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occurs at MORs, where water percolates 
into newly formed oceanic crust. Addi- 
tional hydration occurs in upper man- 
tle at OTFs. When the oceanic plate 
moves away from the ridge axis, the sub- 
sequently accumulated sediments blan- 
ket the seafloor and keep the water in 
oceanic crust. The ‘secondary hydration’ 
occurs at subduction zones, where water 
percolates into crust and upper mantle 
through extensional faults in response to 
plate bending. Seawater reacts with min- 
erals within the plate and causes exten- 
sive serpentinization, which lowers the 
lithospheric strength and facilitates ex- 
tensional earthquakes, thus further en- 
hancing hydration in the deep portion 
of the subducting plate. Hydration also 
occurs at fracture zones and seamounts, 
which provide extra channels for water in- 
filtration. The water input rates for differ- 
ent tectonic settings are controlled by the 
length or width of the plate boundaries, 
the properties of hydrated lithologic lay- 
ers (e.g. bulk H2 O content, density and 
thickness), the spreading rate at MORs, 
as well as the convergence rate and plate 
age at subduction zones. 

At MORs, seawater normally pene- 
trates the oceanic crust and causes hydra- 
tion of the oceanic crust mainly within 
ages of 10 Myr through fractures at both 
flanks of the ridge axis [3 ]. The water in- 
put rate of each lithologic layer for a MOR 

segment is calculated by using 

QMOR 
H2 O = Cbulk 

H2 O × ρlayer × Hlayer 

×
N ∑ 

i =1 

v i 
spr l

i , (1) 

where Cbulk 
H2 O is the bulk H2 O content in 

the lithologic layer (wt%), ρlayer is its 
density (kg/m3 ), Hlayer is its thickness 
(km), vspr is the full spreading rate 
(mm/yr), i is the number of MOR seg- 
ments and l is the length of each MOR 

segment [4 ]. The water input of the 
sediment layer is not included in this 
study. For the basalt and gabbro layers 
of the crust, the bulk H2 O contents are 
assumed as 2.5 and 0.8 wt%, respectively 
[5 ], and the bulk H2 O content of the 
serpentinized mantle layer is 6.0 wt% [6 ]. 
A small fraction of ridge segment could 
suffer strong seafloor hydrothermal alter- 
ation. The bulk H2 O content of the upper 
basalt crust for these ridge segments of 
very limited length increased by one or 
two times and this may slightly affect the 
water input rate of global MOR systems 
[7 ,8 ]. The corresponding densities of 
basalt, gabbro and serpentinized man- 
tle layers are set as 2800, 30 0 0 and 
2870 kg/m3 , respectively. At ultra-slow 

spreading ridges with vspr of < 20 mm/yr, 
mantle is directly exposed to the seafloor 
at some amagmatic segments and serpen- 
tinized, but the proportion of segments 
with serpentinized mantle is not well 
constrained. For simplicity, we assume 
that mantle is directly exposed to the 
seafloor at all ultra-slow spreading ridge 
segments with vspr of < 10 mm/yr and the 
average thickness of the serpentinized 
mantle is 4 km [9 ]. For other spreading 
ridges with vspr of > 10 mm/yr, it is as- 
sumed that no mantle is serpentinized 
and the average thicknesses of basalt and 
gabbro layers of the crust are assumed as 
1.84 and 4.31 km [3 ], respectively. 
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ater is crucial to processes of both 
arth’s surface and interior, facilitating 
late tectonics and making the Earth a 
abitable planet [1 ]. Seawater penetrates 
nto oceanic lithosphere through frac- 
ures on seafloor and migrates along faults 
nd pores. The hydration process weak- 
ns the crustal strength and alters mantle 
roperties. Specifically, it influences seis- 
icity by changing the pressure and fric- 
ion of rocks, and triggers magma gen- 
ration by lowering the mantle solidus 
nd mantle viscosity. The distribution 
f water governs the style of convective 
ow and distinct tectonic behavior of the 
arth [2 ]. Hence, a quantitative estima- 
ion of the water input budget of oceanic 
ithosphere is required to study the water 
ycle between the surface and the deep 
antle. 
The hydration extent of oceanic 

