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The bulk Earth composition contains probably less
than 0.3% of water, but this trace amount of water
can affect the long-term evolution of the Earth in a
number of different ways. The foremost issue is the
occurrence of plate tectonics, which governs almost all
aspects of the Earth system, and the presence of water
could either promote or hinder the operation of plate
tectonics, depending on where water resides. The
global water cycle, which circulates surface water into
the deep mantle and back to the surface again, could
thus have played a critical role in the Earth’s history.
In this contribution, we first review the present-day
water cycle and discuss its uncertainty as well as
its secular variation. If the continental freeboard has
been roughly constant since the Early Proterozoic,
model results suggest long-term net water influx from
the surface to the mantle, which is estimated to be
345 x 10 gyr~! on the billion years time scale.
We survey geological and geochemical observations
relevant to the emergence of continents above the
sea level as well as the nature of Precambrian plate
tectonics. The global water cycle is suggested to have
been dominated by regassing, and its implications
for geochemical cycles and atmospheric evolution are
also discussed.
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history and role of water in the evolution of the inner
Solar System’.
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1. Introduction

The presence of liquid water on the surface is one of the key characteristics that make the
Earth a unique planet, and it is usually considered to be critical for a planet to be habitable
[1]. Also, surface water is often believed to be essential for the operation of plate tectonics
[2], which in turn enables the return of surface water to the planetary interior. The amount of
surface water is thus a time-dependent variable that is controlled by the dynamics of the Earth’s
interior. The Earth not only has surface water but also has just a right amount of it to allow the
subaerial exposure of continental crust, which is important for the modulation of the atmospheric
composition as well as various biogeochemical cycles [3,4]. To better understand the role of water
in the Earth’s history, therefore, we need to decipher how the distribution of water between
the surface and the deep interior has changed with time and how it has affected the surface
environment.

In this contribution, we focus on reconstructing the history of surface water by assembling
relevant observational constraints and theoretical considerations. Water must have played
important roles in the generation of plate tectonics [2], the formation of continental crust [5] and
the emergence of life [1], but it is still too early to discuss these issues on a quantitative basis.
By contrast, it is possible to derive a fairly robust constraint on the rough history of surface water,
at least back to approximately 3 Ga, and we believe it worthwhile to explore its implications for
the coevolution of the Earth’s interior and surface environment.

The structure of this paper is as follows. We start with what we know best, i.e. the present-
day water contents of different reservoirs and water fluxes among them. Based on available
geochemical and geophysical observations, we have to conclude that even the present-day water
cycle is quite uncertain, but we then show that the constancy of continental freeboard provides
a simple yet robust geometrical constraint on the history of surface water and thus the net water
transport between the surface and the interior. Geological observations pertinent to the evolution
of global water cycle are discussed in the light of this freeboard constraint. We also discuss the
geochemical and geodynamical implications of the estimated history of surface water, and close
with possible future directions.

2. Present-day global water cycle
(a) Water budget

We consider the following four reservoirs: the oceans (within which we include water in the
atmosphere), the continental crust, the mantle and the core. The amounts of water in the first
two reservoirs are best understood; the oceans and the continental crust contain, respectively,
approximately 1.4 x 102 kg and approximately 2.7 x 1020 kg of water [6]. Most of water in
the continental crust (approx. 87%) is contained in sedimentary rocks, with the remaining in
metamorphic rocks. Herein we refer to 1.4 x 102! kg of water as 1 ocean.

Water content in the mantle is more uncertain. The mantle is usually considered to consist of
at least two different components: the depleted source region for normal mid-ocean ridge basalts
(N-MORB) and the more enriched source region for enriched MORB (E-MORB) and oceanic
island basalts (OIB). Analyses of those basalts indicate that the former contains approximately
100-200 ppm H>O [7,8] whereas the latter carries approximately 300-900 ppm H,O [7,9-12]. The
relative proportion of these two components has been controversial, with the estimated fraction of
the depleted MORB source mantle ranging from 30% to 90% [13-15]. This issue hinges critically
on the composition of the bulk silicate earth (BSE), which plays the central role in any global
mass balance calculation, and the uncertainty of BSE composition is such that the enriched
source mantle could be volumetrically insignificant [16,17]. Assuming the mean water content of
150 ppm for the MORB source mantle and that of 600 ppm for the OIB source mantle, for example,
the total water content of the mantle ranges from 1.3 ocean (30% MORB source) to 0.56 ocean (90%
MORSB source).
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Some authors propose much higher water contents in the mantle, though their reliability
is unclear. Marty [18], for example, derived 10 +5 ocean water in the mantle by combining
the mean mantle H/C mass ratio (0.99 +0.42 [19]), the whole mantle C/N ratio (532 + 224
[20]) and the silicate Earth N /40 Ar ratio (160 & 40 [21]) with the *°Ar abundance in the mantle
(2.3 £ 0.8 x 1018 mol). This estimate has several issues. First, the 4 Ar abundance used is based on
the K/U ratio of 13800 [22] and the BSE U content of 20 & 8 ppb [23], but more comprehensive
analyses suggest lower values: approximately 12300 [24] for K/U, and 17 + 6 ppb for the BSE
U [16]. Second, the whole mantle C/N ratio of 532 4 224 was supposedly derived from C/N
ratios for three kinds of MORB [20]: 273 + 106 (N-MORB), 433 + 392 (T-MORB, which is an
intermediate type between N-MORB and E-MORB), and 1839 + 641 (E-MORB), but the range of
the whole mantle ratio is clearly incapable of encompassing these individual ratios. Finally, and
most important, the adopted mantle H/C mass ratio (0.99 £ 0.42) was derived with estimates
for the mantle H and C contents [19]. Hirschmann & Dasgupta [19] generated a number of
different combinations of the MORB-source mantle and the OIB-source mantle by Monte Carlo
sampling, from which they derived statistical estimates on the mantle H, C and H/C. Their Monte
Carlo simulation yields the mantle water content ranging from 0.2 to 1.6 ocean mass. Using their
estimate on the mantle H/C is thus equivalent to adapting their estimate on the mantle H, and
there would be no need to go through multiple elemental ratios. The large discrepancy in the
estimated mantle water content between Marty [18] and Hirschmann & Dasgupta [19] suggests
that the particular combination of elemental ratios used by the former may be troublesome.
Indeed, the combination of H/C, C/N and N/%Ar is equivalent to H/ 40Ar, and it is not known
whether the H/40Ar ratio is sufficiently uniform among MORB and OIB to allow the estimate
of the mantle H content using the mantle “*Ar value. We note that a related elemental ratio,
K>O/H;0, is known to be highly variable among MORB and OIB, ranging approximately from
0.2 to 1.3 [7,25]. This wide range of KO/H,O has been attributed to source heterogeneities [7] as
well as a potential decoupling between K,O and H,O during melting [9]. An approach based on
multiple elemental ratios seems to require greater care than usually given.

The distribution of water in the mantle may also be estimated more directly by geophysical
means, e.g. interpreting seismic wave attenuation and electrical conductivity [26]. Such
geophysical variables, however, still suffer from low spatial resolution and non-uniqueness, and
interpreting them is also difficult owing to the paucity of reliable experimental data. In the case
of electrical conductivity, for example, using different datasets or different inverse methods gives
rise to disparate estimates [27], and even for the same conductivity profile, the implication for
water content can be drastically different, depending on the choice of experimental dataset [28,29].

The amount of water in the core is practically unconstrained. The density of the Earth’s core is
estimated to be 5-10 wt% lighter than that expected for pure iron [30,31], and this density deficit
calls for the presence of light elements in the core. If one tries to explain the density deficit solely
by hydrogen, it is possible to have up to approximately 100 oceans-worth of hydrogen in the core
[32]. The core is, however, a very popular place for also other proposed light elements (e.g. S, Si
and O) [33,34], and one composition model suggests 0.06 wt% H in the core [33], amounting to
only approximately 8 oceans. Nevertheless, even this estimate is still much higher than the water
mass in the mantle, and the majority of the Earth’s water could reside in the core. How much
of water could have been dissolved into the core depends on the details of core formation [35],
which remain largely unresolved. An attempt to track the distribution of water starting from the
beginning of the Earth’s history is therefore unpromising at the moment, and this is why we place
an emphasis on reconstructing the history of water backward in time (§3).

