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The hydrogen isotopic (D/H) ratio reflects the global cycling and evolution of water on Earth as
it fractionates through planetary processes. We model the water cycle taking seafloor hydrothermal
alteration, chemical alteration of continental crust, slab subduction, hydrogen escape from the early
Earth, and degassing at mid-ocean ridges, hot spots, and arcs into account. The differences in D/H ratios
between present-day oceans, oceanic and continental crust, and mantle are thought to reflect isotopic
fractionation through seafloor alteration, chemical alteration, and slab dehydration. However, if the speed
of plate tectonics has been nearly constant throughout Earth’s history, the degassing and regassing rates
are too small to reach the present-day D/H ratios. We show that (a) hydrogen escape from reduced early
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subduction atmosphere, (b) secular net regassing, or (c) faster plate tectonics on early Earth is needed to reproduce
atmospheric escape the present-day D/H ratios of the water reservoirs. The low D/H ratio of Archean seawater at 3.8 Ga has
early Earth previously been interpreted as a signature of (a) hydrogen escape, but we find it can also be explained
seawater

either by (b) secular net degassing or by (c) faster plate tectonics on early Earth. The rates of hydrogen
escape from early Earth and secular regassing on present-day Earth are constrained to be lower than
2.1 x 10! kg/yr and 3.9 x 10'" kg/yr. Consequently, the volume of water in the present-day mantle
could result entirely from the regassing through Earth’s history. In that case, the volume of initial oceans
could be 2 to 3 times larger than that of current Earth. We suggest that, in addition to the D/H ratio
of Archean seawater, identifying the D/H ratios of both seawater and mantle throughout Earth’s history
would allow to distinguish these evolutionary scenarios.

© 2018 Elsevier B.V. All rights reserved.

mal alteration of the seafloor and chemical alteration of continen-
tal crust (e.g., Jarrard, 2003; Bodnar et al.,, 2013; Honing et al.,
2014; Hoéning and Spohn, 2016). While the majority of the sub-
ducted water returns to the oceans directly by updip transport
and indirectly by arc volcanism, some trace amounts of water may
remain in the mantle. Water can return from the mantle to the
exosphere (here defined as the atmosphere and hydrosphere) by
degassing at mid-ocean ridges and ocean islands. Although the
photolysis of water has a negligible effect on the loss of hydro-

1. Introduction

Water plays a critical role in controlling the physical and chem-
ical evolution on Earth through atmosphere-ocean-continent in-
teractions which control the atmospheric composition, the climate
through the carbon cycle, the subduction of water, and possibly
even the emergence and evolution of life (e.g., Gaillard et al., 2011;
Walker, 1977; Honing et al., 2014; Honing and Spohn, 2016; Dohm
and Maruyama, 2015). Furthermore, the abundance of water in

Earth’s interior influences the mantle melting, rheology, and style
of convection (e.g., Hirschmann, 2006; Karato and Jung, 2003; Mei
and Kohlstedt, 2000).

The abundance of water on the surface and in the interior is
controlled by the deep water cycle between the oceans and man-
tle, and loss caused by hydrogen escape throughout Earth’s his-
tory. Slab subduction transports water as bound and pore water in
metamorphic rocks and sediments that originate from hydrother-
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gen from the atmosphere today, the hydrogen escape through the
photolysis of methane in the reduced early atmosphere before the
great oxidation event (GOE) at 2.5 Ga could have a more significant
impact (Catling et al., 2001).

Despite its importance to control the water budget, the bal-
ance between the degassing and regassing as well as the early
hydrogen escape flux is poorly understood. We note that the term
“regassing” means the water transport to the mantle as bound and
pore water in metamorphic rocks and sediments. Net regassing
from the oceans to the mantle has been suggested from the geo-
chemical estimates (Ito et al., 1983). The continental freeboard is
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proposed to be nearly constant from the end of the Archean (e.g.,
Schubert and Reymer, 1985) and is interpreted as the degassing
and regassing rates almost achieving balance (e.g., Lécuyer et al.,
1998; Parai and Mukhopadhyay, 2012). However, Korenaga et al.
(2017) recently argued that the relative buoyancy of continental
lithosphere with respect to oceanic lithosphere was higher in the
past, which requires a larger volume of oceanic water at the time
to keep continental freeboard constant. Hydrogen escape on early
Earth is even more poorly constrained as the atmospheric compo-
sition at that time is not well known.

Hydrogen isotope (D/H) ratio has been used to constrain the
global cycle and loss of water on Earth, as it fractionates through
planetary processes. Earth’s mantle is known to have §D = —80%o
to —60%0 (6D = [(D/H)sample/ (D/H)reference — 11 X 103, where the
reference is the standard mean ocean water, hereafter SMOW),
which is lower than that of today’s oceans (defined here as the
total hydrosphere) (Kyser and O’Neil, 1984; Clog et al,, 2013). The
low mantle 5D value has been considered to suggest that the man-
tle became isolated from the oceans through geologic time (Kyser
and O’Neil, 1984), or that water in the mantle has been isotopically
fractionated from the source seawater because of seafloor alter-
ation and slab dehydration processes (Lécuyer et al., 1998; Shaw
et al., 2008, 2012). Isotopic analysis of Archean minerals and rocks
has found that Archean seawater has a 6D value lower than that of
present-day oceans, which has been interpreted as a signature of
water loss caused by the hydrogen escape (Hren et al., 2009; Pope
et al,, 2012).

While D/H ratio has been widely utilized to constrain those
processes of the water cycle and loss, there is no comprehensive
model of the D/H evolution which involves all relevant processes.
Previous studies considered the degassing and regassing (Lécuyer
et al., 1998; Shaw et al., 2008) or the hydrogen escape (Pope et al.,
2012) only. In addition, the D/H ratios of the mantle and Archean
seawater have been considered separately to constrain these dif-
ferent processes. Because all water reservoirs are coupled to each
other, all these processes and D/H constraints should be considered
simultaneously, which is the aim of this study.

