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Abstract

This study explores a chemo-thermo-dynamic subduction zone model that solves for slab dehydration during subduction.

We investigate how changes in the incoming plate’s hydration and thermal structure may effect the efficiency of sub-arc water

release from sediments, crust, and serpentinized mantle. We find that serpentinized lithospheric mantle may not only be an

important fluid source to trigger arc melting but is also an efficient ‘transport-lithology’ to recycle chemically bound water into

the deeper mantle. In fact, an old slab may remain sufficiently cold during subduction to retain up to 40% of its initial ‘mantle’

water at 8 GPa (f 240-km depth) after serpentine transforms to higher pressure hydrous phase A.

Furthermore, deep water recycling at subduction zones is parameterized in terms of slab age and speed. Coupling this

parameterization to a parameterized mantle convection evolution model allows us to calculate the mantle-surface geologic water

cycle throughout the Earth’s history. We find that the present-day Earth mantle may be highly outgassed containing only a small

fraction of the Earth’s water, which would mostly be recycled water from the exosphere.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction deposited onto it adding material containing both pore
The subduction zone water cycle, i.e. the hydration

and dehydration of subducting oceanic lithosphere, is

a key process in understanding arc magmatism and

volatile recycling processes. Hydration of oceanic

crust begins at mid-ocean ridges through high-T and

low-T hydrothermal alteration and continuing more

slowly as the seafloor ages. During the plate’s resi-

dence at the seafloor, sediments are continuously
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and chemically bound water. Finally, there is increas-

ing speculation that as the plate bends during subduc-

tion, its cold lithospheric mantle may become

significantly hydrated [1–4].

Dehydration occurs deeper within the subduction

zone by fluid releasing metamorphic reactions. These

rising fluids flux the mantle wedge where they are

commonly believed to trigger arc melting (Fig. 1). It is

now commonly accepted that arc lava chemistry

shows a subduction component originating from the

preferential transport of fluid mobile elements from

the slab into the arc melting region (e.g. [5]). Like-



Fig. 1. Schematic drawing of the subduction zone water cycle. Water is chemically bound within the incoming plate’s sedimentary, crustal, and

mantle portions. Slab fluid release can be divided into three stages: (1) shallow fluid release occurs at depths < 20 km from subducting

sediments and may be related to fluid expulsion at cold vent sites in the fore arc region [49]. (2) Intermediate depth (20–100 km) water release

from sediments and ocean crust may lead to cold upwelling along the ‘subduction channel’ [50]. Deep fluid release (>100 km) from oceanic

crust and deserpentinizing mantle triggers arc melting. Some fraction of the incoming plate’s initial water content is retained and recycled to

greater mantle depths. Contour lines illustrate schematically temperatures at a subduction zone.
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wise, most recent studies agree that subduction-related

recycling of altered, i.e. hydrated, oceanic lithosphere

is necessary to explain some aspects of the mantle’s

chemical evolution (e.g. [6]). Element recycling with-

in the subduction factory is therefore intimately linked

to the subduction zone water cycle.

But the subduction zone water cycle is also related

to the formation and evolution of the oceans. Although

the initial Earth probably accreted a large amount of

exospheric water, it is likely that the moon forming

impact led to the desiccation of the exosphere. After

this impact, strong volcanic activity on the young

Earth led to the outgassing of water from the mantle

which ultimately formed the oceans (see [7] for addi-

tional information on the early Earth). It remains,

however, a matter of vigorous debate how much water

remained within the mantle, how much outgassed into

the oceans, and howmuch water is potentially recycled

back into the mantle at subduction zones.

A better understanding of the subduction zone

water cycle therefore helps to better understand the

chemical evolution of the Earth’s mantle and exo-

sphere. To further constrain this water cycle, the

water input into a subduction zone and the amount

of sub-arc water release both have to be known.

Unfortunately, determining the water input into a

subduction zone is not easy. While fairly good (and
converging) estimates exist for the sediment and

crustal portions of the incoming plate [8–11], much

less is known about the lithospheric mantle’s degree

of hydration [3,4,12].

In order for surface fluids to hydrate mantle rocks,

the fluids must be able to pass through the sediments

and crust to reach the mantle. Normal faults occurring

during plate bending between the outer rise and the

trench axis provide possible fluid pathways for deep

water transport. High resolution, deep imaging, seis-

mic reflection profiles show normal faults that cut

across the crust at least (>15 km) deep into the

lithospheric mantle [3]. These ‘bend-faults’ may act

as conduits for sea water to reach and react with

lithospheric mantle rocks to make serpentine. In this

scenario, the incoming lithospheric mantle would be

highly serpentinized around these faults while the

unfaulted parts would be practically dry. The average

degree of serpentinization/hydration would then de-

pend on the ‘spacing’ of bend-faults between the

trench axis and the outer rise.