(b) Water fluxes

As the amount of water presently contained in the continental crust is small with respect to those
in other reservoirs, there are two major water fluxes: (i) between the oceans and the mantle, and
(ii) between the mantle and the core. The latter flux is uncertain but probably small because it is
likely to be diffusion-limited. The direction of water flux at the core-mantle boundary depends on
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the partition coefficient of water between metallic and silicate phases, and given the potentially
high water solubility of the core, the core may serve as a sink for mantle water [35]. In the
following, we limit ourselves on the water flux between the oceans and the mantle.

Water is continuously carried from the mantle to the oceans by magmatism, and it is also
returned to the mantle by subduction in the form of sediments and hydrated lithosphere. The
consideration of various sources and sinks for the surface water has long indicated that the sum
of sinks exceeds substantially that of sources [36,37]. A compilation by Ito et al. [36], for example,
suggests that the magmatic H,O input from mid-ocean ridges, hotspots and arcs combined
amounts to 2.2f%§ x 101 g yr~1, whereas the H>O loss by the subduction of altered oceanic crust
alone is 8.8 +2.9 x 10 gyr~!. A more recent compilation by Jarrard [37] indicates that the global
flux of subducted water (by sediments and oceanic crust) is 1.83 x 10%° gyr’l. Part of this water
flux, however, may be returned to the oceans by (non-magmatic) updip transport [38], and the
H>O input by arc magmatism is highly uncertain and may be as large as 6 x 1014 gyr‘1 [37].
Although the apparent flux of subducted water could be further increased if the subducting
mantle is serpentinized [39], considerable uncertainty associated with updip transport and arc
magmatism makes it difficult to estimate the net flux of subducted water.

Many previous studies on net water flux have suggested that too high net flux would cause
too large a change in the global sea level to be consistent with observations. Ito et al. [36] estimated
the net water flux into the mantle as 1.2 — 11 x 10 gyr~!, but they felt that the higher rates in
this range were geologically unrealistic and suggested that the rate of 1 — 3 x 10'* g yr~! might be
acceptable, if it were only for periods of 100 Myr or so. Similarly, a more recent study [40] suggests
that the long-term net water influx should be less than 1 x 10 g yr~! to keep the sea-level change
below 100m over the Phanerozoic. The consideration of sea level in these studies, however,
usually assumes that the present-day hypsometry also applies to the past. This assumption is
difficult to justify because the surface topography of the Earth has gradually been modified
by the thermal and chemical evolution of its interior. In fact, substantial water influx is possible
without causing any change in the sea level, as shown in the next section.

3. The secular evolution of water budget and the emergence of continents

(a) Eustasy and continental freeboard

After the rise of atmospheric oxygen at approximately 2.4 Ga, hydrogen escape into space became
trivial [41], and the amount of surface water has been subject to a dynamic balance between
volcanic degassing and subduction. There is no a priori need for the volume of water in the oceans
to stay constant, and the distribution of water among different reservoirs could also change. Even
if the volume of water in the oceans remained the same, the Earth’s hypsometry is time-dependent
because of continental growth and the secular cooling of the mantle, and the area of oceans (or
equivalently, the area of dry landmasses) could vary with time. As a prime example to illustrate
the role of water in the Earth’s history, we will focus on the area of continental crust above the sea
level in this section. It is an important variable for the surface environment, controlling the rate of
chemical weathering and nutrient fluxes to the oceans as well as the planetary albedo.

The relative height of the mean continental landmasses with respect to the sea level is known
as the continental freeboard, and abundant sedimentary records on continents suggest that the
freeboard must have been close to zero at least during the Phanerozoic [42]. This constancy of the
continental freeboard has been used to constrain continental growth [42-44], the cooling rate of
the mantle [45] and ocean volume change [46,47]. Freeboard modelling boils down to a simple
isostatic balance, but because it involves several components (figure 1), all of which can change
with time, it is not a trivial exercise. Whereas previous studies on freeboard assumed at least
one of those components to be constant, we will consider the possibility of temporal variation
for all components (table 1), by reviewing relevant geophysical and geological observations. In
particular, our modelling includes the secular evolution of continental lithospheric mantle, which
is absent from previous freeboard studies.
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Figure 1. Schematic for the set-up of freeboard modelling. (a) The top part of the model. The zero-height continental section
corresponds to where the present-day sea-level crosses continental topography. A positive h reduces the area of exposed

landmasses Aey. (b) The entire model view. Note that in this paper we show the hypsometry of ocean basins in a reverse order
(i.e. decreasing topography with increasing cumulative surface area) to indicate a likely passive margin structure.

Table 1. Comparison of freeboard modelling studies.
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Hynes[44] .............................. S — T T S e
|:|amenteta/[48] .................. O T S ey
th|55tudy ............................... o T T S o T T Vo

3(Continental topography (see equation (3.12)).
b\iolume of water in the oceans.

CAssumed to be constant.

dNot considered.

€Treated as potentially variable with time.

We assume the following isostatic balance to hold between the zero-age oceanic section and
the zero-height continental section:

pw(h 4 do) + pochoc + Pothol + Pomhom = pw max(0, 1) 4+ pechee + pahidl, (3.1

where F is the sea level with respect to the present-day value, dy is the average depth of mid-ocean
ridges, pw is the density of sea water (1030 kg m~3), and p; and }; denote density and thickness,
respectively, for oceanic crust (i = oc), depleted oceanic lithospheric mantle (ol), asthenospheric
mantle (om), continental crust (cc) and continental lithospheric mantle (cl). Except for py, all
variables can be a function of time. The zero-height continental section is at the present-day sea
level; the relative location of zero-height section within the continental area does not change with
time, regardless of sea-level change. The depth of compensation is taken at the base of continental
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lithosphere, which determines the thickness of asthenospheric mantle (fom) in equation (3.1).
Seafloor bathymetry is controlled by the thermal evolution of oceanic lithosphere, and continental
topography in the past is modelled after its present-day form. The subsidence of seafloor away
from the ridge axis is accommodated by the thickening of thermal lithosphere, continental
topography is accompanied with the variation of continental crustal thickness (figure 1), and
the isostatic balance is satisfied everywhere in our model. The sea level / is determined to be
consistent with the volume of water in the oceans, which can change with time.

In our modelling, we use the sea level instead of the continental freeboard. The freeboard is
defined as the the mean continental height with respect to the sea level, and because continental
topography can change with time, it is cumbersome to use the freeboard as the main variable.
The sea level is measured with respect to the present-day zero-height continental section, and the
constancy of the freeboard is equivalent to that the sea level remaining close to the present-day
value (less than 200 m during the Phanerozoic [49]).

In the subsequent sections, we first describe how individual components may change with
time. Freeboard modelling is then conducted by starting from the present day to 3.5 Ga; for this
time span, it is probably safe to assume the operation of plate tectonics [2], and our understanding
of the likely secular variations of these components is particularly robust back to approximately
2.5Ga and further back to 3.5 Ga with additional assumptions.

(b) Evolution of oceanic buoyancy

The characteristics of oceanic lithosphere, composed of oceanic crust and depleted oceanic
lithospheric mantle, are a function of mantle potential temperature, Tp, so it is imperative to
first understand the thermal history of the Earth’s mantle. How the mantle cools depends on
the balance between surface heat loss, Q, and internal radiogenic heat production, H. A hotter
mantle in the past has long been assumed to convect more vigorously with higher surface heat
flux, but such scaling of mantle heat flux is also known to require considerably higher radiogenic
heat production than suggested by geochemical data [50]. If a hotter mantle convects slower, e.g.
by the effect of mantle melting on viscosity [51], it becomes possible to reconstruct a reasonable
thermal history without violating geochemical constraints, and this alternative is more consistent
with petrological data on the cooling history of the Earth’s upper mantle [52] (figure 2a). For the
purpose of discussion, however, we consider the following two cases: faster plate tectonics with
high heat production, and slower plate tectonics with low heat production (figure 2b,c). In either
case, average plate velocity is related to mantle temperature and surface heat flux (excluding heat
generation in continental crust) as [57]

Q(0) Tp(t)
for which we use the following present-day values: Q(0) =38 TW [47], T(0) =1350°C [53] and
v(0)=5cm yr*1 [58].