We model the global water cycle taking seafloor hydrothermal
alteration, chemical alteration of continental crust, slab subduction,
atmospheric escape, and degassing at mid-ocean ridges, hot spots,
and arcs into account. The model calculations are compared with
the D/H ratios of water in different reservoirs on present-day Earth
and of Archean seawater to constrain the rates of hydrogen escape
from early Earth and of secular regassing on present-day Earth.
Section 2 presents the model. Section 3 shows the results. The
implications for the evolution of water on Earth are discussed in
Section 4. We conclude in Section 5.

2. Methods
2.1. Model

We constructed a global water cycle model taking the D/H
compositions into account. Four reservoirs were considered in our
model: the oceans, continental crust, oceanic crust, and mantle.
These reservoirs exchange water through seafloor hydrothermal al-
teration, chemical alteration of continents, slab subduction, and
degassing at mid-ocean ridges, hot spots, and arcs (Fig. 1). Hydro-
gen loss to space induced by photolysis of methane was consid-
ered to have occurred on early Earth before the GOE at 2.5 Ga.
The oceans in our model include water in small reservoirs that
exchange water with oceans over short timescales: atmosphere,
biosphere, surface water, ground water, and glaciers/polar ice, see
Table 2. Hereafter the oceans with the small reservoirs are referred
to as “bulk oceans” when we would like to distinguish them from
seawater without small reservoirs. Exploring the possible ranges of
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Fig. 1. Schematic view of Earth’s water cycle in our model.

fluxes, we constrain the water cycle and discuss the implications
for the evolution of water on Earth.

Evolution of the masses and D/H ratios of water in each reser-
voir was calculated by using the following equations,

dcll\;]i= > R- D F (1)

sources sinks
d
qp Mili) = > FRdfide — Y Ffici (2)
sources sinks
fi
= :fdehy (3)
Jar
Far Fre
+ =1 4
Far + Frefar Far + Frefre (4)

where M; and I; are the mass and D/H ratio of water in the reser-
voir i, and Fy and fy are the flux of the process k and its fraction-
ation factor. The sources and sinks for each reservoir are described
in Fig. 1. Hereafter subscripts i = o, cc, oc, and m denote the
oceans, continental crust, oceanic crust, and mantle, respectively.
The subscript i’ in Equation (2) denotes a reservoir other than i.
Subscripts k = ch, ar, se, de, es, we, and re denote the chemical al-
teration, arc volcanism, seafloor alteration, degassing, atmospheric
escape, weathering, and regassing, respectively. Equations (3) and
(4) give fir and fge by considering the dehydration-induced frac-
tionation and mass balance. Assuming d/dt = 0 in Equation (2)
gives a steady state in D/H, which is useful to understand the nu-
merical results (Appendix A).

Our model assumed that the fluxes depend on the masses of
water in the reservoirs and time as follows:

Ac(t
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where superscript 0 denotes the reference (present-day) values, A¢
is the continental area, and f(t) is the speed of plate tectonics
scaled to that on present-day Earth, which accounts for the change
of mantle-convection speed due to the cooling suggested by con-
ventional thermal-evolution models (e.g., Stevenson et al., 1983;
Honing and Spohn, 2016). The difference in the dependence on
f(t) between Equations (6), (7), (10) and (8) originates from the
boundary-layer model (Honing and Spohn, 2016).

The continental area A. as a function of time is given by
(McLennan and Taylor, 1982),

0.1875 x (GLW) (t < 0.8 Gyr)
A_g =10.15 4+ 0.929 x (%yr - 0.8) (0.8 Gyr < t < 1.5 Gyr)
C
0.8 + 0.0667 x (GLyr - 1.5) (1.5 Gyr < t)

(11)

We note that, though the evolution of the continental coverage is
controversial, our results are shown to depend only weakly on the
choice of the continental growth model (subsection 4.7).

The plate speed scaled by the present-day value f(t) is given

by,

Equation (12) reflects the model of Honing and Spohn (2016),
which argued that the speed of subduction was ~2-10 times faster
when the potential temperature of the mantle was ~100-300 K
hotter than today (Herzberg et al., 2010). In contrast, a recent
model based on the energetics of plate-tectonic mantle convec-
tion proposed that the tectonic speed and surface heat flux have
been nearly constant throughout Earth’s history (Korenaga, 2003;
Korenaga et al., 2017), which implies f(t) = 1. We considered
both the former and latter cases. Hereafter the two thermal evolu-
tion models are referred to as the faster and slower plate tecton-
ics (PT) models, respectively. Models assuming time-independent
(constant) fluxes were also explored to show the basic properties
of the evolution of D/H (Appendix B).

2.2. Parameters

Our assumptions on parameters are summarized in Table 1
(Supplementary text S1). We assumed MJ =1 ocean, M2 = 0.2
oceans, and M%, = 0.1 oceans (1 ocean = 1.4 x 10?' kg). Most of
our models assumed M9 =1 ocean, but some models showed the
integrated regassing to be larger than 1 ocean. In these cases, we
increased M& iteratively until the model results in My, at present
which agrees with the assumed MJY,.

The present-day net-regassing flux Frepet (= F?e — Fdoe) and
escape flux before 2.5 Ga Fes are treated as independent param-
eters. We assumed FJ, = 1.0 x 10! kg/yr, FJ, =10 x 10'! kg/yr,

FO, =1.5x 10" kgfyr, FQ. =1.0 x 10" kgfyr, FQ, = F§, + F2. petr
and FO = F% + FO, — FY, respectively (Supplementary text S2).
Models assuming different values of the fluxes were also explored
to show the basic behavior of the system (Appendix B).

