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A R T I C L E I N F O A B S T R A C T

Editor: F.-Z. Teng Proton self diffusion coefficients for bridgmanite at lower mantle conditions are calculated from ab initio molecular 
dynamics simulations. We find that the proton self diffusion coefficient, 𝐷self is nearly constant ∼ 10−8 m2 s−1

along the lower mantle geotherm but increases by nearly one order of magnitude from ∼10−10 m2 s−1 to ∼
10−9 m2 s−1 along a cold slab geotherm to about 1800 km depth. These rates imply that the proton diffusion 
length scale is less than 10 km in lower mantle peridotite in the 150-200 million years timescale for slab material 
to sink through the lower mantle. Cold wet slabs probably lose less than one percent of their total water content 
to the ambient mantle on their journey through the lower mantle, indicating that recycled water is far from 
homogeneously distributed since slab delivery is highly heterogeneous. We estimate that 0.1 to 0.3 ocean masses 
(< 100 ppm wt%) of recycled water may be currently stored in slab remnant materials within the lower mantle. 
This water is likely not entrained by plumes but is instead captured by background mantle flow before returning 
to the mid-ocean ridges. By contrast, deep-rooted mantle plumes may entrain materials containing primordial-like 
water from the lowermost mantle or the core, and preserve these anomalies in fairly small-scale heterogeneities. 
Over the age of the Earth, the proton diffusion length scale is a few tens of km, which places constraints on the 
size of possible primordial water reservoirs isolated from convective mixing, and indicates little flux of water 
across the core-mantle boundary.
1. Introduction

Earth is a wet planet. Not only at its surface where clouds, oceans, 
rivers, glaciers and groundwater are involved in a planetary surface 
cycle, but also within its depths. A part of this deep water has been 
trapped somewhere inside the Earth’s interior for billions of years, iso-

lated from convective mixing. Evidence for deep primordial water is 
fingerprinted in many Ocean Island Basalts, OIBs, from Baffin Island for 
example, where measurements of unusually low deuterium-to-hydrogen 
ratios support the presence of isolated primitive reservoirs (Hallis et al. 
(2015); Li et al. (2022b)). In addition to these hidden primordial water 
sources, the deep Earth also contains a substantial amount of recycled

water. Over 3-4 Gyr, weathering alteration and hydration processes have 
incorporated seawater into sedimentary rocks that have been carried 
by subducting slabs back into the Earth’s deep interior (Crowley et al. 
(2011); Sandu et al. (2011); Korenaga (2011); Korenaga et al. (2017)).

* Corresponding author.

The flux of water from the surface into the mantle is thought to be 
controlled by rates of subduction and slab temperatures, with slow and 
warm slabs losing most of their water to hydrous buoyant magmatism 
of the back-arc. Nevertheless, some slabs are cold and fast enough to es-

cape the sub-volcanic dehydration front, and overall as much as 30% of 
subducted water is thought to reach the mantle transition zone (MTZ) 
(Rüpke et al. (2004); van Keken et al. (2011); Karlsen et al. (2019)). 
Evidence for a “wet” MTZ, at least locally, is supported by a spectro-

scopic analysis of ringwoodite with 1.5 wt% water in solid solution 
found inside a diamond (Pearson et al. (2014)). Although water is read-

ily accommodated in MTZ minerals, with typical solubility ranging from 
2 to 4%, the overall hydration state of the MTZ varies laterally (Peslier et 
al. (2017); Houser (2016)) because the slab-controlled delivery of water 
is highly heterogeneous. Some slabs may stagnate near the boundary be-

tween the MTZ and the lower mantle but they will eventually continue 
downwards into the lower mantle and bring water with them.
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Cold wet slabs penetrating into the lower mantle can possibly dehy-

drate at 700-800 km depths, following the transformation from wet ring-

woodite to an assemblage of bridgmanite + (Mg,Fe)O magnesiowüstite 
+ CaSiO3 perovskite, and may continue to dehydrate down to about 
1100 km below the surface due to the decomposition of hydrous phase 
D (Nishi et al. (2014); Panero and Caracas (2020)). Dehydration at these 
depths may be accompanied by ∼ 1% partial melting (Schmandt et al. 
(2014)) and water will probably, in part, be transported in buoyant flu-

ids along fractures to shallower depths (Pearson et al. (2014); Walter 
(2021)). However, water in the migrating fluids may also “redissolve” 
into bridgmanite (bm) within the bulk of the slab or into the minerals 
of the former slab crust, for example silica, depending on composition, 
thermodynamic conditions, and texture (Walter (2021)).

The flux of water into the lower mantle from wet and cold sink-

ing slabs depends on water solubility and hydrous inclusions within 
major slab crust and mantle minerals bridgmanite, ferropericlase, 
CaSiO3, SiO2, as well as partitioning of water/protons between MTZ 
and lower mantle minerals. Partitioning of water between ringwoodite 
and bridgmanite suggests that water prefers ringwoodite (Hernández 
et al. (2013)) but since bridgmanite is about 10 times more volumi-

nous, it has the potential to hold a substantial amount of water driven 
by a net influx into dry bridgmanite, even if its water solubility may be 
lower (Kaminsky (2018)). This MTZ to lower mantle influx is also con-

trolled by proton diffusivity in bridgmanite and proton solubility. The 
solubility of water in bridgmanite, however, ranges from very dry (<10 
ppm) to very wet (> 10000 ppm) depending on experimental condi-

tions and material compositions (such as Al and Fe contents) (Kaminsky 
(2018)). Bridgmanite in representative mantle pyrolite and peridotite 
(i.e. in (Mg0.88Fe3+0.065Fe2+0.035)(Al0.14Si0.90)O3 (Fu et al. (2019)), however, 
can typically dissolve 1000-2500 ppm of water (Litasov et al. (2003); 
Fu et al. (2019); Murakami et al. (2002)). Although Liu et al. (Liu et 
al. (2021)) argue that such a high water solubility in bridgmanite may 
be due to the presence of tiny hydrous inclusions in grains (Liu et al. 
(2021)), bridgmanite (Liu et al. (2021)) within slab lower mantle peri-

dotite can still potentially carry with it a substantial amount of water 
(i.e. ∼ 0.1 wt% or more) dissolved both into the crystal structure and 
incorporated in grain boundaries (Kaminsky (2018); Liu et al. (2021); 
Litasov et al. (2003); Murakami et al. (2002)).