We test three models of continental growth: the instantaneous growth model of Armstrong
[54] and two more gradual growth models [55,56] (figure 2d). For any given time, the total area of
continents is then calculated as

2
Q) Tp(o)) , (3.2)

v(t) = v(0) <

Mec(t)
hcc(t)Pcc(t)’
where 1. denotes the mass of continental crust, and the total area of seafloor is given as Aq(t) =

Ag — Ac(t), where Ag is the surface area of the Earth. For the area-age distribution of seafloor,
we assume a triangular form:

Ac(t)= (3.3)

dA,

= (3.4)

T
(z,)=G(t) <1 — r\ax(t)) ,

where 7 is the seafloor age and G(t) is the plate creation rate. This is a good approximation
to the present-day situation and corresponds to subduction irrespective of seafloor age [59].
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Figure 2. (a) Two contrasting thermal histories (blue for slower plate tectonics (PT) and green for faster plate tectonics in
the past, both taken from [2]) compared with the variation of mantle potential temperatures estimated for the last 3.5 Gyr
(dots) [52]. These estimates are based on the composition of primary melts for Precambrian non-arc basalts, and their overall
trend converges smoothly to the potential temperature of present-day MORB source (approx. 1350°C [53]), supporting the
interpretation that the non-arc basalts formed by the melting of ambient mantle. (b) Corresponding surface heat flux (solid) and
internal heat production (dashed). (c) Corresponding plate velocity. (d) Continental growth models: [54] (yellow), [55] (black)
and [56] (magenta).

The maximum seafloor age is given by

Ao(h)

Tmax(t) =2 G(t) ’

(3.5)

where G(t) = G(0)v(0)/v(t) and G(0) = 3.45km? yr—.

Once the mantle temperature is given as a function of time, the thicknesses and densities of
oceanic crust and depleted lithospheric mantle can be calculated by the model of decompressional
mantle melting, and we use the parametrization of Korenaga [60] (figure 3). The density of
asthenospheric mantle is also a function of temperature as

Pom(Tp(£)) = pom(Tp(0))(1 — a(Tp(t) — Tp(0))), (3.6)

where pom(Tp(0)) of 3300 kg m~3 and « of 3.5 x 1075 K~ [61] are used. This value of thermal
expansivity is appropriate for hot asthenospheric mantle; a value of 3 x 107> K~!, commonly used
for lithospheric mantle, requires the incomplete viscous relaxation that can take place only at low
temperatures [62].
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Figure 3. (a) Thicknesses and (b) densities of oceanic crust (cyan) and depleted oceanic lithospheric mantle (blue) as a function
of mantle potential temperature. After [60].

For the subsidence of seafloor, we test two possibilities: the half-space cooling model [63]
and the plate model [64]. The bathymetry for half-space cooling may be expressed as

d(r, ) =do(t) + b(H)VT, 3.7)
where the subsidence rate depends on mantle temperature as
Tp(t
b(t) = b(O)ﬂ (3.8)

7p(0)
and b(0) = 323 m Ma~1/2 [63]. For the plate model, we use the empirical fit by Stein & Stein [64]

d(z, ) = do(t) + min(365+/7, 3051 — 2473 exp(—0.02787)), (3.9)
where the bathymetry is in metre and the age is in million years ago. The plate model is a
phenomenological model developed to fit the detail of present-day bathymetry, and it is not clear
how it could vary for deeper times [65]. The use of the present-day plate model, however, still
serves our purpose to test the model sensitivity to the age-depth relation of seafloor. The present-
day zero-age depth dp(0) is 2654 m for the half-space cooling model [63] and 2600 m for the plate
model [64].

(c) Evolution of continental buoyancy

Unlike oceanic lithosphere, there is no simple genetic relation between mantle temperature
and the physical properties of continental lithosphere, so we attempt to vary the buoyancy of
continental lithosphere to be consistent with available constraints. First, the average thickness of
continental crust is approximately 41 km at present [66]. Based on the regional metamorphic grade
of current exposure in Archean greenstone belts, Galer & Mezger [45] estimated that the Archean
crust could have been thicker by 5 + 2 km at approximatively 3 Ga. We thus consider two cases:
constant . and a greater ke in the past with the rate of 2km Gyr‘l. The average density of
continental crust has been estimated as 2830 kg m3 [66], but this is based on a crude empirical
correlation between seismic velocity and density, and p.c can be anywhere approximatively
between 2800 and 2900 kg m~3. We use pc(0) of 2880kgm—3, to facilitate the interpretation of
lithospheric mantle density (see below), and again, we consider two cases: (i) constant p.(0) and
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(ii) a gradually changing density as prescribed by

pctt) = {70 o2t (.10)
(1 = f1)pcc(0) + fipoc(t), t>2Ga,
where f; = (t — 2)/1.5 where t is in giga-annum. The second case is an attempt to emulate the mafic
to felsic transition across the Archean-Proterozoic boundary [67]; this formulation implies that the
density is the same as oceanic crust for 3.5Ga, and linearly shifts to that of modern continental
crust by 2.0 Ga.

The present-day average thickness of continental lithospheric mantle is set to 200 km [68].
With pcc(0) of 2880kg m~3, then the present-day isostatic balance (equation (3.1)) yields p.(0)
of 3338kgm~3. The density excess of 38kgm™> with respect to the asthenospheric mantle is
required to explain the present-day zero-age depth of seafloor, and it may be interpreted as the
combination of thermal and chemical contributions. At present, the temperature at the continental
Moho is approximately 500°C for the average continental heat flow of approximately 60 mW m—2
[69], and that at the base of the continental lithosphere (i.e. 240 km depth) can be assumed to
be approximately 1470°C, which corresponds to the potential temperature of 1350°C with the
adiabatic gradient of 0.5K km ™. The continental lithospheric mantle is thus approximately 500 K
colder than the asthenospheric mantle on average, which gives rise to the density excess of
58 kg m~3. At the same time, the continental lithospheric mantle is compositionally more buoyant
than the asthenospheric mantle, and the deficit of 20kgm~3, which is required to lower the
excess of 58 kg m~3 to 38 kg m~3, implies that the Mg# (100 x molar Mg/(Mg + Fe) of mantle
composition) of the former is higher than that of the latter by approximately 1.3 on average
[70,71]. This average Mg# difference appears reasonable; Mg# of the Phanerozoic lithospheric
mantle is virtually indistinguishable from that of the asthenospheric mantle (approx. 89), whereas
Mg# of the Archean lithospheric mantle is as high as approximately 93 [72]. The average Mg#
difference may deviate approximately from 1.3 if we assume different density for continental
crust or different thickness for lithospheric mantle, but an important point is that the effect of
chemical buoyancy must always be considered. As we go deeper in time, the fraction of the
depleted Archean lithosphere must increase, and we use the following function for p:

pom(®) + (1 = £2)(0a(0) — pom(0)) + f22p4, t<25Ga

I (3.11)
Pom(t) + Apl, t>25Ga,

pa(t) =

where f, =t/2.5 where f is in giga-annum and Apﬁ describes how buoyant the continental
lithospheric mantle would have been in the Archean. The continental Moho could have been
as hot as 800°C due to increased radiogenic heat production [57], reducing negative thermal
buoyancy. Combined with the positive chemical buoyancy caused by the high Mg# (—60 kg m~3),
Apg becomes negative, around —7 kg m~3. These calculations, however, cannot be very accurate
because it is difficult to know how representative the Archean lithosphere that has survived to
the present would be for the average continental lithosphere in the Archean. We thus test two
values of Apﬁ: 0kgm™3 and —5kgm™3. The former corresponds to the isopycnic case where the
thermal and chemical effects are cancelled out exactly. The above formulation assumes that the
average continental lithospheric mantle in the Archean was as depleted as the mantle xenoliths of
Archean ages observed today, and this assumption is consistent with existing hypotheses for the
formation mechanism of cratonic lithosphere [73,74]. Equation (3.11) implies that the continental
lithospheric mantle has been negatively buoyant for the past approximately 2 billion years,
but this does not necessarily mean that the lithospheric mantle has been subject to convective
instability; the high viscosity of dry, depleted lithosphere can easily sustain a gravitationally
unstable configuration [75,76].

