery of those
nutrients from the shallowest part of the shelf to deeper parts of the
shelf. Collectively, these results point to the importance of stronger tidal
forcing on the early Earth as a driver of biogeochemical cycling.
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