If water can be carried all the way to the lowermost mantle, it can 
possibly react with iron-rich phases to form hydrated iron-oxides (Wal-

ter (2021); Mao et al. (2017)), which have the potential to impact the 
redox state of the entire Earth (Walter (2021); Mao et al. (2017)). The 
water might even migrate into Earth’s metallic core due to the affinity of 
hydrogen for iron at high pressure (Ohtani and Zhao (2009); Kim et al. 
(2023)). For these reactions to occur, hydrated minerals must come into 
mechanical contact with the iron-rich phases of the core-mantle bound-

ary (CMB) region, which are potentially confined to within a few km 
of the boundary itself (Yoshino (2019)). If the slab’s water does not in-

teract with iron in the CMB region, then it would remain dissolved in 
the slab’s core (hydrated mineral) or crust (silica), where it would be 
carried away by the strong lateral flow in the direction of the LLSVPs 
(Ammann et al. (2010); Conrad et al. (2013); Heyn et al. (2020)). This 
water is then likely to be brought back to the upper mantle by hot up-

wellings (plumes or broad-scale flow), and eventually outgas at hotspots 
and mid-ocean ridges (completing a mantle water cycle).

Whether the hydrated bridgmanite interacts with the CMB or is ad-

vected across the lower mantle thus depends on the degree to which 
water (protons) can migrate away from the central core of the slab. To 
better understand the fate of the recycled water in the lower mantle, we 
constrain rates of proton self-diffusion in bridgmanite - the main lower 
mantle mineral - using ab initio molecular dynamics (MD) simulations. 
Knowledge of the rate of proton diffusivity in bridgmanite is essential 
for estimating the escape of water from the slabs, the flux of water be-

tween the wetter cold slabs and the ambient hot drier lower mantle, the 
rates of leakage of primordial-like water from heterogeneities entrained 
2

by deep-rooted mantle plumes, and the fluxes of water across the core-
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mantle boundary (CMB). Proton diffusivity estimates can also help to 
constrain the size of possible primordial water reservoirs in the lower 
mantle, which are intimately related to length scales of proton travel 
within bridgmanite on timescales of Earth’s age. Moreover, understand-

ing water cycling within the lower mantle is crucial for understanding 
Earth’s water budget and storage distributions. Because mantle rheol-

ogy is extremely sensitive to water content (Muir and Brodholt (2018)), 
changes in lower mantle water storage may ultimately dictate the dy-

namics and thermal history of the whole Earth (Crowley et al. (2011); 
Sandu et al. (2011); Korenaga (2011)).

2. Methodology

2.1. Hydrogen diffusion coefficients

Calculations of proton diffusion are carried out using first-principles 
molecular dynamics simulations. Since the protons jump rapidly be-

tween distinct residential interstitial sites, we can calculate the proton 
self-diffusion coefficient from a hopping model (Jacucci and Rahman 
(1978); Mohn et al. (2009a,b, 2021)), using

𝐷self = 1
6
∑
𝑖

𝑓𝑖Γ𝑖𝑎
2
𝑖
, (2.1)

where 𝑖 refers to the jump directions, i.e. between nearest neighbor 
resident cavities aligned in the crystallographic ⟨100⟩ direction, next-

nearest neighbors aligned in the ⟨110⟩ direction, or third-nearest neigh-

bors aligned in the ⟨111⟩ direction, etc. Γ𝑖 and 𝑎𝑖 are the jump frequency 
and the jump distance in direction 𝑖. Correlation factors, 𝑓𝑖, which mea-

sure the correlations between successive jumps of a proton, can be cal-

culated using 𝑓𝑖 = 1 +2⟨cos𝜃𝑙,𝑙+1⟩, where 𝜃𝑙,𝑙+1 is the angle between two 
consecutive jumps 𝑙 and 𝑙+1. We count the number of hydrogen jumps 
in a MD simulation and record the jump frequency, the jump distance, 
and the angle, 𝜃, between two consecutive jumps.

From the proton self-diffusion coefficient, we can calculate the flux 
of water over boundaries, such as the flux of water from a (wet) hy-

drated slab core to dry surrounding slab material and ambient mantle, 
by solving Fick’s second law of non-steady-state diffusion. If we assume 
that the water is distributed homogeneously in the hydrated part of the 
slab with a constant concentration 𝑐𝑆 = 𝑐(𝑥 = 0, 𝑡) at the boundary (i.e. 
at the hydrated slab core - dry slab interface), the water concentration, 
𝐶(𝑥, 𝑡), at a distance 𝑥 from the boundary at time 𝑡 is given by:

𝐶(𝑥, 𝑡) = 𝑐𝑆erfc( 𝑥

2
√
(𝐷self𝑡)

), (2.2)

where erfc is the complementary error function. The total loss of water 
at a given time 𝑡 per unit surface area is found by integrating the con-

centration profile (Eq. (2.2)) from x = 0 to ∞. Total outflux at 𝑡 for a 
body with volume 𝑉 depends on it’s slab surface-area to slab-volume 
ratio which is investigated here for different slab surface topographies.

The assumption that water is uniformly distributed within the hy-

drated portion of the slab warrants a few comments. In general water is 
probably not homogeneously distributed within the hydrated portion of 
the slab core but instead the distribution depends on a number of con-

ditions, such as slab history and proton diffusivity at shallower depths, 
particularly during the passage through the MTZ. Typical values of 𝐷self

for protons in ringwoodite at 2500 K are between 1 ×10−10 m2 s−1 and 1 
×10−9 m2 s−1 at around 2000 K and 25 GPa (Caracas and Panero (2017)) 
and the average traveling length for protons is therefore between a few 
hundred meters to about 1 km in ∼ 10-50 Myr representative time-scale 
for the slab residence time in the transition zone. This illustrates that 
proton diffusivity may not be sufficiently fast to entirely homogenize 
the hydrated core of the slab before entering the lower mantle. Esti-

mations of water loss from water-saturated slab cores could therefore 
be slightly smaller than that calculated here, assuming a homogeneous 
distribution in Eq. (2.2). Moreover, interdiffusion of charged protons 

from Eq. (2.2) must be balanced by charge-compensating counter-fluxes 
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of positively charged species or parallel fluxes of negatively charged 
species that have a similar or higher mobility than the protons them-

selves (Karato (2013); Kohlstedt and Mackwell (1998); Mackwell and 
Kohlstedt (1990)). Possible charge-compensating candidates in bridg-

manite are oxygen vacancies, small-polarons, or electrons and holes, all 
which have high mobility. However, the concentration of vacancies in 
bridgmanite in lower mantle peridotite may be very low above 40 GPa 
(see e.g. Liu et al. (2017)), but since bridgmanite in peridotite contains 
5-10% iron with Fe3+/(Fe2++Fe3+) ∼ 0.6 (Frost et al. (2004); McCam-

mon (1997); Mohn and Trønnes (2016)), high small-polaron carrier 
concentrations formed by Fe3+/Fe2+ pairs accompanied by low activa-

tion barrier heights (i.e. 𝐸a, small polarons ≈< 0.5 eV ≈𝐸a, protons (Yoshino 
et al. (2016); Shankland et al. (1993)) suggests that small-polarons con-

ductivity can act as counter fluxes to protons. This is consistent with 
experimental measurements of interdiffusion of protons in olivine where 
proton-fluxes are compensated by counter-fluxes of polarons or possi-

bly electrons in bands (Kohlstedt et al. (1996); Mackwell and Kohlstedt 
(1990)).