‘Lithospheric’ serpentine is commonly seen in Al-

pine peridotites, and based upon this evidence, serpen-

tinites have previously been proposed to be a

significant source of water during sub-arc slab dewa-

tering [12,13]. Slab-mantle dehydration has also been

related to double zone earthquakes [1,14–16], arc
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magmatism [2], and a water-flux-forced transition from

gabbro to eclogite in the subducting slab [17]. Howev-

er, none of these studies can provide good estimates of

the extent of downgoing lithosphere serpentinization.

Serpentinites are known to have lower seismic P-wave

velocities than peridotites, but as yet no good sub-

crustal velocity models exist save for two recent studies

off Nicaragua and Chile which seem to show reduced

Moho P-wave velocities between the trench axis and

the outer rise [18,19] consistent with up to f 20% near

Moho serpentinization.

Unfortunately, the dehydration part of the subduc-

tion zone water cycle, i.e. the efficiency of slab

dewatering through metamorphic reactions, is also

quite poorly constrained. Seismic tomography, as well

as geochemical studies, can provide some insights

into the amount of slab derived water in the mantle

wedge, but so far thermal models seem to be the most

promising ‘tool’ for study of sub-arc water release.

Here, we use a numerical model to determine a self-

consistent water budget for subduction zones to help

to further constrain recycling processes at convergent

margins.
2. Modeling

Several previous studies have used different

approaches to model the thermal and petrologic

structure of subduction zones. First, Davies and

Stevenson [20] and later Peacock [21] and Peacock

and Wang [22] presented ‘kinematic’ models in which

the (steady state) flow field is completely prescribed

by the boundary conditions. This type of model is

mainly used to map the thermal structure of specific

subduction zones. To understand the dynamics of

subduction, models need to include buoyancy forces,

so that the flow field is time-dependent—see, e.g.

[2,23–25]. Furthermore, there are ‘hybrid’ models

that contain ingredients of both model types which

are mainly used to study specific aspects of subduc-

tion that do not necessarily need a fully dynamic

solution. Examples of this are studies of mantle

wedge dynamics in the framework of a kinematically

driven slab, e.g. [26,27].

Studies of the petrologic structure of subduction

zones have so far mainly focussed on plotting

calculated geotherms onto phase diagrams [21,26]
(see, e.g. [28,29] for a new and thorough study).

This approach is useful to generally explore which

metamorphic reactions may take place during sub-

duction but does not include any feedback mecha-

nisms like metamorphic cooling due to latent heat

consumption.

Here we present a self-consistent model for tem-

perature, mantle flow, and water release at subduction

zones. The model includes buoyancy forces but

assumes a kinematically driven slab. Metamorphic

reactions are self-consistently implemented using trac-

er particles and synthetic phase diagrams calculated

with the thermodynamic tool-box PERPLEX.

2.1. Governing equations

The flow field is modeled assuming a vis-

cous (Stoke’s) flow model and the Boussinesq

approximation:

Bsij
Bxj

� Bp

Bxi
� qgi ¼ 0 ð1Þ

sij ¼ l
Bui

Bxj
þ Buj

Bxi

� �
ð2Þ

Bui

Bxi
uėv ¼ 0 ð3Þ

Eq. (1) is the force balance, Eq. (2) the constitutive

law, and Eq. (3) the incompressibility constraint. The

variables are the stress tensor sij, the pressure p, the

density q, the gravitational attraction vector g, the

viscosity l, the velocity vector u, the physical coor-

dinate vector x, and the volumetric strain rate ėv (see
Table 1 for a complete list of variables). Density

variations only affect the buoyancy term in Eq. (1),

so that:

qðT ; dpÞ ¼ q0ð1� aðT � TmÞ � bdpÞ: ð4Þ

Here, T is the temperature, q the density and the

two constants a and b are the thermal expansivity

and the depletion buoyancy parameter. The deple-

tion, dp, represents the total amount of melt extrac-

tion experienced by a parcel of mantle. Although we

do not solve for melting in our model, we use this

parameter to account for compositional density dif-



Table 1

Complete list of symbols and parameters used in the model

formulation

Symbol Meaning Value Dimension

A average sea floor age – Ma

Aocean average area of oceans – m2

Hwr heat of water release – K

J Jacobi matrix – –

L latent heat – J kg� 1

P0 present fraction of

mantle processed at

ridges per year

1.0527� 10� 10 year� 1

R overturn rate of the

Earth’s mantle

– –

R0 present overturn rate of

the Earth’s mantle

9.5 Ga

S0 present-day average

spreading rate

2.7� 106 m2/year

T temperature – K

T* dimensionless

temperature

– –

Tm basal asthenosphere

temperature

1573 K

T0 surface temperature 273 K

V total volume of water in

the exosphere

– m3

b temperature dependence

of viscosity

15 –

cp specific heat 1250 J kg� 1 K� 1

d ocean depth – m

dp depletion 0–0.4 –

fH2O
volatile outgassing

efficiency during melting

0.99 –

g gravitational acceleration 9.81 m s� 2

h change in sea level – m

n time stepping index – –

p pressure – Pa

t time – s

u0 convergence rate 6.0 cm/year

u(u,w) velocity vector – m s� 1

x(x,z) coordinate vector – m

a thermal expansion

constant

3� 10� 5 K� 1

b comp. buoyancy

parameter

0.5� 10� 2 –

ė volumetric strain rate – –

j thermal diffusivity 10� 6 m2/s

q density – kg m� 3

q0 reference mantle density 3300 kg m� 3

l viscosity – Pa s

l0 reference viscosity 1019 Pa s

/ degree of hydration 0–1 –

sij stress tensor – –

X logical tracer coordinate

vector

– –
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ferences within the slab and among the incoming and

overriding plate.