At present, the continental lithosphere of the Archean age is generally thicker than that of
the Phanerozoic age [77], but for the same reason as above, it is not clear how we should vary
the average thickness of continental lithospheric mantle with time. Numerical modelling studies
usually show the gradual thinning of continental lithosphere by convective erosion [78,79], but the
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degree of thinning varies among different models. As the lower bound on continental buoyancy,
therefore, we keep h constant in this study. Any potential variation in /i may be considered to
be effectively represented by the variation of p, because it is the product of p.h that enters into
the isostatic balance.

The present-day continental topography may be approximated as

a1 +azx, X1 <X <Xp
Ze(X) = (a3 + aux, Xp <X <X3 (3.12)

as +agx +azexplag(x — 1)], x3 <x<1,

where x is the cumulative fraction of surface area, and x;’s and 4;’s are set as x1 = 0.575, xp =
0.657, x3 =0.725, a1 = —18.18, ap =27.36, a3 = —2.127, a4 =2.932, a5 = —2.642, ag = 3.642, a; =4.5
and ag = 52.03. The first part corresponds to the continental slope, the second to the continental
shelf, and the third to the subaerial crust. As the continental area changes with time, the horizontal
scale of this topography is uniformly adjusted. The amplitude of subaerial topography is expected
to be reduced in the past because of hotter geotherm [48], and the vertical scale of the subaerial
topography is linearly decreased with time so that, at 2.5 Ga, the maximum height becomes only
one-third of the present-day value. For comparison, we also test the case of no reduction in the
vertical scale.

(d) Results of freeboard modelling

From the present-day hypsometry as described in the previous section, the volume of water in
the oceans is calculated as 1.496 x 10'8 m? for the half-space cooling model, and 1.469 x 10'® m3
for the plate model. There are small discrepancies from the actual ocean volume of 1.335 x
10'8 m3 [80], because both the area—age distribution and age-depth relation are simplified in our
modelling. If there is non-zero water flux between the oceans and the mantle, the volume of water
in the oceans can change with time, and for simplicity, we assume that the water influx is constant
with time. We consider three cases: (i) zero net flux, (ii) 3 x 10 gyr~! and (iii) 4.5 x 10" gyr~1.
In the last two cases, the volume of water in the oceans at 2.5 Ga is higher than the present volume
approximately by 50% and 70%, respectively.

Thus far we mentioned two thermal histories, three continental growth models, two seafloor
subsidence models, two models each for the thickness and density of continental crust, two
models of the Archean lithospheric density, two models of continental topography, and three
models of ocean volume change. We evaluated all of 2° x 32 =576 permutations, and some
representative results are shown in figures 4 and 5.

One of our main findings is that the net water influx of at least approximately 3 x 1014 g yr~—!
is required to satisfy the constancy of the freeboard, regardless of the choice of thermal evolution
and continental growth. This may be quite surprising to those familiar with previous freeboard
studies. For example, assuming the constant volume of water in the oceans, Schubert & Reymer
[43] combined the constant freeboard with faster plate tectonics in the past to derive a continental
growth model similar to that of McLennan & Taylor [56], and Hynes [44] made a similar argument
to discount the instantaneous growth model of Armstrong [54]. Past oceanic lithosphere made
from a hotter mantle must have been more buoyant than the present one (figure 3), so if
the buoyancy of continental lithosphere did not change with time, seafloor would have been
shallower. The constant freeboard would thus require that the continental area or the volume
of water in the oceans be smaller in the past. The degree of chemical depletion in mantle
xenoliths sampled from continental lithosphere, however, has long been known to exhibit secular
evolution [77,81], which is incorporated in our model (equation (3.11)). Because of this, the relative
buoyancy of continental lithosphere with respect to oceanic lithosphere is higher in the past, as
clearly seen in the evolution of ridge depth (e.g. figure 4g—i). The use of lower average density
for present-day continental crust or thinner present-day lithospheric thickness than adopted here
would lead to even greater continental buoyancy in the past, so our particular model setting
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Figure 4. Representative results of freeboard modelling with slower plate tectonics in the past with the continental growth
models of (a,d,g) Armstrong [54], (b,e,h) McLennan & Taylor [56] and (c.f,/) Campbell [55]. (a—c) Sea level, (d—f) the areal
fraction (with respect to the Earth’s surface area) of exposed continents above sea level, and (g—i) the zero-age depth of
seafloor. In all panels, thick black curves denote a reference case, which assumes the net water influx of 3 x 10™ g yr‘1, half-
space cooling for seafloor subsidence, 5 km thicker continental crustal at 2.5 Ga, time-varying continental crust density, Ap:}
of —5 kg m—3, and reduced continental topography in the past. Other curves denote sensitivity tests in which only one of those
assumptions is modified: constant volume of water in the oceans (dashed cyan), the net water influx of 4.5 x 10™ g yr=' (solid
cyan), the plate model for subsidence (dashed tan), constant continent crustal thickness (solid orange), constant continental
crustal density (dashed orange), Apfl of 0 kg m=3 (solid green) and constant continental topography (dashed orange). In (d—
f), thick dotted curves denote the total areal fraction of continental crust for the reference case. Even when continental mass
does not change, this fraction can vary if continental thickness changes. The ridge depth shown in (g—i) isdy — h, i.e. the depth
with respect to the sea level. The ridge shallowing for the case of constant ocean volume is caused by the lowering of the sea
level. CL, continental lithosphere.

should be regarded as a conservative choice. The time-varying chemical buoyancy of continental
lithosphere has not been considered in previous freeboard modelling, at least quantitatively.
Armstrong [82] once noted the lack of consideration of continental lithospheric mantle in the
usual treatment of freeboard modelling, and he argued that younger continental lithosphere
in the past was likely to be thinner, which might permit his growth model. Unlike its oceanic
counterpart, however, the thickness of continental lithosphere is not a thermal issue [83]; the time
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Figure 5. Same as figure 4 but with faster plate tectonics in the past.

scale of thermal diffusion is only approximately 300 Myr for the length scale of 200 km. Thinner
continental lithosphere in the past would also conflict with the antiquity of thick Archean cratonic
lithosphere [73].

The most important free parameter in our freeboard modelling is net water influx from the
oceans to the mantle, and all of the reference cases shown in figures 4 and 5 assume the net water
influx of 3 x 10!* g yr~!. Two other cases (0 and 4.5 x 10'* g yr~!) are also shown for comparison.
The calculated history of sea level or ridge depth is not so sensitive to other parameters, whose
variability is more restricted compared to that of water flux. To maintain the present-day sea
level for the past 2 Gyr, the net water influx must have been approximately 3 x 10 gyr~! for the
continental growth model of Armstrong [54] and approximately 4.5 x 10 gyr~! for the other
two growth models. Even greater influx would be necessary for more gradual continental growth
models (e.g. [84,85]). These water flux estimates can be lowered to some extent by reducing
continental buoyancy in the past, e.g. assuming constant crustal thickness and less depleted
lithospheric mantle, but it appears nearly impossible to eliminate the need of positive water influx
entirely. Various curves other than thick solid ones in figures 4 and 5 are shown to visualize
the contributions of different factors, and most of them are not meant to be similarly valid
alternatives. The constant thickness of continental crust, for example, is difficult to justify given
that the Precambrian crust invariably experienced erosion, even after crustal stabilization [45],
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Figure 6. Hypsometry snapshots from the reference cases shown in figures 4 and 5 at present (solid), 1 Ga (green), 2 Ga (cyan)
and 3 Ga (magenta). Corresponding sea levels are shown in dashed lines. The hypsometry is measured with respect to the
(present day) zero-height continental section, the relative location of which in the continental area does not change with time
(figure 1a). The absolute height of the reference point, with respect to the centre of the Earth, varies to satisfy the conservation
of mass in the solid Earth.

and the Archean bathymetry following the present-day plate model is similarly unlikely. The
results shown in figures 4 and 5 may thus be interpreted chiefly as a function of ocean volume
change.