2.2. Computational details

To calculate proton diffusion from MD simulations, we use the VASP 
package (Perdew et al. (1996); Kresse and Hafner (1993); Kresse and 
Joubert (1999)) with the Perdew–Burke–Ernzerhof functional (Perdew 
et al. (1996)), an energy cut-off of 400 eV for the electronic wave func-

tion and the gamma point only for sampling the Brillouin zone. Calcula-

tions of 𝐷self using an energy cut-off of 500 eV and 600 eV carried out at 
25 GPa and 2000 K were within the error bars of that calculated using 
an energy cut-off of 400 eV. To minimize self-interaction errors associ-

ated with Fe2+ 3𝑑 electrons, we use an on-site Hubbard +𝑈 term of 4 eV 
for Fe2+ which is a typical average value used for studying iron-bearing 
MgSiO3 (Hsu et al. (2012)).

The MD runs are carried out within the 𝑁𝑉 𝑇 ensemble, where the 
cell volume, 𝑉 , is tuned during several short runs to match an average 
total pressure of 25, 50, 75, 100, and 125 GPa. The temperatures range 
between 1500 and 3000 K. We use a Nosé-Hoover thermostat and a step-

length of 1 fs. Decreasing the step length to 0.1 fs had little effect on the 
calculated diffusion coefficient. All runs were carried out between 0.1 
ns and 1.0 ns to collect sufficient statistics (i.e. at least 70 proton jumps 
were recorded at a given 𝑃 , 𝑇 condition, and in some runs, we counted 
more than 200 jumps). We find that 𝑓 in Eq. (2.1) is between 0.9 and 
1.0 suggesting that there is little correlation between successive proton 
jumps.

We employ bm supercells containing 81 atoms, constructed by 
doubling the conventional orthorhombic 20-atoms cell of perovskite-

structured MgSiO3 (bm) along the two crystallographic 𝑎 and 𝑏 direc-

tions. Muir and Brodholt (Muir and Brodholt (2018)) investigated differ-

ent plausible mechanisms for the incorporation of water in bm, for exam-

ple, by replacing Si4+ and Mg2+ with 4H+ or 2H+ atoms respectively, or 
replacing one Si4+ with one Al3+ and one H+ to maintain overall charge 
neutrality. They found that the exchange of Si4+ with Al3+ + H+ was 
the energetically most favorable mechanism, and the resulting compo-

sition is also fairly consistent with the aluminum content measured in 
bm in a peridotitic lithology (∼10 mole % aluminum). In this work, we 
investigate proton diffusion in Al-bearing bridgmanite where the simu-

lation box has a composition consistent with the following compound: 
MgSi0.9375Al0.0625(OH)0.0625O2.875. For calculations carried out with 
Fe2+ the composition was: Mg0.9375Fe0.0625Si0.9375Al0.0625(OH)0.0625
O2.9375. The solubility of water in bridgmanite (∼ 0.1-0.25 wt% H2O 
in peridotitic or pyrolitic lithologies (Fu et al. (2019); Hernández et al. 
(2013); Litasov et al. (2003); Kaminsky (2018); Murakami et al. (2002))) 
is probably much lower than those within our 81-atom supercell. Any-

how this does not influence the calculated proton diffusivity (Eq. (2.1)), 
as long as correlations between protons across the boundary (proton 
self-interaction) are negligible. We check this from additional calcula-
3

tions of 𝐷self carried out using a large simulations box containing 648 
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Fig. 1. Proton diffusion trajectory (black/gray dashed lines) from a 20 ps MD 
snapshot in Al-bearing bridgmanite at 2500 K and 50 GPa using an orthorhombic 
81 atom simulation cell. Left and right figures are views of the same trajec-

tory along the crystallographic x and z directions respectively. Blue, brown, and 
green lines represent Si, Mg, and Al respectively. The oxygen atoms are omitted 
for clarity. The trajectories are drawn using VMD (Humphrey et al. (1996)).

atoms. This cell was constructed by doubling the 81-atom cell in each 
crystallographic direction and has the same composition as that of the 
81-atom cell. Results from these test calculations show that the diffu-

sion coefficient determined using a 648-atom cell was in good agreement 
with that found using the 81-atom cell. For example, in the 648-atom 
simulation, we were able to record more than 100 proton jumps at 25 
GPa and 2000 K in a ∼ 20 ps run. The calculated 𝐷self from this run was 
3.4× 10−8 m2 s−1, which is in good agreement with the value calculated 
using an 81-atom cell (2.8×10−8 m2 s−1) and consistent with a cell-size 
convergence analysis of proton diffusivity in bridgmanite carried out 
using force field potentials (Peng and Deng (2024)).

3. Results and discussion

3.1. Proton self-diffusion in bridgmanite

Atomistic trajectories extracted from the MD simulations show 
that protons vibrate near interstitial lattice positions with rapid jumps 
mainly between nearest neighboring interstitial positions. We count, for 
example, one proton jump between neighboring interstitial sites about 
every 5 ps for a hot mid-mantle geotherm and there is no strong pref-

erence for diffusion in a particular crystallographic direction. A typical 
trajectory of a single proton diffusing in Al-bearing bm at high temper-

ature is shown in Fig. 1.

Fig. 2a shows the Arrhenius plots of proton self-diffusion in Al-

bearing bridgmanite calculated from ab initio MD trajectories using 
Eq. (2.1). 𝐷self are similar to those calculated from MD simulations in 
Al-free bridgmanite (Peng and Deng (2024)). For example, the calcu-

lated 𝐷self at 25 GPa and 2015 K is 7.7 ×10−9 m2 s−1 for the (Mg+2H)Si

substitution (Peng and Deng (2024)), and is slightly lower than the 
value reported here for Al-bearing bridgmanite at similar conditions 
(𝐷self = 1.1 × 10−8 m2 s−1 at 25 GPa and 2000 K). Our results are 
also consistent with those of other silicate minerals at similar pressures 
and temperatures. For example, the proton self-diffusion coefficient is 
1.0 × 10−9 m2 s−1 for Al-bearing bm at 1500 K and 25 GPa, which is 
about the same as the value reported for wadsleyite by Ohtani et al.

(Ohtani and Zhao (2009)) (Dself ∼ 1 ×10−9 m2 s−1 at around 25 GPa and 
1400 K) and slightly higher than that reported by (Hae et al. (2006)). 
The calculated 𝐷self at 2000 K and 25 GPa also falls within the range 
of 𝐷self calculated for different water defect mechanisms in ringwood-

ite (Caracas and Panero (2017)), and is close to those extrapolated from 
an experimental single-crystal study (Sun et al. (2015)). A notable dif-

ference between proton diffusion in bm and MTZ compounds is that the 
activation energy is markedly smaller for proton diffusion in bm. De-
pending on the lithology, typical activation enthalpies for proton diffu-
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sion in ringwoodite and wadsleyite (Hernández et al. (2013)) are above 
1.5 eV at 2500 K and 25 GPa (Caracas and Panero (2017)) whereas the 
activation enthalpy at the same PT condition for bm is only ∼ 0.4 eV.