ithosphere has been estimated by using 
arious methods, including magnetotel- 
uric/controlled source electromagnetic 
xperiments, passive/active seismic 
xpeditions, thermopetrological mod- 
llings and laboratory measurements of 
ineral geophysical and geochemical 
roperties. The results have shown the 
ydration degree of the oceanic crust is 
arying during its life cycle. However, 
he geographical distribution and inven- 
ory of the water input budget of the 
ceanic lithosphere at different tectonic 
ettings remain unclear, especially for the 
id-ocean ridge (MOR) and oceanic 
ransform fault (OTF) systems. 
The hydration of the oceanic litho- 

phere is composed of two key stages 
Fig. 1 a). The ‘initial’ hydration mainly 
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Figure 1. (a) Schematic map of hydration of oceanic lithosphere at mid-ocean ridges (MORs), oceanic transform faults (OTFs) and subduction zones 
(SZs). (b) Global distributions of water input rates at MORs, OTFs and SZs. MORs and OTFs are marked as orange and green curves: JUAN (Juan de Fuca 
Ridge), EPR (East Pacific Rise), GALA (Galapagos Ridge), CHIL (Chile Ridge), PAR (Pacific-Antarctic Ridge), MRN (Mariana Ridge), MNS (Manus Ridge), 
WDL (Woodlark Ridge), FIJI (Fiji Ridge) and LAU (Lau Ridge), GAKK (Gakkel Ridge), MAR (Mid-Atlantic Ridge), AAR (American-Antarctic Ridge), CAYM 

(Cayman Ridge), ESCO (East Scotia Ridge), AFAR (African-Arabian Ridge), CIR (Central Indian Ridge), SEIR (Southeast Indian Ridge) and SWIR (Southwest 
Indian Ridge). SZs are marked as blue curves: MAR (Mariana), IZU (Izu-Bonin), JAP (Japan), KUR (Kuril), Aleutian (ALE), MIDA (Mid-American), PERU 
(Peru), CHILE (Chile), TONGA (Tonga), KER (Kermadec), PHI (Philippine), ANT (Antilles), SUMA (Sumatra) and SAND (South Sandwich). (c) The relative 
proportion of water input rates of MORs, OTFs and SZs, respectively. 
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In addition, the OTFs provide extra 
athways for seawater to penetrate into 
he upper mantle. The mantle serpen- 
inization depth is constrained by the 
00°C isotherm that is predicted by the 
alf space cooling model. The water input 
ate of the overlying crust has been calcu- 
ated for the MOR scenario and the ex- 
ra contribution of serpentinized mantle 
ayer for the OTF is calculated by using 

Q OT F 
H2 O = 

1 
2 
Cbulk 
H2 O × ρlayer × Hlayer 

×
N ∑ 

i =1 

v i 
spr 

2 
W i 

OT F , (2) 

here Hlayer is the thickness of the 
erpentinized mantle layer, which is cal- 
ulated by subtracting the average crustal 
hickness (6.15 km) from the estimated 
antle serpentinization depth; WOTF 

s the width of the OTF [10 ,11 ]; and 
Vspr 
2 represents the half spreading rate. 
he OTF cross section was simplified 
s a triangle, which introduces a 1 2 into 
he area calculation of the cross section. 
s the underlying mantle is covered by 
aulted oceanic crust rather than directly 
xposed to the seafloor, the bulk H2 O 

ontent of the serpentinized mantle layer 
s assumed as 2.0 wt% and the corre- 
ponding density is 3140 kg/m3 for the 
ectonic settings of OTFs and subduction 
ones [5 ]. The bulk H2 O contents and 
ensities of crustal layers for the OTFs 
nd subduction zones are the same as 
hose of MORs. 
For global MORs and OTFs, the 

otal water input rate is ∼7.25 ±
.02 × 108 Tg/Myr (Fig. 1 b and 
upplementary Tables S1 , S2 and S4 ), 
hich accounts for ∼31.2% of the global 
ater input rate (Fig. 1 c). Within the 
idth range of the OTF, a part of the 
ater input rate ( ∼0.29 × 108 Tg/Myr, 
.3% of global water input rate) is in- 
erited from the crust layer of MORs. 
olely for OTFs, the water input rate of 
he mantle layer is ∼0.07 × 108 Tg/Myr 
0.3% of the global water input rate). 
he Pacific, Indian and Atlantic & Arctic 
ceans contributed 59.2%, 24.2% and 
6.6% of the water input rate of MORs, 
espectively ( Supplementary Fig. S1a ). 
he Pacific, Indian and Atlantic & Arctic 
ceans contributed 28.6%, 28.6% and 
2.8% of the water input rate contributed 
y serpentinized mantle of OTFs, respec- 
ively ( Supplementary Fig. S1b ). 
Oceanic lithosphere is further hy- 