Our standard model assumed the values of fractionation factors
as summarized in Table 1. Considering the uncertainty of fraction-
ation factors (Supplementary text S3), we also examined the cases
where different values were assumed.

While our model assumed that the majority of Earth’s wa-
ter had been delivered before the solidification of magma oceans,
part of water might have been delivered by the late accretion of
comets. In order to investigate the influence of the possible late
accretion of comets, we also explored models where the cometary
delivery was implemented by an input of 0.01 ocean water with
8D = 1000%o at 4.1 Ga (Supplementary text S5).

Table 1

Summary of parameters and initial conditions (see Supplementary text S1-4 for ref-
erences). 1 ocean = 1.4 x 102! kg. An apostrophe denotes the fractionation from
the water in oceans before the correction by adding small reservoirs (Supplemen-
tary text S3).

Present-day water fluxes [10'! kg/yr]

FS, 1.0
FS, 10
FY, 15
FO. 1.0
Ffe Flo + Frenet
Far Fee + Five — Fre

Fractionation factors

103 1In fye 0 (standard), 10
10%In f, -30
10%In £}, —80
103 In fye 0
103 In fe Equations (3) and (4)
10%In fr Equations (3) and (4)
103 I fgeny —40 (standard), —23
103 1n fes —150
Present-day water masses [ocean]

M9 1
M2 0.2
M5, 0.1
MY 1or>1
Initial water masses

ML M2 + MY + Mes + Mre
M, 0 ocean
MiOC M(O)C
ML MY, — Mre

2.3. Initial conditions

The initial conditions of water volumes were assumed as fol-
lows (Table 1 and Supplementary text S4). Because there was no
continental crust initially (Equation (11)), MiCc =0 oceans was as-
sumed. The water in sediments on present-day Earth was assumed
to be initially partitioned into the oceans. We further assumed
that the integrated water lost by escape Mes originated from the
oceans. Therefore, the initial water in oceans was given by M}J =
M9 4 MY + Mes + Mye, where My is the integrated net regassing.
The regassed water M. is not given a priori, but it was given by
iteration. The initial mantle water was given by Mi, = M9 — M.

We assumed that all the reservoirs have the same §D and itera-
tively change the value to obtain the present-day oceanic §D value
which equals the SMOW (Supplementary text S4). We note that
the initial D values obtained by this procedure were within the
range of carbonaceous chondrites: §D = —200%. to 300%. (Lécuyer
et al,, 1998).

2.4. Constraints from D/H

Models are considered successful if they satisfy the constraints
on the D/H ratios of present-day reservoirs (Table 2) and of the
Archean seawater. Present-day Earth’s seawater have 8D = 0%
by definition. Summing up water in oceans and small reservoirs
(atmosphere, biosphere, surface water, groundwater, and glaciers)
leads to the bulk oceanic 6D = —12%¢ to —7.1%0. The gap from
SMOW mostly originated from the contribution of low 8D glaciers
and polar ice. Sedimentary rocks on continental crust and meta-
morphic rocks on oceanic crust have 6D = —100%0 to —60%o
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Table 2
Sizes and D/H ratios of water reservoirs on present-day Earth. 1 ocean = 1.4 x
10%! ke.

Reservoir Amount of water (ocean) 8D (%.)
Oceans (including small reservoirs) 1.0 —12 to =71
Oceans 0.98* 0?
Atmosphere 9.3 x 10762 —70 to +10°
Biosphere 34x107°2 —130 to —70¢
Surface water 1.5x 10742 —300 to +10¢
Ground water 7.5%x10732 —300 to +10¢
Glaciers/Polar ice 2.4x10722 —400 to —300°¢
Oceanic crust 0.10° —50 to —30
Continental crust 0.20° —100 to —60°
Mantle 1.0¢ —80 to —60°

Bodnar et al. (2013) and references therein.

“Volumetrically most important meteoric waters” from Sheppard (1986).
Lécuyer et al. (1998) and references therein.

Pope et al. (2012) and references therein.

Korenaga et al. (2017) and references therein.

Lécuyer et al. (1998); Shaw et al. (2008) and references therein.

Kyser and O'Neil (1984); Clog et al. (2013).

@ - o T o

and 8D = —50% to —30%., respectively (Lécuyer et al., 1998;
Shaw et al, 2008). Earth’s mantle has 6D = —80%c to —60%o
(Kyser and O’Neil, 1984; Clog et al., 2013).

The D/H ratio of paleo-seawater has been estimated from iso-
topic analysis of minerals and rocks which interacted with sea-
water (Wenner and Taylor, 1974; Lécuyer et al., 1996; Kyser et
al.,, 1999; Hren et al., 2009; Pope et al., 2012). We adopted 8D =
—25 + 5% proposed by Pope et al. (2012) as the constraint on
3.8 Ga seawater, because they have derived this value by com-
bining hydrogen and oxygen isotope measurements of serpentine
samples, in which primitive isotopic signatures have been well
preserved. We will discuss other data sets in subsection 4.4. We
assumed that the range of D values between those of the bulk
ocean and the ocean (seawater) should match the evaluated 8D
of the Archean seawater. Assuming constant In f’ corresponds to
the case where the mass ratio of glaciers/polar ice to bulk oceans
has been constant through time. Because there is no evidence of
glaciation before approximately 2.9 Ga (Young et al., 1998), con-
sidering the range of 8D is a conservative assumption.