A decrease in activation enthalpy with pressure from 25 to 75 GPa 
is surprising since we expect that the transition barrier height increases

with increasing pressure because of greater lattice strain at the transition 
state at higher pressure. This can possibly be explained by a decrease 
in the difference in strain energy of the lattice between the equilibrium 
site and the transition state. If the strain energy at the equilibrium site 
increases more than the strain energy at the transition state with increas-

ing pressure, the activation energy for diffusion is expected to decrease. 
A relatively high lattice strain at the equilibrium site promotes fast diffu-

sion at high pressure and is likely to be intimately linked to a preferential 
partitioning of protons in ringwoodite and lower water solubility in bm 
compared to ringwoodite. Overall, we find that 𝐷self is nearly constant 
∼ 10−8 m2 s−1 along the lower mantle average and hot geotherms, in 
good agreement with values reported for Al-free bridgmanite (Peng and 
Deng (2024)) (see Fig. 2). By contrast, 𝐷self increases by nearly an or-

der of magnitude from ∼ 10−10 m2 s−1 to ∼ 10−9 m2 s−1 along a cold 
slab geotherm down to about mid lower mantle depths.

3.2. Loss of water from the downgoing slabs

Our constraints on proton self-diffusion in bridgmanite allow us to 
calculate the flux of water using Eq. (2.2) from hydrated slab peridotite 
into dehydrated slab layers and the drier ambient lower mantle. We 
use Eq. (2.2) to calculate concentration profiles along cold, normal and 
hot mantle geotherms. The flux of water depends on the slab sinking 
rate, which is estimated to lie within the range of 9 to 25 mm/yr (van 
der Meer et al. (2018)) depending on depth-viscosity profiles. Correla-

tions between tomographic images and plate tectonic reconstructions 
indicate an average slab speed of 12 ± 3 mm/yr (van der Meer et al. 
(2010, 2018)), which corresponds to about 100 Myr and 180 Myr be-

fore the slabs reach mid lower-mantle (1800 km) and lowermost mantle 
depths, respectively. Slab size and morphology also affect water loss, 
with slab-widths ranging from less than 500 km to more than 10 000 
km and subducted slab edges typically extending 1000-1800 km deep 
and about 300 km thick as illustrated by the Mariana slab (edge ∼ 1400 
km) or the New Hebrides slab (edge ∼ 1500 km) (van der Meer et al. 
(2018)). Slab size and morphology, however, change with depth due 
to variations in mantle viscosity and thermal conductivity. Slabs can 
possibly stretch and thin with decreasing viscosity or flatten, thicken, 
and contract with increasing viscosity (Rudolph et al. (2015)). They 
may combine with one another to form bigger clusters or detach into 
smaller fragments (Grima et al. (2020)). Highly viscous cold slab mantle, 
however, will probably not undergo extensive deformation and thinning 
and hence material length scales of material mixing are only ∼ meters 
at Gyr time-scales (Holzapfel et al. (2005); Manga (1996)). An inspec-

tion of tomographic images of the lower mantle (van der Meer et al. 
(2018)) suggests that slabs and slab remnants typically range from about 
Volslab/Volmantle ∼ 10−5 to ∼ 10−3 where Volmantle is the volume of the 
entire mantle, and Volslab is volume of the slab as interpreted from the 
tomographic images (van der Meer et al. (2018)). The hydrated core of 
the slab, however, will be smaller than this since the thermal diffusivity, 
𝜅, is at least an order of magnitude larger than 𝐷self for protons (Fig. 2).

To take into account the slab surface topography, we calculate 
the outflux from hydrated slabs with various slab-surface-area to slab-

volume ratios (i.e. SA:V) for a given slab volume ratio Volslab/Volmantle. 
The SA:V values chosen represent different typical slab morphologies as 
interpreted from the tomographic images (van der Meer et al. (2018)). 
Large lower mantle slabs represented by smooth “spheroid-like” or 
“cylindrical-like” bodies typically have SA:V values of ∼ 0.006 km−1, 
whereas sheets of subducting slabs (Kiraly et al. (2020); van der Meer 
et al. (2018)) typically have slightly higher SA:V (∼ 0.009 km−1). Sur-

face topography details with lengths < 100 km are not captured by the 
4

spatial resolution of tomographic images, which is typically ∼ 100 km. 
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Fig. 2. Calculated proton self-diffusion coefficient in Al-bearing bm us-

ing ab initio MD and Eq. (2.1). Top figure shows Arrhenius plots for dif-

ferent pressures written as: Dself/(m2 s−1) = 3.0 × 10−3exp(−0.37 eV∕𝑘B𝑇 ) 
at 25 GPa, Dself/(m2 s−1) = 1.6 × 10−3exp(−0.27 eV∕𝑘B𝑇 ) at 50 GPa, 
Dself∕(m2 s−1) = 1.1 × 10−3exp(−0.26 eV∕𝑘B𝑇 ) at 75 GPa, Dself∕(m2 s−1) 
= 2.3 × 10−3exp(−0.41 eV∕𝑘B𝑇 ) at 100 GPa, Dself∕(m2 s−1) = 2.3 ×
10−3exp(−0.43 eV∕𝑘B𝑇 ) and Dself∕(m2 s−1) = 1.6 × 10−3exp(−0.26 eV∕𝑘B𝑇 ) at 
25 GPa (w. Fe2+). The error-bars are 2𝜎. Bottom figure shows Dself of protons 
in Al-bearing bm along an ambient mantle geotherm (green line) taken from 
Stixrude et al. (2009) but slightly adjusted to match a CMB temperature of 4000 
K (Trønnes et al. (2019)). The cold (blue) and hot (red) slab geotherms are taken 
from (Nishi et al. (2014) and Trønnes et al. (2019)) respectively. The yellow 
line shows proton diffusion in Al-free bridgmanite (Peng and Deng (2024)). The

thermal diffusivity is calculated from the thermal conductivity, 𝑘, taken from a 
diamond anvil cell (DAC) study (Edmund et al. (2024)) using 𝜅 = 𝑘∕𝜌𝑐p. Here 
we use a specific heat, 𝑐p, and density, 𝜌, of 449.9 J kg−1 K−1 and 5916.2 kg/m3

respectively, taken from (Okuda et al. (2017)) for CMB conditions. The value 
of 𝑘 is consistent with those found from experimental DAC data for bridgman-

ite and post-perovskite in lower mantle lithologies (Okuda et al. (2017, 2020); 
Ohta et al. (2012)) as well as those from thermodynamic modeling (Manthilake 
et al. (2011)).