The relative insensitivity to the type of thermal evolution, up to approximately 2.5 Ga, can be
explained by the competing effects of mantle temperature and plate velocity. In the case of slower
plate tectonics in the past, mantle temperature rises quickly as we go deeper in time (figure 2a), but
plate velocity becomes lower (figure 2c), raising the maximum seafloor age. The former increases
the chemical buoyancy of oceanic lithosphere, but the latter adds to its negative thermal buoyancy.
In the case of faster plate tectonics, the rise of mantle temperature takes place more slowly, but
plate velocity was faster, lowering the maximum seafloor age. These competing effects can be
seen directly in the hypsometry snapshots (figure 6); in the case of faster plate tectonics, seafloor
is much flatter, but its overall depth is also greater. Beyond approximately 2.5Ga, two different
thermal histories start to diverge because both mantle temperature and plate velocity rise very
sharply in the case of faster plate tectonics.

Compared with sea level and ridge depth, the calculated history of the area of exposed
continents (e.g. figure 4d—f) is sensitive to more parameters, except for the case of the continental
growth model of McLennan & Taylor [56]. In this growth model, the continental mass changes
drastically at 2.5Ga, and the exposed continental area must follow this trend. In other growth
models with more gradual (or no) variation in the continental mass across the Archean—
Proterozoic boundary, the timing of the emergence of continents above the sea level is sensitive
to subtle changes in a number of factors, including ocean volume, the thickness of continental
crust and its density, seafloor bathymetry and continental topography. It is interesting to see that,
even with the Armstrong growth model, the rapid emergence of continents around the Archean—
Proterozoic boundary is possible (figures 4d and 5d). By contrast, the growth model of McLennan
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and Taylor makes it difficult to achieve a transition from the submarine to subaerial environment,
because flooding becomes less likely with much reduced continental mass (i.e. broader ocean
basins) before 2.5 Ga (figure 6c).

Though our freeboard modelling is more complete than previous attempts, it is still largely
kinematic; some factors are simply assigned, rather than being solved in a self-consistent manner.
For example, the thermal evolution of the mantle is likely to be coupled with net water influx,
and so is the growth of continents. Also, the net water influx is assumed to be time-independent
for the sake of simplicity. Our theoretical understanding of Earth evolution is such that it is more
beneficial to explore the model space freely than to limit the model search by an imperfect theory.
On the basis of existing geophysical and geological constraints, we believe that the end-member
cases considered here should be able to encompass a realistic evolutionary scenario, and that the
first-order features of modelling results are reasonably accurate.

4. Discussion

(a) Precambrian freeboard and emergence of continents

Although constraints on freeboard in the Precambrian are far less developed than in the
Phanerozoic, there is still a suite of geologic and geochemical observations that provide insights
into the early history of continental exposure. Cases have been made for near-constant freeboard
through much of the Precambrian (e.g. [42,86]), but there are uncertainties and debate about most
observations and proxies that are used to quantify the global extent of continental exposure. We
will briefly review some of the commonly discussed means of tracking the history of sea level and
also explore some non-traditional proxies.

Exposure surfaces (palaeosols) are the most intuitive observations that directly constrain the
extent of continental exposure, but they provide very limited insights into the overall extent
continental crust above sea level, given the elevation range within continental systems. However,
nearly flat, laterally expansive (hundreds of square kilometres) exposure horizons may be able to
provide insights into global-scale extent of exposure at given time in the Earth’s history. Although
paleosols can be difficult to identify confidently in the Precambrian sedimentary record, intense,
long-lived weathering surfaces can be identified (e.g. [87]). On the modern Earth, broad, level
areas (plateaus) develop within mountain belts and can have elevation as high as 5 km. However,
plateaus must be associated with an orogeny, and the basic tectonic setting of a region can be
readily reconstructed from mapping and field observations, even in Archean terranes (e.g. [88]).
Broad weathering surfaces with limited topographic relief that are not linked to an orogeny are
likely to have formed less than 1 km above the sea level based on the modern hypsometry. Future
work could move towards placing this idea into a more quantitative and rigorous model, but this
rough framework can be used to do a first-pass exploration of the Precambrian record.

There are occurrences of spatially expansive exposure horizons in the Archean. Foremost, the
ca 3.0 Ga Pongola-Witwatersrand Basin in South Africa contains several weathering horizons,
one of which is spatially expansive. The most pronounced erosion surface in this succession is
developed at the base of the sedimentary successions, with weathering occurring on underlying
greenstone-granite basement. The exposure surface can be found in the Pongola and the
Witwatersrand succession, spanning total area of hundreds of square kilometres. This palaeosol
most likely represents an erosive surface that developed during subsidence of the craton around
3.1-3.0Ga and is not linked to a major collisional event [89-91]. There is also a less spatially
expansive exposure surface in the Pongola Supergroup between the contact of the Nsuze and
Mozaan groups, but a conformable contact at the equivalent horizon in the Witwatersrand Basin.
The exposure surface in the Pongola—Witwatersrand succession occurred on a stable cratonic
basement, clearly not in a plateau setting. The 2.76 Ga weathering horizon on the Mount Roe
Basalt in the Fortescue Group, Western Australia, was also recently recognized to be spatially
widespread [92]. The Fortescue Group has been variably interpreted as a rift-to-passive margin
sequence or as being part of a more complex, two-stage continental break-up [93,94]. Importantly,
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however, there is no evidence that the Fortescue Group deposition results from a major orogenic
event. The Mount Roe Basalt is now restricted to palaeovalleys that existed on 2.78Ga old
peneplained surface, but this basalt and the exposure surface are likely to have also initially
covered much of the craton [92]. There are numerous other Archean palaeosols, which future
work may also determine are part of laterally extensive continental exposure surfaces. There are,
however, no accepted or definitive palaeosols prior to 3.0 Ga (cf [87]).

Given the framework developed above about the significance of spatially expansive
continental exposure surfaces, the Archean palaeosol records suggest the continental freeboard
was roughly within a kilometre of modern values going back to the mid-Archean. Palaeosols are
not a ubiquitous feature of the rock records, making it difficult to gauge if the ‘first appearance’ of
widespread palaeosols at 3.0 Ga reflects environmental evolution or just a chance discovery in a
sparse record. However, it is interesting to note that the first case in the rock record of widespread
exposure surfaces occurs when there is a jump in our modelled extent of exposed continental
landmass (figures 4 and 5). Whether or not the palaeosol record can pinpoint a transition in
continental exposure, the occurrence of widespread palaeosols at 3.0 and 2.78 Ga (and younger
times) support model results that suggest significant continental exposure over at least the last
3.0 Gyr. By contrast, the Archean palaeosol record appears to conflict with suggestions of limited
(less than 5% of Ag) exposure throughout the Archean (e.g. [48]).

The broad-scale stacking patterns of volcano-sedimentary sequences can also be used to gauge
the evolution of continental freeboard. Volcano-sedimentary sequences can, in principle, provide
arecord of a progressive flooding or prolonged exposure. A predominance of deep-water deposits
and submarine volcanics (e.g. [95]) could point to higher sea level than what characterized the
Phanerozoic. By contrast, a signature for periodic flooding of craton interiors is observed, and is
consistent with limited average cratonic relief, similar to what was observed in the Phanerozoic.
There are several Archean cratons (e.g. Kaapvaal and Pilbara) that are characterized by thick and
cyclic epeiric marine deposits. The Kaapvaal and Pilbara cratons are also noteworthy in having
extensive Archean-Paleoproterozoic sedimentary records, spanning from more than 3.0Ga to
less than 2.4 Ga. There are cratonic successions (e.g. the Abitibi Greenstone Belt on the Superior
Craton) characterized by almost exclusively by deep-water facies (greywackes, black shales and
submarine volcanics), which would be consistent with extensive cratonic flooding. However,
the Abitibi Greenstone Belt (and other Archean succession lacking shallow water facies) are
relatively short-lived, and extensive flooding is expected in certain tectonic settings (e.g. rift
basins). In this light, the stacking patterns of volcano-sedimentary sequences do not provide
precise freeboard estimates, but are most consistent with the persistence of significant continental
exposure over the past 3 Gyr.