3. Results

The ranges of Fre net and Fes where the constraints on present-
day and Archean D/H were satisfied are shown for the slower
and faster PT models in Figs. 2a and 2b, respectively. The stan-
dard model was assumed for fractionation factors. The initial water
mass in the oceans Mi is also shown. We calculated the evolu-
tion of masses and D/H ratios of the water reservoirs for each set
of Frenet and Fes. Examples of evolutionary tracks are shown in
Figs. 3 and 4. The results for different values of fractionation fac-
tors are shown in Fig. 5. The influence of the possible late accretion
of comets are considered in Fig. 6. As explained below, the re-
sults showed that the slower PT model assuming Fre ner =0 and
Fes = 0 does not satisfy the constraints on D/H (Fig. 2a). Therefore,
hydrogen escape from the reduced early atmosphere, secular net
regassing (Fig. 2a), or faster plate tectonics on early Earth (Fig. 2b)
is required.

3.1. The slower PT model

The evolution of 8D; and M; (where i is an arbitrary reser-
voir) in the slower PT model assuming Fre ner =0 and Fes =0 is
shown in Fig. 3a. The oceanic §D, increased through time because
of the isotopic fractionation from seafloor alteration, slab dehydra-
tion, and chemical alteration of continents. All of these processes

3x10"! :
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2.5x10"! -
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t 1.5x10" )S{jm day.D/H é
% :
= : 5]
N 11 i Constraints from 3
§" 107 N Archean D/H | ISE
2 — 1 1o=
M o5x10" - Fee X =
06 i ] ~ G— 1
0 ix10"  2x10" 3x10"!
Net regassing flux Fy o [kg/yr]
3x10" 6
(b) Faster PT model !
11 —_
- 2.5x10 Il 5 g
B 8
& 2x10" -
g 4 s
59 11 traints fFrom =
= 1.5x10 traints-from g
e ent-day D/H L]3 §
2 1x10''é =
§ traints fi 2 z
m 10 onstraints from kA —
2xld rchea‘gle/H
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Fig. 2. Range of Fresnet and Fes Where the constraints on D/H are satisfied (the
hatched areas). Results for (a) slower plate tectonics (PT) model and (b) faster PT
model are shown. The present-day D/H ratios of the water reservoirs were repro-
duced above and below the sky-blue line for (a) and (b), respectively. The D/H of
the Archean seawater was reproduced below the red line. Color contour denotes
Mg. Marks in figures correspond to the parameter sets shown in Figs. 3 and 4. (For
interpretation of the colors in the figure(s), the reader is referred to the web version
of this article.)

led to D-enrichment in liquid water. The water in the oceans M,
decreased in response to the increase of the water in sediments
M¢. because continental growth promoted chemical alteration. The
mantle §D, decreased through time because of the subduction of
deuterium-poor water as hydrous minerals. The continental crust
8D¢c increased through time following the increase of the oceanic
8Dy. The oceanic crust §Dgc initially decreased because of the iso-
topic fractionation by seafloor alteration and then increased in the
latter period time following the increase of the oceanic §D,. The
integrated increase in 8D, caused by the deep water cycle and con-
tinental growth reached ~ +20%., which is enough to reproduce
the increase of 8D, from the low §D Archean seawater (Pope et al.,
2012). However, the present-day 6Dy, in the model disagreed with
the value inferred from sample analyses (Kyser and O’Neil, 1984;
Clog et al., 2013). The deep water cycle in our model evolved to-
ward a steady state given by ADy 1 = Do — 8Dy ~ 70%0, which
is consistent with ADy_p, of the present-day Earth (Appendix A
and Appendix B), but the rates of degassing and regassing are too
small to reach the steady state within 4.5 Gyr. The constraints on
the continental crust D and oceanic crust §Dy. were satisfied in
all cases because both §D¢. and 8Dy are in a steady state with the
oceanic 6§D, (Appendix A).

Secular net regassing and hydrogen escape can increase ADy_
(Figs. 3b and 3c). The secular regassing transported deuterium-
poor water from the oceans to mantle and the hydrogen escape
removed deuterium-poor water from the oceans (more precisely,
from the atmosphere, which exchanges water with the oceans).
The net regassing on present-day Earth in the slower PT model
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Fig. 3. Time evolution of the points labeled 3a-d from the slower PT models in Fig. 2a. Left: D of oceans (thin cyan lines), bulk oceans (thick cyan lines), oceanic crust
(green lines), continental crust (yellow lines), and mantle (purple lines) as a function of time. Data points are §D values of reservoirs on present-day Earth (subsection 2.4
and Table 2) and 3.8 Ga seawater (Pope et al., 2012). The shaded range denotes the possible range of oceanic §D (see subsection 2.4). Right: masses of water in bulk oceans
(cyan lines), oceanic crust (green lines), continental crust (yellow lines), and mantle (purple lines) as a function of time.

led to steady decrease and increase in M, and My, respectively
(Fig. 3b). The mantle §Dy, started to increase at ~3.5 Ga follow-
ing the increase of the oceanic §D,. The hydrogen escape removed
water from the oceans M, before the GOE at 2.5 Ga (Fig. 3c). In
contrast to the secular regassing (Fig. 3b), the hydrogen escape and
its cessation at 2.5 Ga resulted in the kink in the evolution of §D,
(and consequently, in that of éD¢c and 8Doc) at 2.5 Ga. The co-
existence of the secular regassing diminishes the kink caused by
the cessation of hydrogen escape, depending on Frepet and Fes
(Fig. 3d).

A comparison of the results in the slower PT models with the
D/H constraints allowed us to constrain Fre net and Fes (Fig. 2a).
Because the change in 8D values was too small to reproduce
present-day AD,_m in the model assuming Fre net =0 and Fes =0
(Fig. 3a), this provided a lower limit on Fre ner and Fes that can
satisfy the constraint on present-day D/H (the sky-blue line in
Fig. 2a). We note that there was also a upper limit in these val-
ues above which AD,_, was too large as seen in Fig. 2b, but it
was outside the range of Fig. 2a. On the other hand, the increase
in the oceanic 8§D, inferred from the low 8D of the Archean sea-
water (Pope et al., 2012) was reproduced in the model assuming

Frenet =0 and Fes = 0 (Fig. 3a). Because both the secular re-
gassing and hydrogen escape promote the increase in 5D,, there
was an upper limit on Fye ner and Fes to satisfy the constraint on
the Archean seawater (the red line in Fig. 2a). All the constraints
on D/H were satisfied in the limited range of Fre net and Fes (the
hatched area in Fig. 2a).