Nevertheless, we also investigate water loss from hydrated slab cores 
with “rugged” surfaces, constructed by replacing a smooth interface 
with a wavy surface having amplitude and wavelengths similar to a 
proton’s average diffusion-lengthscale for a lower-mantle slab lifetime. 
Such “rugged” large-surface area slabs have a SA:V that is about 6 times 

larger than corresponding smooth objects.
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Fig. 3. Concentration profiles as a function of the distance 𝑥 perpendicular to the 
hydrated slab-ambient-mantle interface for cold (blue curves), normal (green 
curve) and hot (red curve) mantle temperatures at mid lower-mantle depths 
(1800 km) calculated using Eq. (2.2). For fast (thick line) and normal (thin lines) 
slabs we assume that it takes 50 and 100 Myr before the slab reaches mid lower-

mantle depths after entering the lower mantle. This is consistent with fast- and 
average slab-sinking rates of 20 and 12 mm/yr respectively (van der Meer et al. 
(2018)). The profiles are drawn assuming a constant water concentration of 0.1 
wt% within the hydrated portion of the slab and that the surrounding material 
is dry. The slabs have a SA:V = 9 ×10−3 km−1 and proton diffusion coefficients 
are average lower mantle values: i.e. 𝐷self = 1.6 × 10−9 m2 s−1, 9.0 × 10−9 m2

s−1 and 2.0 × 10−8 m2 s−1 for cold, ambient/average and hot mantle tempera-

tures respectively. The black dashed line shows a profile representative of proton 
diffusivity in polycrystalline bm with very small grains ∼ 10 micrometer). The 
red line also represents a profile for primordial-like water-rich heterogeneities 
- entrained from the lowermost-mantle structures (i.e. LLSVPs) by deep-rooted 
mantle plumes - rising rapidly (with speed 25 mm/yr) through the lower man-

tle.

Fig. 3 shows examples of water concentrations at a distance 𝑥 from 
the edge of the wet part of the slab into the dry-slab and ambient mantle 
at mid-mantle depths (∼ 1800 km) for a vertically sinking slab at dif-

ferent temperatures and slab speeds. The profiles for average ambient 
mantle temperature (green) and cold slab temperatures (blue) - repre-

sentative for sinking slabs at the top of the lower mantle to mid-mantle 
depths - show that loss of water from slabs due to proton lattice dif-

fusion only rehydrates the upper part of the lower mantle locally (i.e. 
on length-scale of a few km) near the hydrated part of the slab along 
the slab paths. We can estimate the proton traveling lengths, 𝑑𝑤, as a 
function of time, 𝑡, away from the hydrated slab core (interdiffusion) us-

ing 𝑑𝑤 =
√

𝐷self𝑡 for representative average values of proton diffusivity. 
The resulting profiles are plotted for different mantle geotherms in Fig. 4

together with an estimated average (lower mantle) thermal diffusivity 
profile (Edmund et al. (2024)).

Lattice diffusion length scales of protons in bm away from the wet-

dry interface during the slab’s journey to the lowermost mantle (∼ 200 
Myr), are less than 3 km for a representative cold lower mantle geotherm 
and ∼ 5 km for an ambient lower mantle geotherm. During the last 3-5 
billion years, 𝑑𝑤 is only a few tens of km, emphasizing that recycled 
water is far from homogeneously distributed in the lower mantle, but 
rather controlled by the trajectories of subducted slabs and its distri-

bution within them. Grain boundary diffusion, however, could possibly 
alter these estimates since protons in general diffuse much faster along 
grains than within lattices. If the grains are very small (i.e. on the size of 
10 micron or less), grain-boundary diffusion may significantly enhance 
the overall bulk diffusivity (also at high temperatures). Bulk diffusivities 
for olivine, wadsleyte and ringwoodite aggregates with very small grain 
sizes (∼ 10 μm) are typically about one order of magnitude higher than 
those for single crystals (Demouchy (2010); Huang et al. (2005); Ohtani 
5

and Zhao (2009); Sun et al. (2015); Caracas and Panero (2017); Yoshino 
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Fig. 4. Average diffusion length scales for protons in bm along cold and normal 
geotherms, together with estimated diffusion lengths in polycrystalline bm with 
very small grain sizes (< 10 μm), from 𝑑𝑤 =

√
𝐷self𝑡. The thermal diffusivity, 

self diffusion coefficients and estimated diffusion in polycrystalline bm are the 
same as those used to plot Fig. 3 (see Fig. 3 caption for values used).

et al. (2008)). Therefore, it is reasonable to assume that the proton dif-

fusion coefficient for polycrystalline bridgmanite with very small grain 
sizes (∼ 10 μm) is also about one order of magnitude higher than that 
in the crystalline phase, and we can therefore estimate proton traveling

lengths for polycrystalline bridgmanite with tiny grains. The calculated 
𝑑𝑤 for cold slabs with such small grains (∼ 10 μm) at mid-mantle depths 
are less than 20 km and about 25-30 km when slabs reach the lowermost 
mantle. Predictions of lower mantle grain sizes, however, range from a 
few tens of micrometers to centimeter (Fei et al. (2021); Solomatov et al. 
(2002)) suggesting that the bulk diffusion coefficient in the lower man-

tle is likely to be markedly smaller than that of polycrystalline bm when 
the grains are ∼ 10 μm. The calculated 𝑑𝑤 in polycrystalline bm with 
such small grains therefore probably provides upper bound constraints 
on proton interdiffusion length-scales in the lower mantle.

In Fig. 5 and Table 1 (supplemental information) we report net loss 
of water from downgoing slabs to dry slab peridotite/ambient mantle 
for different slab speeds, geotherms and SA:V. In general, we find that 
slabs lose very little water and the outflow of water is less sensitive to 
slab topography and slab speed than it is to slab temperature (i.e. proton

diffusivity). A typical slab with an average speed of 12 mm/yr and SA:V 
= 0.009 km−1 is expected to lose far less than 1% of its total water 
content on its journey through the lower mantle to the CMB. An upper 
bound constraint on water loss for slow slabs with high values of SA:V 
is about 1% of the total water content of the slab.

3.3. Lower mantle water distribution

Because the fate of recycled water in the lowermost mantle is so 
closely tied to that of the slab material that hosts it, it is important to 
consider possible slab trajectories in the lower mantle (Fig. 6) to map the 
water distribution. Generally, when the slab material has reached the 
lowermost mantle, it is thought to be swept by large-scale (viscous) man-

tle flow toward the two Large Low Shear Velocity Provinces (LLSVPs) 
(Torsvik et al. (2016)). Broad-scale upwellings above the LLSVPs (Con-

rad et al. (2013)) may capture this slab material and bring it back 
toward the upper mantle. For typical rates of lower mantle flow (∼10-

20 mm/yr), this journey of ∼ 10 000 km would require a transit time 
as long as 0.5-1.0 Gyr. Our estimates of water loss from the slab rem-

nants show that the slabs lose less than 1% of their total water content 
on their journey back to the MTZ (see Table 1 in SI). After returning to 
the MTZ, this transported water may be temporarily stored in the tran-

sition zone and eventually outgass at hotspots or the mid-ocean ridge 

system (completing a solid-earth water cycle).
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Fig. 5. Net water loss from lower mantle slabs/slab remnants to the ambient 
mantle as a function of lower mantle residence time. The slabs have the same 
SA:V as typical sheets of slab lithosphere with width and thickness of 1200 km 
and 300 km (i.e. SA:V = 0.009 km−1) as well as an example of water loss of 
slabs with more “rugged” surfaces (i.e. with SA:V = 0.05 km−1) constructed as 
explained in the main text. Loss of water from slabs containing bm with grains 
less than 10 μm are also displayed. The proton self diffusion coefficients are the 
same as those reported in Fig. 3.