As a cautious note, we want to emphasize that

although we account for buoyancy in the model

formulation, the intra-slab flow field is almost en-

tirely prescribed by the boundary conditions since

we assume a kinematically driven slab (see section

on boundary conditions). Although this is a simpli-

fication that prevents us from correctly treating the

dynamics of subduction, we chose to prescribe the

slab in order to be able to explore for a wide

parameter range the effects of different incoming

plate ages and speeds on the thermal solution with-

out having to carefully adjust for every model run

the viscous and buoyancy forces to match a certain

subduction rate.

Furthermore, we use a simple temperature-de-

pendent Newtonian viscosity law and augment it

with a pressure dependence that crudely simulates

an increase in ‘deeper mantle’ viscosity beneath

450 km:

lðT ; zÞ ¼ l0lðzÞexp b
1

T*
� 1

� �� �
ð5Þ

lðzÞ ¼ 1þ ½ð250� 1Þ=2�½1þ tanhð0:01ðz� 450ÞÞ�;
ð6Þ

b is a parameter characterizing the temperature de-

pendence of viscosity [30] and T* = T/Tm is the

dimensionless viscosity. Note that we do not explicitly

account for phase changes at the 410- and 660-km

discontinuity. Once the flow field is known, the

advection diffusion equation for temperature can be

solved. Here, we use a formulation of the heat

transport equation that includes the latent heat effect

of metamorphic reactions, i.e. the cooling of the

subducting slab due to its devolatilization:

BT

Bt
þ u

BT

Bx
þ w

BT

Bz

� �
� j

B
2T

Bx2
þ B

2T

Bz2

� �
þ Hwr

B/
Bt

¼ 0 ð7Þ

Here, u, w, x, and z are the horizontal and vertical

velocity and distance components. Hwr is a latent heat

term (Hwr = L/cp) and / is the weight fraction of

chemically bound water. In our model calculation,
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we do not include hydration processes, but rather

prescribe an initial hydration of the incoming plate.

As the subducting plate dewaters, we assume that the

liberated water ‘leaves’ the system, so that no new

hydrous phases are formed during subduction. This

implies that the term B//Bt is always less or equal to
zero.

2.2. Solving the equations

We use a combined finite element-finite differ-

ence technique to solve for mantle flow and tem-

perature. For the mantle flow part, we discretize the

modeling domain into rectangular four velocity

node-constant pressure finite elements, and use the

penalty method to solve the flow equations. To solve

the advection–diffusion equation, we use the high

precision finite differences algorithm MPDATA

which has relatively small numerical diffusion prob-

lems [31]. Since the heat transport equation includes

a source term that accounts for metamorphic cool-

ing, we iterate to obtain a self-consistent temperature

solution.

2.3. A tracer based model for slab petrology

We use a tracer particle advection scheme to track

the subducting slab’s chemical evolution. Tracer ad-

vection schemes have the advantage that they do not

suffer from numerical diffusion, so that they are well

suited for advecting non-diffusive properties like

chemically bound water. First, we present the tracer

method. Second, we will apply it to the specific

problem of tracking chemically bound water during

the subduction water cycle.

Standard tracer advection algorithms consist of

four parts: the advection equation (Eq. (8)), an

integration scheme, a localization process, and the

Jacobi matrix determinations [32]. A tracer’s position

is determined by its cell number and location, and

can be expressed in physical, x or logical coordi-

nates, X(0 < ni < 1, with i = x,z). The logical and

physical coordinates are interconnected by the Jacobi

matrix, J, so that X= J� 1x. Logical coordinates have

the advantage that whenever a logical coordinate is

unbound after integration (i.e. ni < 0 or ni>1), a tracer

particle has changed cells and a localization process

is necessary.
The tracer advection scheme can be written as:

Bn̄
Bt

¼ BxðnÞ
Bn

� ��1

	uxðxðn; tÞÞ ¼ unðxðn; tÞÞ ð8Þ

n̄nþ
1
2 ¼ n̄n þ un 	 Dt

2
ð9Þ

n̄nþ1 ¼ n̄n þ unþ
1
2 	 Dt ð10Þ

where ux is the physical coordinate velocity vector

and un the logical coordinate velocity vector; n is the

time stepping index and t the time. The integration

scheme always contains a trade-off between speed and

accuracy. A simple Eulerian integration scheme

requires only one evaluation of the RHS of Eq. (8),

but often critically reduces accuracy. We use a pre-

dictor–corrector advection scheme (Eqs. (9) and (10))

that requires two evaluations of the RHS of the

advection equation per time step but provides the

required level of accuracy. Higher order integration

schemes appeared to unnecessarily increase the com-

putational costs without a noticeable change in parti-

cle tracking in the downgoing slab. The localization

method is straightforward since we use a structured

orthogonal grid.