The range of Fre net and Fes depends on the assumed values of
fractionation factors. Within the range of uncertainties (Table 1),
assuming smaller fractionation for dehydration led to the hatched
area moving to the right (Fig. 5a), whereas assuming larger frac-
tionation for degassing led to the hatched area moving to the left
(Fig. 5c).

The possible late accretion of comets moderately influences the
resulting range of Fre ner and Fes, but the D/H constrains still re-
quire at least either one of the two mechanisms: secular net re-
gassing or hydrogen escape (Fig. 6a). Because comets have a high
D/H ratio, the input resulted in an increase in 6D, (Fig. 6b), while
its contribution to Earth’s water budget (~ 0.01 ocean water, Sup-
plementary text S5) is negligible. The input of D-enriched water
decreased Frenet and Fes required to reproduce the present-day
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Fig. 4. The same as Fig. 3, but the time evolution for the points labeled 4a-d from the faster PT models in Fig. 2b are shown.

D/H ratios and increased these fluxes required to reproduce the
D/H ratio of the Archean seawater.

3.2. The faster PT model

In contrast to the slower PT model assuming Fre per =0 and
Fes = 0 (Fig. 3a), the efficient water cycle on early Earth in the
faster PT model led to the §D values nearly reaching steady state
in ADo—m (Appendix A) even assuming Frepet = 0 and Fes =0
(Fig. 4a). As with the slower PT model, the isotopic fractionation
resulted from the seafloor alteration, slab dehydration, and chem-
ical alteration of continents. The faster PT model assuming the
secular regassing showed a continuous increase in both the oceanic
8D, and mantle §Dy, (Fig. 4b), which is qualitatively the same as
the slower PT model (Fig. 3b), but the change is larger because of
the higher regassing rate in the past. Though the hydrogen escape
had a minor influence on the evolution of the water masses in the
reservoirs, its effect on the evolution of D/H was more pronounced
(Figs. 4c and 4d) because of the efficient fractionation by hydrogen
escape compared to the other processes (Table 1).

The faster PT models assuming Fre net =0 and Fes = 0 satisfied
both the constraints from D/H of the present-day water reservoirs

and of the Archean seawater (Fig. 2b). Because assuming the secu-
lar regassing or hydrogen escape increased the change in 6D, and
the present-day AD,_p, (Fig. 4), both the constraints on present-
day and Archean D/H gave an upper limit on Fye net and Fes (the
purple and red lines in Fig. 2b, respectively). Neither the secular
regassing nor hydrogen escape is necessarily required and the al-
lowed range of Fre pnet and Fes was smaller than that in the slower
PT model.

Changing the values of fractionation factors in the faster PT
model showed a similar behavior to the slower PT model (Figs. 5b
and 5d), but the key result—neither the secular regassing nor hy-
drogen escape is necessarily required in the faster PT model—does
not change.

Assuming cometary input slightly changed the range of Fre net
and Fes allowed to reproduce D/H constraints (Fig. 6¢). The input
of D-enriched water (Fig. 6d) decreased Fre net and Fes allowed to
reproduce the present-day D/H ratios and increased these fluxes
allowed to reproduce the D/H ratio of Archean seawater. Again, the
results showed that neither the secular regassing nor hydrogen es-
cape is necessarily required in the faster PT model.

Compared to the slower PT models (Figs. 2a and 3), the faster
PT models resulted in a large decrease in the oceanic volume
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(Figs. 2b and 4). In the faster PT models, different dependence on
the thermal evolution is assumed for the regassing (Equation (10))
and degassing (Equation (8)) as predicted by the boundary-layer
model of the thermal evolution (Honing and Spohn, 2016). The
difference resulted in the net regassing being larger in the earlier
period. Even in the case where the balance was assumed for the
present-day Earth (Fre net = 0), ~0.7 oceans of water subducted in
4.5 Gyr (Fig. 4a). The faster PT models assuming the net regassing
today showed much higher regassing in the past, leading to ~4.3
oceans of water subducted throughout Earth’s history (Fig. 4b).

4. Discussion
4.1. Evolution of water on Earth constrained by D/H

The evolution of water on Earth can be constrained by com-
paring our results with the D/H ratios of present-day water reser-
voirs (subsection 2.4 and Table 2). The differences in §D between
the present-day oceans, continental and oceanic crust, and man-
tle were shown to result from isotopic fractionation through the
seafloor alteration, slab dehydration, and chemical alteration (Sec-
tion 3). The D/H ratios of present-day reservoirs can be under-
stood by using the steady state (Appendix A and Appendix B). We
note that a steady state in hydrogen isotope compositions of the
oceans and mantle has been proposed by previous studies (Taylor,
1974; Javoy, 2005), though dehydration-induced fractionation has
not been considered in them. However, the model also showed
that the rates of present-day regassing and degassing are small
so that the system does not reach the present-day ADy_, within
4.5 Gyr (Fig. 3a). Therefore, the hydrogen escape from the reduced
early atmosphere, secular regassing, or faster plate tectonics on
early Earth was needed to explain the present-day state of D/H
ratios in the reservoirs (Fig. 2).