Given that water remains within slab material in the mantle, we can 
use global fluxes to estimate water transport rates within the solid earth 
water cycle. Since the Mesozoic, slabs have removed an average of about 
4 km2 of oceanic lithosphere per year (Crameri et al. (2019)). If we as-

sume an average thickness of the oceanic lithosphere of 80 km, this 
implies a slab flux rate of 1.1 ×1021 kg/Myr, which would fill the lower 
mantle in about 3 Gyr. This implies that the plate tectonic system has 
processed a mass equal the lower mantle about once during the age of 
the Earth. One ocean mass (1 OM = 1.4 × 1021 kg) of water can be sub-

ducted by this system in 3 Gyr if slabs transport an average of 0.044 
wt% water into the lower mantle. Since, however, the warmer edges 
of the cold slabs are likely to be dehydrated before entering the lower 
mantle (van Keken et al. (2011)), only the cold inner core of subducted 
slabs, up to about 35 km thick for the coldest slabs, will maintain an el-

evated concentration of water. For example, cold slab cores that are 35 
km thick and hydrated at 0.1 wt% would also bring one OM of water 
into the lower mantle in about 3 Gyr. At this rate, slabs in the lower man-

tle, which subducted during the past 500-1000 Myr (one lower mantle 
transit time), may currently store up to 0.3 OM of water.

The outer, dehydrated, portion of the slab, probably less than a few 
tens of km wide, would become slowly rehydrated as it passes through 
the lower mantle by proton diffusion from the hydrated portion of 
the slab. The calculated 𝑑𝑤 for protons is approximately 12-17 km for 
𝐷self = 9.0 × 10−9 m2s−1 and a transport time 𝑡 ∼ 500-1000 Myr be-

fore ascent. If proton diffusion along grain boundaries dominates with 
Dself = 9.0 × 10−8 m2s−1, then the proton average traveling length in-

creases to 𝑑𝑤 ∼ 40 − 50 km. By contrast, thermal diffusivity is of order 
10−6 m2s−1 (Edmund et al. (2024)), which gives a lengthscale of 𝑑𝑠 ∼
125-180 km. Thus, cold thermal anomalies associated with subducted 
slabs spread much faster than the water carried by the slabs. The higher 
strength associated with these cold temperatures may help to protect 
the slab’s hydrated core, allowing slabs to travel with their water along 
with larger-scale mantle flow (Fig. 6).

Water in slab material that gets subducted into the lower mantle is 
unlikely to be significantly sampled by plumes, for two reasons. First, 
plumes rise from the hot lower thermal boundary layer that sits on 
the core-mantle boundary (Duncan and Richards (1991); Cagney et al. 
(2016)). This boundary layer may be pushed by large-scale mantle flow 
toward the LLSVP edges, from which plumes rise toward the surface 
(Heyn et al. (2020)). Subducted water stored in the original cores of 
slabs, either in wet bridgmanite or hydrated silica from entrained crustal 
6

minerals, can diffuse at most only a few tens of km as the slabs transit 
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the mantle (Fig. 4). Because the cold temperatures of the slab diffuse 
outward more quickly, water can become trapped within the cold slab 
interior (Fig. 6). This cold slab region should be stiffer than its surround-

ings, and thus the water it holds is not likely to interact with the thermal 
boundary layer on the core-mantle boundary, and is therefore unlikely 
to be drawn into plumes. Instead, water carried upward by plumes likely 
samples water from the core-mantle boundary region (see the next sec-

tion) (Hallis et al. (2015)) or possibly from storage reservoirs in the 
LLSVPs. Indeed, the LLSVPs may be partly composed of recycled oceanic 
crust (Trønnes et al. (2019)), containing possibly hydrated silica (Wal-

ter (2021)), which can become entrained in the hot center of the plume 
conduits (Jones et al. (2016)).

Second, the plume flux is smaller than the subduction flux, which in-

dicates that downward subduction is largely replaced by mantle return 
flow, rather than plumes. Specifically, we estimate the total plume mass 
flux as 2.3 × 1020 kg/Myr, which is about one quarter of the subduc-

tion flux rate estimated above. This rate is based on the global plume 
buoyancy flux of 46.2 Mg/s (Hoggard et al. (2020)) and the assumption 
that thermal buoyancy only accounts for 𝛼Δ𝑇 = (3 ×10−5K−1)(225 ◦C) =
1∕148 of the plume’s total mass flux. Some periods in the past (e.g., 
the Cretaceous) may have experienced significantly more plume activ-

ity than this estimate suggests. Nevertheless, only a fraction of the lower 
mantle mass of 3 × 1024 kg could be fully processed by plumes in the 
past 3 Gyr. Thus, most subducted water is transported by background 
mantle flow, instead of plumes.

Since it takes 500-1000 Myr for subducted material to descend into 
the lower mantle and re-emerge into the transition zone, water that was 
subducted in the Phanerozoic and earlier may still reside within cold 
slab material in the lower mantle. Applying the current regassing rates of 
2 ×1011 −4 ×1011 kg/yr (van Keken et al. (2011); Parai and Mukhopad-

hyay (2012)) to the past 500-1000 Myr suggests that 0.07 to 0.28 OM 
of recycled water may currently be stored in the lower mantle. This esti-

mate of water storage implies that the average hydrated slab core would 
be 20-30 km thick and hydrated at 0.1 wt%. Such estimates are consis-

tent with estimates of slab core thickness (van Keken et al. (2011)) and 
below the water storage capacity of bridgmanite in peridotite (Litasov 
et al. (2003); Fu et al. (2019); Murakami et al. (2002)). We note that 
even faster regassing rates may have applied earlier in the Phanerozoic 
because faster subduction at past times could bring even more water 
into Earth’s deep interior. For example, regassing rates were approxi-

mately double today’s rate throughout the Cretaceous, and at times up 
to 4 times faster (Karlsen et al. (2019)). If we allow that regassing rates 
in the Phanerozoic and earlier may have been double that of today, the 
lower mantle could currently store 0.5 OM of recycled water within sub-

ducted slab material. On the other hand, the water storage in the lower 
mantle may be reduced if only part of the water that is subducted be-

yond the back-arc successfully makes it to the MTZ and into the lower 
mantle (Walter (2021)). Regardless of these uncertainties, lower man-

tle slabs likely provide temporary storage for water as it transits back to 
the TZ. The retention of water within the slabs, coupled with the long 
residence time of slabs in the lower mantle, means that transiting slab 
remnants carry significant quantities of recycled water.