An extensive record of epicontinental flooding is recorded by terrestrial and marine basins
developed on continental lithosphere, inboard of the continent-ocean margins. Figure 7 illustrates
this record by graphically tabulating epicontinental basins from the last 3 Gyr, with areas
greater than 30000 km?. The data are organized into cratonic areas identified within the Nuna,
Rodinia and Gondwana/Pangea supercontinents [96] and categorized as either wholly terrestrial
(typically fluvial), mixed terrestrial/marine or marine (usually shallow marine but sporadically
including deep-water facies). The global record of epicontinental basins (figure 7) shows,
foremost, that many cratonic regions experienced sporadic marine flooding or terrestrial cover in
repeated episodes, rather than being continuously flooded or continuously unroofed and eroded.
There is a tendency for epicontinental basins to become more rare in the deep past, which is
probably attributable to a systematic decrease in sedimentary preservation with age. As second-
order signals, both the prevalence of terrestrial settings for 1.8-1.6 Ga deposits and the lack of
1.0-Ga epicontinental basins may be related to the emergence and erosion of supercontinents
Nuna and Rodinia, respectively. Several cratons, such as Laurentia, were episodically flooded and
exposed repeatedly through the last 0.5 Gyr [97], indicating a remarkable stability in freeboard
over that long interval. The same motif of episodic flooding is evident in the stratigraphic record
of well-preserved Neoarchean-Paleoproterozoic cratons such as Laurentia, Kaapvaal (Kalahari)
and Pilbara (Australia).
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Figure 7. Compilation of epicontinental sedimentary records for exposed areas larger than 30 000 km?. The data are available
from the authors upon request and will be described in detail in a forthcoming publication. Only broad trends are discussed
herein.

The Sr isotope record has been extensively used to track the formation of continents and
the exposure of continental crust. Specifically, there is a marine carbonate 87Sr/%Sr record with
a Neoarchean (ca 2.7 Ga) rise in preferred 8Sr/8Sr ratios that has been variably proposed to
track either the growth or the emergence of the continents [98,99]. The basic idea behind this is
straightforward; more radiogenic seawater Sr isotope values can be confidently linked, through
a global isotope mass balance, to the weathering of exposed continental crust, which is more
radiogenic than the depleted mantle. However, tracking seawater Sr isotope values in Archean
carbonates is not entirely straightforward. Radiogenic Sr isotope values can be derived from
unintentional analysis of siliciclastic bound Sr. The convention has been to assume that the
lowest 87Sr/86Sr ratios in a given time period are representative of seawater values. However,
the diagenetic alteration of carbonates can also result in ‘low’ 8Sr/80Sr ratios if carbonates
trap Sr acquired from the alteration of mafic rocks. In addition, a large amount of the Archean
and Paleoproterozoic Sr isotope record has been generated with little or no complementary
trace element data to track detrital contamination or carbonate alteration. Given the scarcity
of Sr isotope data (relative to younger time intervals) and the variability in data quality, the
conservative view would be that additional Sr isotope data is needed to provide compelling
evidence for the onset of extensive continental exposure between 3.0 and 2.5 Ga. However, the
traditional interpretation of the Sr isotope record is generally consistent with our modelling
results, which also show an increase in extent of continental exposure at the end of the Archean
(figures 4 and 5).

There is also a Neoproterozoic increase the observed minimum carbonate 87Sr /868y ratios [99]
that, in the traditional framework, could be linked to an increase in the extent of continental
exposure. A Neoproterozoic increase in continental exposure is difficult to reconcile with our
freeboard model results. In fact, no model scenarios show a pronounced and sustained shift in
continental exposure in the Neoproterozoic. Accumulation of radiogenic sedimentary Sr isotope
values in the upper crust after extensive continental exposure should provide a ‘buffer’ that
prevents swings to low seawater 8 Sr/80Sr ratios during times of more limited continental input.
This buffering mechanism should have become established 250 to 500 Myr (several half lives of
the upper continental crust [100]) after extensive continental exposure (in the Late Archean in our
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results)—so at first glance this process is an unlikely explanation for the disagreement between the
freeboard model results and the current carbonate Sr isotope curve. However, despite variability
in the carbonate Sr curve through time, one could view the carbonate record as capturing a
progressive increase in 87Sr/%Sr ratios—an increase driven by increasing radiogenicity of the
upper continental crust. In addition to this protracted increase, ‘radiogenic sedimentary buffering’
would have progressively prevented dips to low seawater Sr isotope ratios during lulls in
continental Sr input, potentially providing a means to reconcile our freeboard modelling with
the observed Neoproterozoic-Phanerozoic increase in minimum carbonate 87Sr /8Sr ratios.

Non-traditional metal isotope proxies may provide a new means to track continental exposure.
An initial sedimentary Zn isotope record (from iron formations) has been proposed to provide
support for continental emergence at 2.7Ga, consistent with the traditional view of the Sr
isotope record introduced above [101]. However, we have a relatively limited understanding
of Zn isotope cycling in iron-rich aqueous systems, opening up the possibility for alternative
explanations of the limited amount Archean Zn isotope data generated thus far [101]. Osmium
(Os), very similar to Sr, is part of a radiogenic isotope system (Re-Os) controlled by crustal
differentiation and weathering of radiogenic continental crust. Therefore, the global Os isotope
mass balance could, in theory, be used to track continental exposure. To date, the first notably
radiogenic sedimentary Os isotope values are found at successions deposited near the end of
the Archean (ca 2.5Ga; [102]). However, Os is also redox sensitive, indicating that the late ‘first
appearance’ of radiogenic sedimentary Os isotope values could be tied to atmospheric evolution
(oxygenation) rather than continental exposure.

(b) Chemical weathering and atmospheric evolution

Changes in continental freeboard will have a large effect upon essentially all major
biogeochemical cycles. This work was motivated in part by the desire to develop new estimates
for exposed continental area and hypsometry through time that can be directly linked to various
Earth surface biogeochemical models. However, herein we provide a qualitative discussion
of how our freeboard estimates would have shaped the evolution of biogeochemical cycling
(figure 8). More specifically, we discuss shifts in silicate weathering and phosphorus (P) fluxes
to the oceans, the manner in which these shifts are linked to continental freeboard, and how these
changes would have affected atmospheric oxygen and carbon dioxide levels.

The central idea of the silicate weathering feedback [103,104] is that the extent of silicate
weathering and thus CO, draw-down scales with temperature. Given that CO; is likely to
have been a critical greenhouse gas over the past 4 Gyr, this temperature-dependent link is one
of the main factors behind the Earth’s sustained habitability and persistently clement climate.
However, the silicate weathering feedback, of course, only mitigates changes in carbon dioxide
concentrations, and shifts in continental area and hypsometry will affect the efficiency of this
feedback. With a constant CO, input the ocean-atmosphere system and with all other climate
variables held constant, varying the extent of continental exposure will result in disparate globally
averaged weathering intensities and different steady-state atmospheric CO, concentrations. With
less continental exposure, more intensive silicate weathering per unit area is required to balance a
given carbon dioxide input flux. Higher steady-state carbon dioxide concentrations are needed to
drive higher weathering intensities (per unit area). In this light, the extent of continental exposure
is likely to have been, over the past 4 billion years, an important driver of the Earth’s climate
state and something that ought to be incorporated into discussion of Archean climate and the
‘faint young Sun paradox’ [105-107]. The steep increase in continental exposure from 3.0 to 2.4 Ga
(figure 4) should also be taken into account when trying to quantify the factors responsible for the
first appearance of ‘Snowball’-style low-latitude glaciation at 2.4 Ga [108]. Carbon cycle models,
directly coupled to our geodynamic freeboard model, will be able to further explore the influence
of freeboard evolution on Archean climate.

Phosphorus is commonly considered to the nutrient ultimately limiting primary productivity
and thus life as a whole on the Earth. Continental weathering is the only significant source of
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Figure 8. Schematic of the links between continental emergence and major biogeochemical cycles. The light grey area
represents modern continental crust and fluxes and the dark grey represents the Archean continental crust and fluxes. Limited
continental exposure might have lead to high weathering intensities in a C0, rich atmosphere and decreased phosphorus fluxes
to the oceans. Lower phosphorous fluxes to the oceans would have limited primary productivity and oxygen release to the
atmosphere. Traditionally, it was assumed there was greatly increased hydrothermal activity in the Archean, which would have
reduced dissolved Mg levels, but there is no empirical support for this ‘fast tectonic’ model.