The low éD of Archean seawater (Pope et al., 2012) further con-
strains the evolution of water on Earth (subsection 2.4). Both the
slower and faster PT models assuming Fre net =0 and Fes = 0 re-
sulted in the secular increase in the oceanic 8D, as a result of
the deep water cycle and continental growth, which agreed with
the constraint on the Archean seawater (Figs. 3a and 4a). Because
the secular regassing and hydrogen escape promote the increase in
8Dy, the constraint on 8D of the Archean seawater gave an upper
limit on Fre net and Fes (Fig. 2).

These three possibilities—the hydrogen escape, faster plate tec-
tonics on early Earth, and secular regassing—are mutually exclu-
sive. For instance, in our standard model, the slower PT model
needed Fre net = 0.6-2.1 x 10! kg/yr or Fes =0-1.2 x 10! kgfyr
(Fig. 2a). Assuming larger Fre net leads to lower Fes, and vice versa.
On the other hand, the faster PT model allowed much smaller val-
ues: Frenet = 0-0.2 x 10'! kg/yr and Fes =0-1.0 x 10'! kg/yr.

Considering the possible ranges of fractionation factors and late
accretion of comets (Figs. 2, 5, and G) yielded Frepet < 3.9 x
10'" keg/yr and Fes < 2.1 x 10'! kg/yr. The upper limit of the
present-day regassing rate is higher than the upper limit pro-
posed by Parai and Mukhopadhyay (2012) from the constraint on
the sea-level change (Fre net = 1.0 x 10! kg/yr), but is comparable
with the range recently argued by Korenaga et al. (2017) consid-
ering the change in buoyancy of continental lithosphere relative to
oceanic lithosphere through time: Fpe et = 3.0-4.5 x 10'! kg/yr.
The upper limit of the rate of water loss due to hydrogen escape
Fes = 2.1 x 10!! kg/yr corresponds to ~900 ppmv of CH, (Equa-
tion S1). The high CH4 concentration might be possible during the
early Archean (Kharecha et al., 2005).

The secular regassing, hydrogen escape, and chemical alteration
promoted by continental growth contributed to the secular de-
crease of oceanic water in our model. In the slower PT model,
the possible maximum value of Mf) is given when Fre per = 3.9 X

10'" kg/yr was assumed (Fig. 5a). The initial mass of the bulk
oceans was 2.5 oceans (considering 1.3 oceans later subducted and
0.2 oceans formed sediments). In the faster PT model, the possible
maximum value of Mi is given when Fre ner = 0.83 x 10! kg/yr
was assumed (Fig. 5b), the initial mass was 2.9 oceans (1.7 oceans
subducted and 0.2 oceans formed sediments). These values are
comparable with the estimate of Korenaga et al. (2017) to recon-
cile the continental freeboard with the geologic constraints.

We suggest that the D/H constraints are consistent with the
secular regassing scenario where water in the present-day man-
tle entirely resulted from the regassing throughout Earth’s history.
The scenario is consistent not only with the geologic constraints
on continental freeboard when the change in relative buoyancy
of continental lithosphere is taken into account (Korenaga et al.,
2017), but also with the theoretical predictions of crystallization
of magma oceans, where the majority of water was partitioned
into the atmosphere and oceans (Hamano et al,, 2013). Such ini-
tial conditions have been argued to be ideal for initiating the plate
tectonics (Korenaga, 2013).

4.2. Implications for future analysis of D/H on early Earth

The three scenarios that explain the §D values of the present-
day and Archean reservoirs—the hydrogen escape, secular re-
gassing, and faster plate tectonics on early Earth—can be distin-
guished by future analyses of samples that record the D/H ratios
of the seawater and mantle on early Earth. The evolution of the
oceanic and mantle §D for various sets of Fre ner and Fes and for
the slower and faster PT models is shown in Fig. 7. Though the in-
crease in the oceanic D, has been interpreted as a signature of
hydrogen escape (Pope et al., 2012), Figs. 7a and 7b showed that
the increase is possible without the escape. Instead, the kink at
the time of the GOE, if confirmed, would be a signature of hy-
drogen escape from reduced early atmosphere. Constraining the
oceanic 8D, at the time of the GOE would help us to distinguish
the scenarios.

While the difference in the oceanic §D, between the slower
and faster PT models is small (Figs. 7a and 7b), the mantle Dy,
signal can discriminate between these scenarios (Figs. 7c and 7d).
In contrast to the slower PT model where the mantle §Dy, de-
creased continuously, the faster PT model showed a rapid change
in the earlier period. Identifying the past mantle §Dy as well as
the oceanic 6D, would allow us to distinguish the three scenar-
ios. In addition to the D/H ratios of the oceans and mantle in the
Archean, those from the Hadean to the Phanerozoic, if combined
with our model, would be useful to constrain the evolutionary sce-
narios.

4.3. Comparison with previous studies

Earth’s deep water cycle and loss by hydrogen escape have
been investigated in previous studies by using constraints on D/H.
Lécuyer et al. (1998) modeled the deep water cycle considering
two reservoirs: the oceans and mantle. They argued that hydro-
gen isotope variations of the oceans in time may have occurred in
response to the imbalance between the rates of regassing and de-
gassing. Their model showed that the system eventually reached
a steady state in 8Do. In contrast, our model showed that §D,
kept changing (increasing) in response to the imbalance (regassing)
(Section 3). The difference originated from the assumption about
the isotopic fractionation: they assumed constant §D values both
for regassed and degassed water, whereas we calculated the 5D
values from the fractionation factors (subsection 2.1). In that re-
gard, the results of our model is more realistic than those of
Lécuyer et al. (1998).
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Shaw et al. (2008) also modeled the long-term water cycle
between the oceans and mantle by taking the isotopic fractiona-
tion caused by the seafloor alteration and slab dehydration into
account. Assuming the net balance between the regassing and de-
gassing, they showed the continuous increase and decrease in §Dg
and 8Dy, respectively. Their model even resulted in all the deu-
terium in the system being partitioned into the oceans after the
model was integrated for a long enough time. Contrary to Shaw
et al. (2008), our model showed that assuming the balance in
the fluxes resulted in §D, and 8Dy reaching a steady state de-
termined by the fractionation factors (Appendix B). The difference
originated from the treatment of fractionation factor of the seafloor
alteration: they defined the fractionation factor as the ratio of the
altered MORB D/H to unaltered MORB D/H, while we defined it as
the ratio of altered MORB D/H to seawater D/H. Because the water
in the hydrous minerals produced by the seafloor alteration origi-
nated from seawater, our assumption is more realistic than that of
Shaw et al. (2008).