3.4. Origin of low D/H values sampled by deep-rooted plumes and 
core-mantle water exchange processes

Although a large fraction of water is likely to remain within the slab 
remnants and will eventually return to the transition zone, water in slab 
material that approaches the core-mantle boundary can also possibly re-

act with, or partition into, the core if the core remains undersaturated in 
hydrogen/water (Li et al. (2022b)). We can roughly constrain the possi-

ble influx of water from slab remnants into the core over the last 3 Gyr 
from Eq. (2.2) using representative values of proton diffusivity in the 
outermost core and assuming a largely stagnant outermost E” layer. Us-

ing a proton self-diffusion coefficient of 8 ×10−8 m2 s−1 in a liquid iron 

alloy at 4500 K (Li et al. (2022a)) and assuming that the slab remnants 
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Fig. 6. Possible trajectory of subducted water within the lower mantle. Water that is retained within the slab after it passes through the transition zone will be stored 
within the cold hydrated core of the slab (dark blue). We have shown that 𝑑𝑤, which is the length scale for proton diffusion away from this hydrated core, is much 
smaller than 𝑑𝑠, which is the length scale for thermal diffusion away from slab (see inset). This suggests that water will remain within the cold interior of the slab, 
and isolated from both the ambient mantle and the core-mantle boundary region, as it transits the lower mantle toward the LLSVP regions and eventually returns 
toward the partially-hydrated transition zone. Because the ambient mantle remains dry, water may diffuse from the metallic core into a region of thickness 𝑑𝑤 (dark 
blue region above the CMB). This primordial water will remain within the lower thermal boundary layer, which has a larger thickness 𝑑𝑡 because diffusion of heat 
is faster than diffusion of water (see inset). Plumes rising from CMB region may thus bring primordial water toward the surface.
are water saturated (with ∼ 0.1 wt% water) near the CMB, we find that 
less than 10% of the recycled water in the slab material is lost to the 
core since subduction was initiated. This estimate probably represents 
a significant overestimate since we argue above that the hydrated parts 
of the old slabs are unable to approach the CMB because they are sur-

rounded by stiff zones of cold and dehydrated mantle peridotite (Fig. 6). 
If the bottom layer of the lowermost mantle (a few tens km thick) is es-

sentially dry, water could rather be drawn out of the core as we discuss 
below. Overall, far less than 0.1 OM of recycled water, if any, has en-

tered the core over the last 3 Gyr due to diffusional influx.

The diffusivity of protons in bridgmanite can also provide constraints 
on the extent of possible primordial water reservoirs in the lower mantle. 
Melt inclusions in OIBs from, e.g. Baffin Island, often have anomalously 
low D/H and high He3/He4 values suggesting that these inclusions are 
sampling primordial water that may have become trapped and preserved 
in the core or somewhere deep in the lower mantle despite 4 Gyr of 
mantle convection (Stixrude and Karki (2005); Labrosse et al. (2007); 
Caracas et al. (2019)). Fig. 4 shows that d𝑤 is a few tens of km af-

ter about 4 Gyr, placing constraints on the size of possible primordial 
reservoirs/heterogeneities isolated from convection if they are to ex-

ist over the age of the Earth. The convective and partly molten ULVZs 
will probably not be able to hold primordial water alone over such a 
long time, but can act as a “staging post” for primordial water leakage 
from, e.g., the core to feed plume conduits. Mantle plumes can also sam-

ple from both the LLSVPs and the lower thermal boundary layer of the 
core-mantle boundary region (Heyn et al. (2020); Cagney et al. (2016); 
Duncan and Richards (1991)). The Earth’s metallic core and the LLSVPs 
therefore provide potential sources for long-term storage of primordial 
water.

In spite of the highly sidrophile nature of protons, slow direct out-

gassing of primordial water from the core to the lowermost mantle is 
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still possible, at least locally, driven by an “out of equilibrium” water-
undersaturated (dry) lowermost mantle. Even in lowermost mantle re-

gions where cold wet slabs were deposited, the bottom few tens of km 
above the CMB may still be very dry since the length scales of proton 
outgassing from slab remnants are too short even at Gyr time scale to 
wetten the bottom of the D” (Peng and Deng (2024)). Water from the 
hydrated part of the slabs may therefore be unable to reach the CMB. 
A very dry region near the CMB could drive (slow) outgassing of pri-

mordial water from the core. Plumes rising from the lower boundary 
layer can then entrain this outgassed primordial water, uncontaminated 
by recycled water, and bring it toward the Earth’s surface (Fig. 6). Since 
𝑑𝑤 ∼ 10 km for protons (along a representative hot thermal mantle pro-

file) is much shorter than typical plume dimensions of ∼ 100-300 km 
(French and Romanowicz (2015)), there will be little (diffusional) wa-

ter exchange (< 1%) between plumes and the ambient mantle in the 
∼ 50 Myr ascent time of plume-entrained material. That is primitive 
D/H ratios observed within erupted plume material likely reflect the 
ratios within the deepest mantle unless D and H are diffusionally frac-

tionated. We can estimate the extent of diffusional fractionation of the 
two isotopes within a plume heterogeneity of bridgmanitic material dur-

ing the ∼ 50 Myr ascent through the lower mantle by comparing the 
proton and deuterum self diffusion coefficients in bm. From our cal-

culated Dself proton, 𝐷self deuterium can be obtained from the square root 
of their mass ratio using (Claire (1966); Van Orman and Krawczynski 
(2015)): 𝐷self deuterium =𝐷self proton × (

√
𝑚D

𝑚H
− 1) = 0.4 ×𝐷self proton. The 

interdiffusion length-scale of deuterium is therefore 0.6 × 𝑑𝑤, which in-

dicates that deuterium and proton could be diffusionally fractionated in 
primordial-like heterogeneities if they are stretched to thin filaments 
smaller than typical proton traveling lengths in ∼ 50 Myr. Hetero-

geneities that remain larger than this (e.g. a blob with 𝑟 > 10 km) will 
be able to preserve the D/H ratio in their cores during ascent to the MTZ 