rated at subduction zones. The subduct- 
ng plates bend and generate pervasive 
ormal faults that cut through the oceanic 
rust and upper mantle, providing path- 
ays for seawater infiltration in the outer 
ise area. As the oceanic crust has been hy- 
rated at MORs, we assume that the hy- 
ration state of subducting oceanic crust 
s inherited from MORs and the addi- 
ional hydration only occurs in the man- 
le layer. The extent of hydration of the 
ubducting plate is related to the age of 
he plate. For the older subducting plates, 
ending-related normal faults could cut 
nto deep depth and induce a great degree 
f hydration. In contrast, the hydration 
egree of the younger subducting plates 
s relatively low and limited to shallow 

epth. 
The possible maximum hydration 

one of the subducting plate is con- 
trained by the brittle yield zone (BYZ), 
hich defines the possible area where 
aults could develop (Fig. 1 a). The 
epth of the BYZ can be estimated by 
omparing the bending stress and the 
ield strength envelope of the oceanic 
ithosphere [12 ]. It is also constrained 
y the depth at which seismic velocity 
ecreases. Considering differences in 
he length of subduction zones and the 
ubduction rates, the water input rate 
f each lithologic layer for a subduction 
one is computed as 

Q SZ 
H2 O = Cbulk 

H2 O × ρlayer × Hlayer 

×
N ∑ 

i =1 

v i 
sub l

i , (3) 

here Cbulk 
H2 O is the bulk H2 O content in 

he lithologic layer (wt%), ρlayer is its den- 
ity (kg/m3 ), Hlayer is its thickness (km), 
sub is the subduction rate (mm/yr) of 
 subduction zone segment and l is the 
ength of a subduction zone segment. 
he thickness of serpentinized mantle 
s determined by subtracting the refer- 
Page 3 of 4 
nce crustal thickness (6.15 km) from the 
verage depth of the BYZ. 
The additional water input rate con- 

ributed by serpentinized mantle of 
lobal subduction zones is ∼15.95 ±
.17 × 108 Tg/Myr (Fig. 1 b and 
upplementary Tables S3 and S4 ), 
hich accounts for ∼68.8% of the global 
ater input rate (Fig. 1 c). The Pacific, 
ndian and Atlantic & Arctic Oceans 
ontributed 89.2%, 10.1% and 0.7% of 
he water input rate contributed by ser- 
entinized mantle of subduction zones, 
espectively ( Supplementary Fig. S1c ). 
he result is consistent with the water 
nput rate estimation obtained from 

hermopetrological models [5 ]. 
In summary, for the crustal layer of 

ceanic lithosphere, the water input rate 
f global MORs is ∼7.08 × 108 Tg/Myr. 
or the mantle layer of oceanic litho- 
phere, the water input rate of global 
ORs and OTFs is ∼0.17 ×108 Tg/Myr, 
nd the water input rate of subduction 
ones is ∼15.95 × 108 Tg/Myr, respec- 
ively. The results provide a first-order ap- 
roximation. However, only a few sec- 
ions have been sampled or imaged, and 
ny general assumptions for the thickness 
nd bulk H2 O content of each lithologic 
ayer are oversimplified, thus uncertain- 
ies are inevitable. 
The results indicate that ∼98.9% of 
antle hydration is contributed by the 
ubduction-related process. As a plate 
ubducts into the mantle, some of the wa- 
er hosted in the subducting plate wi l l 
e degassed and the remaining is trans- 
orted to various depths of Earth’s inte- 
ior. The water stored in the deep wi l l also
eturn to the surface through intraplate 
olcanisms and magmatisms at MORs 
nd OTFs. 
The critical role of water in deep man- 

le has been intensively investigated and 
ummarized, indicating that water could 
nfluence the plate tectonics and man- 
le convection, facilitate subduction initi- 
tion and play an important role in earth- 
uakes and volcanism [1 ]. In this study, 
e evaluate the dual hydration of oceanic 
ithosphere and emphasize that the sec- 
ndary hydration at the subduction zone 
s fundamentally essential to the plate 
ynamics and water cycle of Earth. 
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UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
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