Pope et al. (2012) used mass-balance calculations to derive the
amount of water lost by the hydrogen escape based on éD of
Archean seawater. They concluded that ~0.1 oceans of water was
lost due to the escape. In contrast, we showed that the lower §D
of Archean seawater can be explained by the isotopic fractionation
caused by the deep water cycle (seafloor alteration and slab de-
hydration) and that the hydrogen escape is not necessarily needed
(Section 2). The conclusions differ because they neglected the in-
fluence of the regassing and degassing on the 8§D change in the

mass-balance calculations. They justified neglecting the contribu-
tion of the mantle to the evolution of 6D, by assuming the net bal-
ance between the regassing and degassing. However, D, changes
because of the deep water cycle, even in the case where the net
balance was assumed (Appendix B).

4.4. Other data sets of Precambrian seawater D/H

We adopted the D/H ratio of Archean seawater at 3.8 Ga con-
strained by Pope et al. (2012), but other studies have also esti-
mated the paleo-seawater D/H ratio (Lécuyer et al., 1996; Kyser et
al., 1999; Hren et al., 2009). Whereas Pope et al. (2012) have re-
ported 8D = —25 =+ 5% and 580 = 2.3%, from serpentine samples
from 3.8 Ga Isua Supracrustal Belt in West Greenland, Hren et al.
(2009) have constrained 8D = —70%o to —5%0 and §'80 = —18%
to —8%o from 3.4 Ga Buck Reef Chert rocks in South Africa. Also, by
assuming 8180 = —10% as suggested by a theoretical model (Kast-
ing et al., 2006), Hren et al. (2009) have proposed that the Archean
seawater had §D = —60%o. Reproducing both §D = —25 4 5% at
3.8 Ga and 8D = —60%. at 3.4 Ga in our model is difficult and
might require a singular event between the interval. The discrep-
ancy in 8'80 values in the two studies suggests that these data
might be incompatible. Because chert has lower concentrations of
water than serpentine and the temperature dependence of D/H
fractionation between chert and water is not straightforward, Pope
et al. (2012) argued that chert is a less well-suited proxy, so that
we chose to use Pope et al. (2012)'s data as a reliable anchor in
the Archean for the evolution of seawater D/H.
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Lécuyer et al. (1996) have proposed §D = 0 & 20%o from mafic-
ultramafic samples from the Chukotat Group of the Lower Protero-
zoic (2.0-1.9 Ga) Cape Smith fold belt. They have reported the §D
values matching closely those found in modern metavolcanic rocks.
Kyser et al. (1999) have constrained the D/H ratio of 2.8-2.6 Ga
seawater as 8D > —20%o from serpentine minerals from Archean
Abitibi greenstone belt in Ontario. Because the estimates of these
earlier studies were less systematic compared to Pope et al. (2012),
we did not plot them explicitly. However, these estimates are in ac-
cordance with the trend from the §D value of Pope et al. (2012) to
that of present-day seawater so that adopting them would hardly
change our results quantitatively.

4.5. Subduction regimes

This study investigated the secular evolution of the global wa-
ter cycle with the numerical modeling under a wide range of
parameter spaces (Fig. 2), yet assumed a limited case of cold sub-
duction (Supplementary text S3, 103 In fdeny = —40 to —23) where
the major water release from the slab to the surface (Fa:) occurs
mainly due to dehydration of the hydrous minerals of amphibole
and lawsonite (Schmidt and Poli, 1998; Maruyama and Okamoto,
2007). However, our model also explored two extreme subduction
regimes of faster and slower PT. Subduction velocity along with
plate thermal structure and wedge mantle viscosity strongly in-
fluences slab surface temperature, which defines the stability of
hydrous minerals (Kincaid and Sacks, 1997; Peacock, 1993). Each
hydrous mineral may have a different fractionation factor of D/H
due to decomposition. In the case of a hot slab, water released by
major dehydration events would be in isotopic equilibrium with
amphibole (~350°C), epidote and amphibole (~400°C), and chlo-
rite, epidote, and amphibole (~550°C), respectively (Maruyama
and Okamoto, 2007). The fractionation factors fqeny of these hy-
drous minerals range from 103 In fdeny = —23 to —48 (Suzuoki and
Epstein, 1976; Graham et al., 1984; Chacko et al.,, 1999). As this
range is similar to that in the case of a cold slab, our results would
also apply to the case of a hot slab, though the regassing would
mainly be contributed to by the cold-slab subduction. The faster PT
might have a smaller net regassing flux F. because of the domi-
nance of hot slabs, but our model acknowledged this and involved
such uncertainties of Fpe.

4.6. Onset time of plate tectonics

Our model assumed that plate tectonics has operated since
4.5 Ga, soon after the solidification of magma oceans. The onset
time of plate tectonics is controversial, but some studies have sug-
gested that, on the basis of the geochemistry of Hadean zircons,
plate tectonics may have already been operating in the Hadean
(Harrison, 2009; Korenaga, 2013, and references therein). Korenaga
(2013) argued that the ideal initial water distribution to drive plate
tectonics is voluminious oceans underlain by a dry mantle. Such
conditions were shown to be consistent with the constraints from
hydrogen isotopes (subsection 4.1), though our model can apply to
other onset times of plate tectonics.