P to the oceans. By strong contrast, nitrogen (N) can be biologically fixed in the marine system
from a limitless supply of atmospheric N. Therefore, although N is commonly considered the
‘proximate’ limiting nutrient over large swaths of the modern oceans, P is typically considered
to be the ‘ultimate” limiting nutrient on geologically meaningful timescales [109]. Given that P
is essentially sourced only from continental systems, the extent of continental exposure has the
potential to dramatically alter the global P cycle, despite the potential for greater weathering
intensities in Archean rocks (see above). Reduced continental exposure through the Archean,
a feature observed in the vast majority of our model runs (figures 4 and 5), is therefore likely
to have been a factor driving extremely low Archean C burial and thus atmospheric pO; levels
(pO2 < 1077 to 1075 PAL; [110]). Limiting primary productivity (via P scarcity) is the only feasible
way to drive the ocean-atmosphere system to low atmospheric oxygen levels following the
evolution of oxygenic photosynthesis [111], which multiple records indicate occurred by at least
3.0Ga (e.g. [91,112]). Given that the Oy sinks are smaller on an anoxic Earth and organic carbon
burial is favoured in anoxic systems, low levels of primary productivity are likely an essential
part of a low-oxygen ocean-atmosphere system [111,113]. On a similar note, the potential for
a protracted rise of atmospheric oxygen from 3.0 to 2.4Ga (e.g. [114]) could be due, in part,
to gradual increases in the extent of continental area exposed (figures 4 and 5). By contrast,
the presented freeboard modelling indicates that continental freeboard is not likely to have
been a key factor responsible for the Neoproterozoic oxygen rise or low Proterozoic oxygen
levels [114-116]. This indicates that inorganic marine P scavenging must be responsible for low
Proterozoic atmospheric oxygen levels (e.g. [111]).

(c) Tempo of plate tectonics

The largest difference in continental freeboard estimates from our model using either ‘fast’
or ‘slow’ tectonics (see figure 2 for background on tectonic models) occur between 4.0 and
3.0Ga, regardless of the used continental growth curve (cf. figures 4 and 5). Therefore, it is
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difficult to differentiate between these tectonic modes using empirical observations about the
evolution of continental freeboard. The oldest siliciclastic sedimentary rocks on the Earth are
more than 3.8Ga [117], suggesting at least some degree of continental exposure in the Early
Archean. However, the sedimentary record prior to 3.0 Ga is rather sparse. The ca 3.2 Ga Barberton
Greenstone Belt contains thick shallow-water siliciclastic deposits, but it is difficult to gain much
information about the global-scale extent of continental exposure from a single (e.g. localized)
succession.

Observational support for the slow tectonic model has been mostly indirect, such as the
thermal budget of the Earth [17], the lifespan of passive margins [118] and the cooling history
of the upper mantle [52]. The tempo of plate tectonics can also be estimated directly from
palaeomagnetic records of continental cratons, although there are important caveats. First, the
direct application of palaeomagnetic data to reconstruct cratons suffers from a lack of control on
palaeolongitude, given the rotational symmetry of the time-averaged field. Any palaeolatitude
shift mandated by successive palaeomagnetic poles is thus a minimum estimate of the total
motion of that craton. The issue can be overcome, somewhat, by applying a globally consistent
kinematic model that includes palaeolongitude constraints [119-121]. ‘Absolute” velocities of
all continental blocks can be calculated for any such global model, even if its palaeolongitude
framework is arbitrarily assigned [122]. However, such models still lack information on oceanic
plates for pre-Mesozoic times; efforts to include such plates explicitly in the models are very
laborious and introduce degrees of uncertainty that are difficult to quantify [123]. On top
of all of these limitations, there is the additional fundamental uncertainty on whether to
interpret continental motions as those of plates sliding over the asthenosphere, versus the entire
mantle slipping over the core (true polar wander, TPW). It is likely that both plate tectonics
and TPW occurred throughout the Earth’s history, but deconvolving the two factors from
palaeomagnetically derived motions can be influenced strongly by data selection [124-127]. As
one example, O'Neill et al. [128] purported to show prominent spikes in cratonic plate velocities
at1.1,1.9,2.2-2.1 and 2.7 Ga, but among those records, the alternative end-member TPW solution
is either suggested directly by recent studies (1.1 Ga [129] and 1.9 Ga [130]), or made possible
via recognition of rapid palaeomagnetic shifts on additional cratons (2.2-2.1Ga, [131,132]), or
presently untestable due to only one well-defined cratonic palaeomagnetic record at that age
(2.7Ga [133]). On a broader scale of analysis, the general trend of increasing continental plate
velocities through time (twofold increase in the past 2 Ga) as suggested by Condie et al. [122] is
mostly underpinned by very rapid motions through the Ediacaran-Ordovician interval, which
have alternatively been interpreted as largely due to TPW [121,125,134,135], biases in the data
due to rock-magnetic effects [136], or anomalous geomagnetic field behaviour [137-139]. If that
unusual time interval is excluded from the analysis, then there is no significant trend in plate
velocities through time. The most recent global kinematic model spanning the interval 2.0-1.3 Ga
[140] produces a distribution of plate velocities with a peak only slightly lower (approx. 30%) than
that of the Phanerozoic distribution; the slow tectonic model shown in figure 2b is consistent with
such a modest change in globally averaged plate velocities.

Whereas palaeomagnetic constraints on oceanic plate velocities are difficult to obtain as
mentioned, the Mg/Ca ratio of the Archean ocean may provide support for slower-spreading
ocean ridges. Hydrothermal systems are characterized by Mg—Ca exchange (Mg removal) and
it is possible to roughly link a seawater Mg/Ca ratio, to a range of hydrothermal Mg removal
and continental Ca and Mg weathering fluxes [141]. In the Archean, the plate motion and heat
generated by hydrothermal systems are much greater for the fast tectonic model than the slow
tectonic model (figure 2b). For instance, the heat flux at 3.0 Ga in the fast tectonic model is more
than double that of the slow tectonic model. Elemental fluxes into hydrothermal systems will scale
with plate velocities and heat fluxes. An extremely high heat flux coupled with limited continental
exposure—a state indicated for the Archean by the fast tectonic model-—should have resulted in
very low seawater Mg/Ca ratios. For instance, increases in hydrothermal fluxes as small as 25%
have been proposed to cause Ca (currently 10.3mM) to become the abundant ionic species in
seawater—instead of Mg (currently 52.7 mM) [142]. The marine Mg/Ca ratios can alternatively
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be thought of as having been drawn to an ‘attractor’, where Ca and Mg are near equilibration
with seafloor hydrothermal system mineral assemblages (20mM Ca and 0 mM Mg) [143]. With
limited continental exposure, high heat fluxes, and rapid spreading rates (all predicted by the
fast tectonic model), the Archean seawater should have been close to the attractor value. Slow-
spreading mafic systems may be a significant Mg source to the oceans, and a potentially important
deviation from the standard Mg marine mass balance. This flux has been proposed to have been a
driver of observed Cenozoic shifts in Mg/Ca ratios [144]. However, this process does not appear
to be important in fast-spreading mafic systems, indicating that this flux is unlikely to significantly
impact our ability to use Mg/Ca ratios to differentiate between global-scale fast and slow Archean
tectonic systems.

It is possible to track the Mg/Ca ratio of seawater through time using carbonate
mineralogy. Evidence for primary aragonite deposition provides a ‘threshold” seawater Mg/Ca
ratio [145-147]. This builds from observations that Mg poisoning of the calcite crystal structure
is a critical driver of precipitation of metastable aragonite rather than calcite in marine systems.
There is evidence for persistent aragonite deposition in shallow Archean successions (approx. less
than 3.0 Ga and potentially prior to this), suggesting, relatively high seawater Mg/Ca ratios, with
respect to much of the Phanerozoic [148]. Evidence for primary aragonite comes mainly from
petrographic textures and Sr abundances [149]. It is important to note that Fe and Mn, although
in low amounts relative to Mg (micromolar instead of millimolar concentrations), may have also
favoured aragonite precipitation [150]. However, increases in dissolved sulfate levels decrease the
Mg/Ca ratio at which aragonite becomes the dominant carbonate polymorph [147], which, given
evidence for extremely low sulfate levels in the Archean [151], makes the common presence of
marine aragonite even more surprising. High seawater Mg/Ca ratios in the Archean would be
predicted in the slow tectonic model with an elevated Mg/Ca ratio of the upper continental crust
(e.g. [152]; see above). Therefore, the carbonate record provides support for the idea that a hotter
mantle need not translate into greater surface heat flux and more rapid plate tectonics.