(Farnetani et al. (2018)).
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Estimating the volume of primordial water in the deep Earth, and 
the rate of water leakage toward the surface via plumes, is challenging 
because core-mantle water fluxes are strongly dependent on the wa-

ter distribution in the young Earth, which itself is poorly constrained. 
As discussed above, if the MO was largely depleted in water before 
it froze, the lowermost mantle could have been essentially dry for a 
long time, favoring the flow of water out of the core despite of the 
siderophile nature of protons (Li et al. (2022b)). Such a scenario is 
probably dependent on the MO redox state. That is, under highly re-

ducing (enstatite-like) conditions, the magma ocean probably produced 
H2 (and CO) rich gases (Schaefer and Fegley (2010)) that can read-

ily outgas, escape the Earth (Bower et al. (2022); Walter (2021)), and 
deplete the silicate melt/mantle. On the other hand, more oxidizing con-

ditions, which could be present if accreted materials were made largely 
from CI and CM carbonaceous chondrites (Schaefer and Fegley (2010)), 
should lead to high solubility of water in the MO and hydrogen dissolu-

tion in growing crystals. These processes would hinder - or slow down -
extensive early outgassing. This suggests, in turn, that bridgmanite/post-

perovskite could have stored a substantial amount of primordial water 
during the 4 Gyr since the freezing of the MO, in addition to the recycled 
water that is currently stored within the mantle minerals of transiting 
cold slabs and accumulations of oceanic crustal material. Water trapped 
in the lowermost mantle could potentially diffuse into the outer core 
(Ohtani and Zhao (2009); Kim et al. (2023)) under these conditions.

The water distribution of the lowermost mantle is highly heteroge-

neous and under constant change. Protons can travel both into and out 
of the core depending on short and intermediate length-scales of the 
water distribution in the lowermost mantle. However, even in cases 
where the lowermost mantle contains a substantial amount of water, 
over Gyr length scales, the relatively “slow” diffusion of protons in bm 
suggests that there has been little exchange of water/protons between 
the core and the mantle compared to the total hydrogen amount. The 
current core content thus largely reflects the initial delivery of water 
from mainly chondritic material with possible addition from nebular in-

gassing (Wu et al. (2018); Li et al. (2022b)).

4. Conclusions

Ab initio molecular dynamics simulations offer a powerful atom-

istic insight into proton diffusion mechanisms in lower mantle minerals 
and can help to constrain flux rates across boundaries to map deep 
water cycles occurring throughout Earth’s history. From these atom-

istic trajectories we extract the proton self diffusion coefficient for 
Al-bearing bridgmanite at lower mantle conditions and fit Arrhenius 
equations as follows: Dself/(m2 s−1) = 3.0 × 10−3exp(−0.37 eV∕𝑘B𝑇 ) 
at 25 GPa, Dself/(m2 s−1) = 1.6 × 10−3exp(−0.27 eV∕𝑘B𝑇 ) at 50 
GPa, Dself∕(m2 s−1) = 1.1 × 10−3exp(−0.26 eV∕𝑘B𝑇 ) at 75 GPa, Dself∕
(m2 s−1) = 2.3 × 10−3exp(−0.41 eV∕𝑘B𝑇 ) at 100 GPa, Dself∕(m2 s−1) = 
2.3 ×10−3exp(−0.43 eV∕𝑘B𝑇 ) and Dself∕(m2 s−1) = 1.6 ×10−3exp(−0.26
eV∕𝑘B𝑇 ) at 25 GPa (w. Fe2+). These rates imply a proton diffusion 
length-scale less than 10 km in lower mantle peridotite during the 150-

200 million years timescale for slab material to sink through the lower 
mantle. Even at the age of the Earth the proton diffusion traveling length 
is small compared to the sizes of the slab remnants. Therefore only the 
outer part of a wet slab interior will become partly degassed, while the 
water concentration in the slab’s inner core will remain constant. Only 
a small fraction of the water that manages to escape the wet slab core 
will be released into the surrounding ambient mantle.

Assuming that a lower mantle overturn takes 500-1000 Myr and us-

ing present-day ingassing rates of 2 − 4 × 1011 kg/yr (van Keken et al. 
(2011); Parai and Mukhopadhyay (2012)) suggests that 0.1-0.3 OM of 
water remains trapped within slabs that are transiting the lower mantle. 
This water may be stored within cold cores of lower mantle slabs that are 
20-35 km thick and remain hydrated at levels of 0.10 wt% as they transit 
the lower mantle (Fig. 6). Protected by the cold, stiff, and dehydrated 
8

exterior of the slab (Fig. 6), this water within the slab interior is un-
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likely to come into sufficiently close contact with the metallic core to be 
drawn further downwards, despite water’s strong affinity to iron. This 
suggests that recycled water may not react with iron to form hydrox-

ides, and indicates little influx of recycled water into the core over the 
age of the Earth. By contrast, deep-rooted mantle plumes may entrain 
materials containing primordial-like water with anomalously low deu-

terium/hydrogen ratio that has diffused from unprocessed reservoirs in 
the lowermost mantle and/or the core into the lowermost (dry) mantle. 
Because of “slow” proton diffusion, plumes may preserve these signals 
in entrained heterogeneities (e.g. a blob with r > 10 km) as they rise 
toward the surface.

5. Supplementary materials

Table 1

Net water loss from slabs (remnants) in the lower mantle, calculated from the 
time they enter the lower mantle until 1) they reach mid lower mantle depths 
(1800 km) and 2) complete a lower mantle cycle. We analyze water loss from 
slabs along different geotherms (temperatures), with different slab residence 
times (slab speeds) and SA:V ratios. Three different slab morphologies are inves-

tigated including those represented by smooth compact “sphereoid-like” slabs 
with SA:V = 0.006 km−1, lower mantle slabs with the same shape and SA:V 
as typical sheets of slab lithosphere with width 1200 km and thickness 300 
km (SA:V = 0.009 km−1), as well as slabs with “rugged” surfaces or stretched 
filaments with SA:V = 0.05 km−1 constructed as explained in the main text. 
Calculations marked as “𝑎” are estimated water loss from slabs with polycrys-

talline bm containing grains that are less than ∼ 10 μm.

geotherm 𝐷self (10−9

m2/s)

Slab speed 
(mm/year)

SA:V (km−1) Water loss 
(1800 km) 
(% slab 
water 
cont.)

Water loss 
(LM cycle) 
(% slab 
water 
cont.)

cold 1.6 9 0.0060 0.025 0.074

1.6 9 0.0091 0.039 0.112

1.6 9 0.0481 0.205 0.593

normal 9.0 9 0.0060 0.061 0.176

9.0 9 0.0091 0.092 0.265

9.0 9 0.0481 0.487 1.407

normal 9.0 12 0.0060 0.055 0.157

9.0 12 0.0091 0.084 0.237

9.0 12 0.0481 0.444 1.258

hot 9.0 20 0.0060 0.039 0.124

9.0 20 0.0091 0.059 0.187

9.0 20 0.0481 0.315 0.995

hot 20 20 0.0060 0.059 0.185

20 20 0.0091 0.088 0.279

20 20 0.0481 0.470 1.482

normal𝑎 90 12 0.0060 0.176 0.458

90 12 0.0091 0.265 0.692

90 12 0.0481 1.401 3.674
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