To model metamorphic reactions, we treat each

tracer as an object that contains in addition to its

location and cell number also density, volume, water

content, and thermal enthalpy. These properties are

mapped and scaled onto the grid points (i.e. the cell

nodes) using the finite element shape functions and

each tracer’s volume. The change in tracer properties

during subduction is determined with look-up tables

pre-calculated with the thermodynamic tool-box PER-

PLEX [33]. PERPLEX allows the calculation of p–T

property plots for any constrained bulk composition.

2.4. Initial and boundary conditions

We solve the equation within a (1600� 800 km)

sized rectangular box (Fig. 2). To enhance the resolu-

tion within the region of interest, we use an asymmet-

ric mesh (f 21000 nodes) with a maximum grid

resolution of 2 km in the subduction ‘hinge-region’.

For boundary conditions, we assume: on the left-hand

side of the box the horizontal velocity decreases

linearly from the convergence rate at the top to zero

at the bottom of the box—temperature is held constant



Fig. 2. The modeling domain. We use a asymmetric mesh with a maximum resolution of 2 km in the regions of slab dewatering.
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at its initial value; the bottom of the region is assumed

to be stress-free and the temperature is constant; the

right-hand side of the region is a symmetry plane with

zero heat flux across it; the top surface has zero vertical

velocity with the horizontal velocity of the overriding

plate set to zero; the horizontal velocity of the incom-

ing plate equals the convergence rate, u0, and the

temperature is constant. We initialize the temperature

field using a simple half-space model for oceanic

lithosphere for the incoming plate and a continental

geotherm for the overriding plate that corresponds to

70 mW/m2 surface heat flux [34]. We set the depletion

by assuming that the degree of depletion rises linearly

from 0% at a depth of 70 km to 20% at the top of the

incoming plate (this would be depletion due to MOR

melt extraction) and from 0% at a depth of 70 km to

30% at the top of the overriding, continental plate. To

decouple the motion of the overriding plate from the

subducting plate, we prescribe ‘‘weak nodes’’ along

the trench according to the initial slab dip [23]. To

isolate the effects of plate age and speed on slab

dehydration (and exclude the potential impact of

differing dip angles), we set the velocities at the slab

surface to a prescribed value. This modification results

in a more kinematically driven slab that subducts with

constant dip (45j) and speed.
3. Water cycling beneath an arc

Water cycling beneath an arc depends on: (1) the

incoming plate’s initial hydration, (2) the amount of
water release from the slab, and (3) the degree of

water recycling into the deeper mantle. Water release

and water retention depend upon the metamorphic

reactions that occur during subduction and slab meta-

morphism is controlled by the thermal regime of

subduction. We shall therefore first discuss the ther-

mal solution of our model.

3.1. Sensitivity of the thermal solution to subduction

parameters

In this study we explore how changes in subduc-

tion parameters (plate age and speed) may effect the

thermal structure and thereby water release beneath an

arc. Fig. (3a–c) shows calculated p–T paths for

different incoming plate ages and subduction rates.

All solid lines refer to the slab surface and the dashed

lines to p–T conditions 8 km beneath the slab surface

within the uppermost lithospheric mantle. It is clear

that for all convergence rates, temperatures within the

slab are generally higher when young/hot seafloor is

subducted. Differences in subduction rate do, howev-

er, influence the thermal solution in that slower

subduction rates lead to hotter geotherms because

the slab has more time to heat up by conduction.

Slab surface temperatures show in all cases a

typical S-shaped form when plotted against depth: at

depths < 70 km the geothermal gradient is low and the

heating of the slab is dominated by heat conduction

from the upper plate. At depths >70 km, the slab

surface is exposed to the hot convecting mantle

wedge. Wedge convection leads to a steady flow of



Fig. 3. Sensitivity of geotherms on subduction parameters. Solid lines show slab surface temperatures and dashed lines temperatures within the

lithospheric mantle 8 km below the slab surface.
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hot mantle material towards the slab which rapidly

heats the slab surface and gives rise to a steeper

geothermal gradient. Once the slab surface has heated

up closer to mantle wedge temperatures, the geother-

mal gradient flattens again. However, the higher the

subduction rate, the more pronounced the S-shape

form of a geotherm. This results from the vigor of

convection in the mantle wedge: the higher the

subduction rate, the more vigorous is wedge convec-

tion with resultant stronger heating of the slab surface.