(d) Evolution of water budget and early Earth conditions

There are few direct constraints on the evolution of the volume of water in the oceans—arguably
the most important parameter in determining the extent of continental exposure. Pope et al.
[153] have proposed limited ocean volume change based on hydrogen isotope work in Archean
serpentines, but their study is based on ca 3.8 Ga serpentines from the Isua supracrustal belt in
Greenland; these rocks had an extremely complex diagenetic history: hydrogen isotopes can be
reset, and the authors’ use of a simple, single-step diagenetic model may not be valid. Their
interpretation assumes that the heaviest hydrogen isotope values could be tracking Archean
seawater, but the heaviest values in the dataset could also be derived from later-stage fluids.
A conservative view would be that similar heavy values in another Archean unit (that has a
less complex history) are needed to substantiate their claim. Other aspects of their model could
also be potentially problematic. An important control in the model is that hydrogen loss to
space is assumed to be 225%0 lighter than seawater. This assumed fractionation factor ignores
two key processes. First, thermogenic methane fluxes to the atmosphere are going to be much
heavier than microbially derived methane. Thermogenic fluxes will be important as they are
often directly sourced to the atmosphere with no chance for aqueous oxidation. Second, oxidation
(possible from OH radicals even in a low oxygen atmosphere) will push up the hydrogen isotope
values of atmospheric methane (leading to escape of heavier hydrogen than was assumed).
Moreover, having a significant water subduction flux could also affect their model predictions.
Accounting for these factors in will allow for greater extents of water loss than proposed by
Pope et al. [153].

A greater ocean volume in the past, as suggested by our freeboard modelling, is equivalent to
a drier mantle in the past. As reviewed in §2a, the water budget of the mantle is quite uncertain
even for the present, and constraining its temporal evolution appears daunting. Precambrian
high-MgO rocks such as Archean komatiites are generally considered to have been formed by
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partial melting of nearly anhydrous peridotite [154,155]. Whereas melt inclusions from komatiites
from the Belingwe Greenstone Belt, Zimbabwe, suggest relatively high water contents in the
primary melt (up to 0.9% [156]), their relation to the water content of the source mantle is
uncertain because an ultramafic magma could assimilate hydrated oceanic crust and gain water
[154]. Even if komatiites were formed by hydrous melting at subduction zones (e.g. [157]), it
would be largely irrelevant to the average water content of the whole mantle, because subduction
zones are always expected to be locally wet. Estimating how the average water content of the
mantle has varied with time would require a careful analysis of global geochemical databases,
and such an attempt must be accompanied with a better understanding of continental growth,
which influences the budget of proxy trace elements such as Ce.

The net water influx of 3-4.5 x 1014 gyr’l as implied by our modelling, if integrated over the
duration of 4.5Gyr, could bring approximately 1-1.5 oceans of water into the mantle, which is
similar to the present-day water content in the mantle (§2a). If we simply extrapolate to the
Hadean, therefore, the Earth would have had twice as voluminous oceans and a very dry mantle.
This extrapolation to the Hadean Earth is admittedly speculative, but the regassing-dominated
nature of the Earth evolution is robust at least back to approximately 3 Ga, as suggested by our
freeboard modelling. The regassing-dominated revolution is entirely opposite to the conventional
picture of degassing-dominated mantle evolution [39,158,159], but such an evolution is simply a
result of how these models are parametrized. As reviewed in §2b, it is still difficult, even for the
present day, to quantify the net water influx as the difference between volcanic degassing and
subduction loss; i.e., how to parametrize the subduction loss of water is still largely uncertain
(cf. [160]). The combination of abundant surface water and a dry mantle, as implied by our
freeboard modelling, is an ideal condition for the operation of plate tectonics in a hotter Earth [57];
the former would guarantee the weakening of otherwise stiff oceanic lithosphere [161], and the
latter could maintain sufficient convective stress to break surface plates [162]. If a hotter mantle in
the past were as wet as the present-day asthenosphere, the operation of plate tectonics would not
be guaranteed prior to approximately 1 Ga, because the viscosity of the convecting mantle would
have been too low to generate sufficient stress [162]. The regassing-dominated mantle evolution
proposed herein is thus attractive, not only because it is consistent with the freeboard constraint,
but also because it helps the operation of plate tectonics for most (if not all) of the Earth’s history,
as suggested by a variety of geological indicators [2]. The regassing-dominated evolution also
brings a number of intriguing implications for the role of water in the Earth’s history. The early
onset of plate tectonics would, for example, lead to the early genesis of continental crust, and
the substantial net subduction of surface water could eventually bring such early crust above the
sea level even if the early Earth started as a ‘water world” with abundant surface water. Note
that the available geological record is not inconsistent with the notion of the water world in the
Early Archean and the Hadean; the Precambrian freeboard constancy discussed in §4a is mostly
about back only to the mid-Archean. The emergence of dry landmasses activates the constancy
of continental freeboard; the constancy is achieved by the competing processes of erosion and
deposition [42], which would not take place in a water world. More important, the emergence is
critical for the geochemical cycles that control the surface environment (§4b). How water has been
distributed between the surface and the interior through time thus has an enormous impact on
the evolution of the Earth as a whole.

5. Conclusion and outlook

We have presented by far the most complete modelling of the continental freeboard, the results of
which indicate that there is a net water transport from the oceans to the mantle, at the long-term
average rate of approximately 3-4.5 x 10'* g yr~!. The critical difference from previous attempts
is the consideration of the buoyancy of continental lithospheric mantle, the age dependence
of which has long been known in the literature. This estimate on the net water influx is
considered to be particularly robust because of its lack of sensitivity to the choice of mantle
cooling models.
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Our freeboard modelling must, however, be regarded as a starting point, as certain
components suffer from large uncertainties. First of all, the effect of continental buoyancy may be
better quantified by carefully analysing the present-day topography. Deconvolving the effects of
temperature and composition would be important, though estimating the continental geotherm
is not a trivial task [69], and the effect of dynamic topography due to deeper mantle sources
[163] also needs to be taken into account. Second, we have tested three different growth models
of continental crust, but we need to have a better handle of realistic uncertainty associated with
continental growth. Finally, the evolution of seafloor bathymetry needs to be assessed based on
a theory more realistic than simple half-space cooling. The plate model can fit the present-day
bathymetry better than the half-space cooling model, but being a phenomenological model, it
cannot be extrapolated to the past. With reasonable progress on these issues, it would be worth
revisiting our freeboard modelling and trying to derive a confidence interval for the net water
influx by Monte Carlo sampling.

It will also be interesting to investigate how the estimated water influx is actually achieved
as the consequence of the subduction of hydrated oceanic lithosphere. The constant rate of water
influx is certainly a gross simplification, and we suspect that the actual influx is likely to have
been time-dependent, with some possible feedback with mantle dynamics. For example, too
high influx could make the convecting mantle too wet and thus too weak, and plate tectonics
could have been slowed down or even shut down temporarily. Our understanding of mantle
convection and its relation to the global water cycle is still too premature to model such a process
in a convincing manner. Similarly, it is unclear whether the emergence of continental crust above
the sea level is a corollary of plate tectonics. A water world could exist with approximately
three oceans of water for the present hypsometry and approximately two oceans for the Archean
one. Even with the net water influx estimated in this study, therefore, the Earth’s surface would
always have been under water, if it started with 4-5 ocean mass of surface water. The self-
stabilizing mechanism for the ocean volume suggested by Kasting & Holm [164] works only
when the oceans were shallower than the present day, so it would not help to escape from the
water-world situation. The presence of dry landmasses today may thus require a narrow range of
the initial amount of surface water.

Our freeboard modelling suggests that the Hadean Earth is characterized by abundant surface
water and a dry mantle, and how such a situation could have been produced is another interesting
question. While the solidification of a putative magma ocean may not have efficiently expelled
water into the surface [165,166], subsequent subsolidus convection could further dehydrate the
mantle even in the regime of stagnant-lid convection [167]. Also, the solidification of magma
ocean may have taken place in conjunction with the formation of the core, which can dissolve a
substantial amount of water and thus help to create a dry mantle. Our understanding of early
Earth conditions is still nebulous, and this study provides an important first step in addressing
Hadean mantle dynamics from the integrative treatment of water fluxes, freeboard constraints
and the chemical evolution of the lithosphere.
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