4.7. Uncertainty in the continental growth model

The behavior of our model depended only weakly on the as-
sumed continental growth model. Thus we demonstrate that the
evolution of D/H and surface water mass is a poor constraint on
continent formation. As sensitivity analysis, we compared the re-
sults using the continental growth models of McLennan and Taylor
(1982) (Fig. 2) and Armstrong (1981) (Fig. S1) where the conti-
nental coverage increased linearly in the first 1 Gyr and kept a
constant value. We found that the dependence of the results on

the uncertainty in the continental growth model is small compared
to that on the uncertainty in the fractionation factors (Fig. 5).

5. Conclusions

We modeled the evolution of the masses and D/H ratios of wa-
ter in the oceans, continental and oceanic crust, and mantle. The
model considered water transport and hydrogen isotopic fraction-
ation by seafloor hydrothermal alteration, chemical alteration of
continental crust, slab subduction, hydrogen escape, and degassing
at mid-ocean ridges, hot spots, and arcs. The differences in D/H
ratios between the present-day oceans, oceanic and continental
crust, and mantle were shown to result from isotopic fractionation
by seafloor alteration, slab dehydration, and chemical weathering.
The current degassing and regassing rates were too small to reach
the present-day D/H, so an additional mechanism was required.
We showed three evolutionary scenarios that can account for the
present-day D/H ratios: (a) hydrogen escape from a reduced early
atmosphere, (b) secular net regassing, and (c) faster plate tectonics
on early Earth expected from conventional thermal evolution mod-
els. A low D/H ratio of Archean seawater at 3.8 Ga has been inter-
preted as a signature of the hydrogen escape from a reduced early
atmosphere. However, our model showed that the secular net re-
gassing throughout Earth’s history or faster plate tectonics on early
Earth can also reproduce the constraints on D/H. These three sce-
narios are mutually exclusive. The rates of hydrogen escape from
early Earth and secular regassing on present-day Earth are con-
strained to be lower than 2.1 x 10'" kg/yr and 3.9 x 10'! kg/yr,
respectively. The initial oceans could be 2-3 times as voluminous
as that on current Earth in the secular regassing scenario. A signa-
ture of hydrogen escape before the GOE is visible as a kink in the
slope of the evolution of the oceanic D/H ratio. The mantle D/H ra-
tio in the faster plate tectonics model decreased only during the
earlier period, whereas the slower plate tectonics model predicted
the mantle D/H ratio has been continuously decreasing through-
out Earth’s history. Therefore, we emphasize the importance of
measurements to constrain mantle D/H ratio throughout Earth’s
history, in addition to that of seawater at the time of the GOE,
to distinguish these three evolutionary scenarios.
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Appendix A. Derivation of a steady state in D/H

The evolution of §D values of reservoirs can be understood as
the change toward a steady state. From Equation (2), the steady
state is given by,

I_o _ Fde fde Frefre + Far far

Im B Frefre Fsefse+Fchfch (AD)
Iﬁ _ Fchfch (AZ)
Io Fwefwe '

Iﬁ_Fsefse‘i‘Fchfch (A3)

IO B Frefre+Farfar .

For the parameter values used in our study (Table 1) where water
in oceanic crust mostly degassed through arc volcanism, Fa > Fe,
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Fse > Fep, and Fo, ~ Fye. Here we further assume Fqe = Fre. Equa-
tions (3) and (4) are approximated as fre ~ fgeny and far ~ 1.
Substituting these relations for Equations (A.1)-(A.3) gave,

I

fo  fae (A4)
Im fsefdehy

I

lee _ Jen (A5)
IO fWE

I

<~ fse- (A.6)
Io

Therefore, we can derive,

ADy—m ~ 10°In fge — 10%In fse — 10%In fyeny (A7)
ADcc_o ~10%1n for, — 103 In fue (A.8)
ADgc—o ~ 10°In foe (A.9)

~

Substituting the fractionation factors (Table 1) gave ADy_m,
70%o0, AD¢c—o ~ —80%0, and ADgc_o ~ —30%0, which is consistent
with the D values obtained from field samples (Table 2). Here an
apostrophe denotes the fractionation from seawater before the cor-
rection by adding small reservoirs.

On the other hand, considering a water cycle without slab de-
hydration (Fre > Fa;) leads to a different steady state. In this case
Equation (A.1) gave,

I

0 o & (A10)
IlTl fse

ADo_m ~ 10%In fge — 10° In fee. (A11)

Equation (A.11) led to ADy_m ~ 30%0, which is smaller than the
measurements (Table 2). These estimates showed that the isotopic
fractionation due to slab dehydration is one of the important pro-
cesses to explain the present-day D/H ratios in the mantle.

Appendix B. The constant-flux model

We demonstrated how the §D evolved toward a steady state
(Appendix A) in Fig. 8. Here we assumed that all fluxes are bal-
anced and two types of water cycle were investigated: Fge =
Fch = Fwe = 1/10 Fse = 1/10 F,r (the dehydration model) and
Fge = Fse = Fre, Far = Fchy = Fwe = 0 (the non-dehydration model).
The dehydration model (Figs. 8a-c) evolved toward a steady state
given by Equation (A.7), where ADy _p ~ 70%0. On the other hand,
the non-dehydration model (Fig. 8d) evolved toward a steady state
given by Equation (A.11), where ADy _my ~ 30%o.

The timescale to reach the steady state is determined by the
residence time of water in the ocean and mantle, which is ~10 Gyr
in Fig. 8a, ~2 Gyr in Figs. 8b and 8d, and ~1 Gyr in Fig. 8c.

Appendix C. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2018.06.016.
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