Temperatures within the subducted lithospheric

mantle are not so affected by mantle wedge convec-

tion, since conduction is too sluggish to rapidly trans-

port heat from the slab surface to the lower crust and

upper mantle. Upper slab mantle geotherms therefore

show a less pronounced S-shaped form. The slab

surface therefore heats up much more rapidly due to

heating from the mantle wedge while the deeper parts

of the slab may remain significantly colder during

subduction leading to an inverted temperature profile.

These results are qualitatively and quantitatively

close to the results of similar previous models: van

Keken et al. [26] found the same effects of wedge

convection on slab surface temperature and when

compared to Peacock and Wang [22] estimates for

‘hot’ and ‘cold’ subduction, our geotherms represent

intermediate to cold subduction temperatures. None of

our geotherms comes close to ‘hot’ subduction because

we neglect shear heating. We believe that high shear

stresses are unlikely to occur within the fault zone; the

feedback between shear heating and frictional strength

will lead to a reduced strength of the décollement

before significant heating can occur. Since the amount

of shear heating is largely unconstrained, we have
neglected its effects in these calculations. However,

the good fit with previous models lets us believe that

our thermal solution is stable and realistic.

Another geodynamic parameter we neglect but

which may affect the thermal solution is the dip angle.

The justification of this simplification is that the main

application of this model is to calculate water recycling

at paleo-subduction zones. While we get information

on slab age and speed from a parameterized convection

model (see Section 5), no information is available for

dip angle. For this reason, we use a constant dip angle

in all model runs. Note that steeper dip angles usually

result in slightly colder geotherms, since conduction

has less time to heat up the slab.

3.2. The incoming plate composition and hydration

Plank and Langmuir [8] defined an average compo-

sition of marine sediments (GLOSS). GLOSS contains

7.29 wt.% water and in our model runs we assume a

sediment thickness of 350 m. These values result in a

water content of 0.6� 105 kg/m2 in a column of

sediment. Average ocean crust has a thickness of 6

km and is only partially hydrated (see Fig. 4a). We

make a conservative estimate of the average hydration

of oceanic crust by assuming that top first kilometer is

highly altered and contains 2.7 wt.% water. This highly

altered layer is underlain by a less hydrated (1 wt.%

water) 2-km-thick layer. The gabbroic lower portions

are assumed to be anhydrous. This composition corre-

sponds to a water content of 1.7� 105 kg/m2 in a

crustal column. In this study, we center on the role of

serpentinized mantle for water cycling at convergent

margins. Unfortunately, the oceanic lithospheric man-



Fig. 4. Three different possible models illustrating the degree of hydration of typical oceanic lithosphere. The curve in (a) is based on literature

values on the degree of hydration of oceanic crust. In (b) the incoming oceanic lithosphere includes a 10-km-thick partially serpentinized mantle

layer. Our preferred model is shown in (c) we assume that the degree of lithospheric mantle serpentinization decreases linearly from 5% at the

Moho to zero at the depth and temperature where serpentine becomes unstable (f 600 jC). This model implies that old slabs contain more

water bound in serpentine than young slabs.
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tle’s hydration is not well constrained. In our initial

model runs, we will assume that the incoming litho-

sphere contains a 10-km-thick weakly (5%) serpenti-

nized mantle layer (2.0� 105 kg/m2) of water. Fig. 4b

illustrates this initial plate composition.

We use the PERPLEX tool-box to calculate the

necessary phase diagrams and p–T property plots for

hydrated sediments, crust, and mantle (Fig. 5). In a,b

the phase diagram and p–T water content for GLOSS

is shown (for a more detailed discussion of the phase

relations, see [10]). For altered oceanic crust, we use

Staudigel’s (1996) [9] composition for metabasalt and

c,d show the calculated phase relations and p–Twater

content—see [35] for a more detailed discussion of

the phase relations. As an initial composition of

hydrated mantle, we use the one for harzburgite given
Fig. 5. Computed phase equilibria and p–T water content plots for the th

serpentinized mantle. Mineral abbreviations are: A-phase; ‘phase A’; Anth

coe, coesite; Cpx, clinopyroxene; cz, clinozoisite; Gln, glaucophane; Grt,

stishovite. Some mineral phases that are present in all fields have been om

and fluid; for metabasalt, clinopyroxene and phengite; and for hydrous

different positions within 40- and 120-Ma-old subducting lithosphere are
in [12] and the computed phase relations are shown in

Fig. (5e).

3.3. Sub-arc water release

We have made two example model runs assuming a

young (40Ma) slab and an old (120Ma) slab to explore

where fluids are released from a subducting plate. For

these two cases, Fig. 6a and b shows the temperature

field together with the regions of water release: green

contour lines mark sediment dewatering, cyan contour

lines water release from the crust, and yellow contour

lines mantle deserpentinization, and c,d show the

relative amount of water retention with depth.

The modeled pattern of water release from an 40-

Ma-old slab, shown in Fig. 6a, resembles the sche-
ree different slab fluid sources GLOSS sediments, metabasalt, and

, anthophyllite; Atg, antigorite; B, brucite; Bio, biotite; Chl, chlorite;

garnet; Lws, lawsonite; Opx, orthopyroxene; q, quartz; T, talc; stv,

itted in the labelling: for GLOSS these are phengite, quartz/coesite,

peridotite, olivine and clinopyroxene. Additionally, geotherms at

shown.



L.H. Rüpke et al. / Earth and Planetary Science Letters 223 (2004) 17–34 25



Fig. 6. Modeled water release at a subduction zone. In (a) and (b), the modeled regions of water release from subducting sediments (green),

oceanic crust (cyan), and serpentinized mantle (yellow) are shown for 40- and 120-Ma-old slabs, respectively. (b) and (c) show the relative

degrees of water retention at 8 GPa for the three different lithologies.
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matic scenario in Fig. 1. Water is continuously re-

leased from the subducting slab with the host reservoir

changing with depth. Sediments start to dehydrate at

shallow depths, at f 50-km depth the sediments have

already dewatered to over 50%, and by f 100 km

they contain only f 25% of their initial water chem-

ically bound in residual lawsonite. The reason for the

shallow dehydration is twofold: (1) the slab surface is

the hottest part of the slab and (2) GLOSS contains

initially a lot of water that can only be chemically

stored at low pressures and temperatures. Oceanic

crust efficiently (f 92%) dewaters between f 100-

and f 200-km depth. The relatively deep dewatering

of oceanic crust may partially result from the low

initial water content: at low pressures and temper-

atures, metamorphic reactions (e.g. chlorite and glau-

cophane breakdown) appear to be water conserving,

so that dewatering does not start until the crust has

heated up to approximately 550 jC.
Deep water recycling is controlled by the stability

of lawsonite which is the main water carrier at higher

pressures. Dehydration of serpentinized mantle occurs

between 120- and 200-km depth. When looking at the

p–T paths plotted onto the phase diagram of hydrous

peridotite in Fig. (5e and f), it is clear that temper-

atures within the entire hydrated mantle layer exceed

the stability field of serpentine before ‘phase A’ can

form, so that all water is released.

Comparing these results to the modeled pattern of

water release from an older (120 Ma) slab, (Fig. 6b

and d) shows that the general pattern persists, so that

first sediments, then crust and finally mantle dehy-

drates. The exact depths of water release do, however,

change with the incoming plate’s age; subduction of

an older plate leads to colder geotherms (Fig. 3), so

that fluid release from an older slab is less efficient

and occurs at greater depths. Within a 120-Ma-old

slab, oceanic crust may retain f 23% of its initial
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water, and serpentinized mantle may retain even more

water (f 35%). This efficient potential water reten-

tion in hydrous peridotites results from the altered

thermal structure of the hydrated mantle layer: parts of

this layer may remain cold enough ( < 600 jC) for

serpentine to transform to higher pressure ‘phase A’

thereby retaining some water to be recycled into the

deeper mantle (Fig. 5e and f). It is clear that the total

dehydration efficiency decreases with increasing in-

coming plate age: f 95% for a 40-Ma-old slab and

f 71% for a 120-Ma-old slab.

These findings depend strongly, of course, on the

validity of the computed phase relations. Especially

deep water recycling in sediments and crust is strong-

ly dependent on the accuracy of the calculated phase

relations for lawsonite. To minimize potential errors,

we have carefully checked the calculated stability

field of lawsonite with experimental data [12] and

find very good agreement. Deep water recycling in

hydrated peridotites depends mainly on the reaction

curve serpentine! phase A. Ambiguous experimen-

tal data exist for this reaction and we will discuss the

synthetic phase relations we used in the next section.
4. Deep water recycling

We have shown that some fraction of a slab’s initial

water content may still be chemically bound at 8 GPa

(f 240 km). While a small fraction of this water is

likely to be bound in subducting sediments and

oceanic crust, we will show that deep water recycling

may easily be dominated by subducting hydrated

lithospheric mantle, so that we here focus on the role

of serpentine. But what happens to chemical water

that ‘survives’ the primary stages of sub-arc dewater-

ing? It is a vigorous topic of current research if and

how slabs can recycle water into the transition zone or

the deeper mantle [36–38]—see [39] for a review of

water in the Earth’s upper mantle. For water to be

transported into the deeper mantle, an uninterrupted

chain of hydrous minerals has to be stable towards

higher pressures and temperatures. Up to pressures of

f 6 GPa and temperatures of f 600 jC, serpentine
is the dominant water carrier in hydrated mantle rocks.

Above this ‘choke point’ the most likely water carrier

minerals are the dense hydrous magnesium silicates

(DHMS) (e.g. [36]). Of the DHMS, phase A is
probably the only mineral stable at sufficiently low

pressures and temperatures to form by the consump-

tion of water liberated from the breakdown of serpen-

tine. Mapping the stability field of phase A is,

however, experimentally difficult and this stability

field varies from study to study [40,41]. The situation

is further complicated by the fact that most experi-

mental studies use the simplified MgO–SiO2–H2O

(MSH) system. In this aluminum and iron free refer-

ence system, the stability field of phase A is maxi-

mum. For more complicated/realistic compositions

little data is available. To address this problem, we

have modeled iron-solution in brucite, antigorite, and

phase A by making the assumption that the enthalpic

effect of octahedral iron substitution in these minerals

is identical to that in chlorite as evaluated from the

data of Holland and Powel [42]. This results in a

reduced stability field of phase-A and the computed

phase relations are shown in Fig. 5e. In our model

runs we explore deep water recycling by studying

how much water is still chemically bound at 240-km

depth. This value is the maximum amount of water

that may be transported into the deeper mantle.

4.1. The role of plate age and speed

The results presented in Section 3 have shown that

the incoming plate’s age affects the efficiency of fluid

release during subduction. These calculations as-

sumed a constant, i.e. age-independent, initial plate

composition. However, the thermal structure of the

incoming plate may also affect its initial hydration. In

our initial model runs, we assumed a serpentinized

mantle layer of constant thickness (10 km). This

thickness, however, is not consistent with the offset

(up to 50 km) between the upper and lower plane

earthquakes in slabs that have double plane earth-

quakes. It has been previously speculated that the

lower plane earthquakes may be triggered by serpen-

tine dehydration [1,14,15]. This would, however,

suggest that sea water circulation and therefore ser-

pentinization may occur at depths of up to 50 km

within the bending plate. This might imply that maybe

it is not the maximum penetration depth of sea water

that is the depth limiting factor for slab serpentiniza-

tion, but rather the fact that at a certain depth the slab

simply becomes too hot (>600 jC) to make serpen-

tine. If the f 600 jC isotherm marks the maximum
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depth to which lithospheric mantle rocks may become

hydrated, this implies that old plates may contain

more water than young plates because the depth of

this isotherm is plate age-dependent. We therefore

speculate that a more likely incoming plate composi-

tion could include a hydrated mantle that is 5%

serpentinized at the crust mantle boundary but the

degree of serpentinization decreases linearly from an

average of 5% at the Moho to 0% where serpentine

becomes unstable (f 600 jC) (Fig. 4c). Remember

that these average values represent the ‘spacing’ of

fully hydrated faults. Our incoming plate composition
Fig. 7. Water intake, release, and retention of a subducting slab for varyin

water, (b) shows the relative water retention at 8 GPa (f 240-km depth), (c

release into the arc melting region. In (e) and (f) the total amount of sub a

convergence rates.
therefore implies that the number of hydrated faults

reaching a given depth decreases linearly from the

Moho with depth. In this scenario a column of

serpentinized mantle of a young (20 Ma) slab contains

0.9� 105 kg/m2 of water and an old (160 Ma) slab

contains 4.5� 105 kg/m2.

Fig. 7 shows the outcome of a series of model runs

in which we systematically vary the incoming plate’s

age and hydration. In (a) the total amount of sub-

ducted water is plotted, in (b) the relative water

retention at 8 GPa is shown, in (c) the absolute water

retention, and in (d) the absolute amount of sub-arc
g plate ages. (a) Shows the amount of subducting chemically bound

) the absolute amount of water retention, and (d) the amount of water

rc water release and water retention at 8 GPa is shown for different
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water release as a function of incoming plate age. A

closer look at the water retention at 8 GPa shows that

older slabs do not only contain more water (a), they

also remain sufficiently cold during subduction to

retain relatively more water than younger slabs (b)

and thereby recycle also more water in absolute values

to greater mantle depths (c). It is clear from the

relative (b) and absolute (c) water retention at 8 GPa

that the amount of deep water recycling can easily be

dominated by water retention within the subducting

plate’s serpentinized mantle layer. Lithospheric ser-

pentinites may retain up to f 40% of their initial

water content (160-Ma-old slab; 10 cm/year) and are

therefore the most stable lithology to transfer chem-

ically bound water beneath the primary depths of sub-

arc water release into the deeper mantle. Note that

water retention within the basaltic crust also increases

with increasing plate age, so that a 160-Ma-old,

rapidly subducting (10 cm/year) slab may retain

f 35% of its initial crustal water.

It is clear from Fig. 7a that oceanic sediments do

not contain enough water to significantly influence the

subduction zone water cycle. We have therefore for

clarity not explicitly plotted the results for sediments

in (b–d); the sediment contribution is, however,

included in the total values plotted in (b–f). In (d)

the total amount of water release into the sub-arc

melting region is shown. In contrast to water reten-

tion, sub-arc water release does not correlate with the

total amount of subducted water. In fact, the amount

of water release remains remarkably constant for

differing plate ages/hydrations.

Another geodynamic parameter that may directly

influence fluid release from a subducting slab is the

convergence rate or plate speed. To constrain how

differing plate speeds affect fluid release, we have

performed the same set of model runs with varying

subduction rates. Plots (e) and (f) show the total amount

of water retention and sub-arc water release for plates

subducting at 2 and 10 cm/year, respectively. These

model runs show that higher subduction rates lead to

‘colder’ slabs and thereby less sub-arc water release.
Fig. 8. Possible evolution of the mantle’s average overturn rate (a)

and ocean floor’s average age (b). Estimates are based on the

assumption that the overturn rate is proportional to the square of

radioactive heat production.
5. The geologic water cycle

So far we have discussed water cycling beneath an

arc only on a local scale, i.e. we have not linked our
results to the global geologic water cycle—the out-

gassing of water at mid-ocean ridges and hotspots and

the recycling of water into the mantle at subduction

zones. We will next explore water recycling at sub-

duction zones on a global scale by linking our

modeling results to the global geologic water cycle.

We have shown that the average plate age and

overturn rate, i.e. the style of mantle convection, may

influence the amount of water that is re-injected into

the mantle at subduction zones. The style of mantle

convection has probably changed over geologic time

with the average overturn rate decreasing and the

average seafloor (plate) age increasing with time.

One way to determine the Earth’s average plate age

and overturn rate through time is to use a parameter-

ized mantle convection model. Phipps Morgan [43]

proposed one possible parameterization and argued

that if the Earth’s mantle temperature has remained

fairly constant over time, then the amount of radio-

genic heat production has to be equal to the degree of

convective cooling. This assumption yields the con-

clusion that the mantle overturn rate, R, is proportion-

al to the square of radiogenic heating, Q, so that

RfQ2. Likewise the average seafloor age A will be

inversely proportional to Q2, i.e. Af 1/Q2. These

considerations suggest that the average slab age and

speed evolved over geologic time as shown in Fig. 8.
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In (a) it is seen that the mantle differentiation rate and

thereby the average plate speed has experienced a 25-

fold decrease while the average plate age has in-

creased by a factor of f 25 over time (b). Note that

these implications may be significantly different if the

Earth’s mantle temperature has strongly changed over

geologic time; the argument that it remained constant

(or cooled by less than 300 jC) is based on komatiite

data and Phipps Morgan gives a more thorough

explanation—see [44] for a review of komatiites

and the thermal evolution of the Earth.

We use these values to parameterize water reten-

tion in subducting plates as a function of Earth age.

We do this by running a series of models assuming the

different plate ages and speeds provided by the

parameterized mantle convection model. To the out-

come of these model runs (Table 2) we fit a function

that thereby provides slab water retention as a func-

tion of time since accretion, H2Oret(t). We can now

deduce equations for water outgassing and water

recycling as a function of time:

H2OoutðtÞ ¼
RðtÞ
R0

P0 fH2OH2OmantleðtÞ ð11Þ

H2OinðtÞ ¼
RðtÞ
R0

S0H2OretðtÞ: ð12Þ

Here P0 is the ridge differentiation rate that

describes the fraction of mantle that is currently

‘processed’ at mid-ocean ridges and hotspots per time;

it is deduced from the present-day overturn rate of the
Table 2

Water retention in a column of subducting slab as a function of the

Earth’s age

Time since

accretion

(Ga)

Total water

retained

Sediments Crust 5% Serp.

mantle

0.5 0.21 0.07 0.14 0.0

1.0 0.23 0.09 0.14 0.0

1.5 0.26 0.12 0.14 0.0

2.0 0.28 0.14 0.14 0.0

2.5 0.46 0.15 0.14 0.17

3.0 0.8 0.16 0.16 0.48

3.5 1.0 0.17 0.17 0.7

4.0 1.24 0.17 0.19 0.87

4.5 1.59 0.18 0.3 1.1

All values for water retention are given in 105 kg/m2.
mantle R0 = 9.5 Ga. The term fH2O
is set to 0.99 and

describes the degree of volatile loss during melting

and H2Omantle(t) is the changing water content of the

mantle, and S0 is the average present-day spreading

rate 2.7 km2/year. Note that the above equations imply

that the total trench length remained constant through

time.

Solving these equations yields an evolution curve

for water in the mantle and exosphere over geologic

time. To make this value more comparable to geologic

observations, we use a simple model to transform

changes in the exosphere’s water to sea level changes.

This model is based on the assumption that the global

area occupied by oceans (Aoceans) and continents,

respectively, has remained constant over time. How-

ever, the average seafloor age has changed with time

and we do account for changes in ocean depth (d) with

seafloor age. Changes in ocean depth due to thermal

subsidence can be written as:

dpast ¼ 2500ðmÞ þ 233

�
mffiffiffiffiffiffiffi
Ma

p
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

sðMaÞ
p

ð13Þ

dnow ¼ 2500ðmÞ þ 233

�
mffiffiffiffiffiffiffi
Ma

p
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

100ðMaÞ;
p

ð14Þ

and the present-day (Vnow) and past (Vpast) volumes of

water in the exosphere are:

Vnow ¼ ðdnow þ 0ÞAoceans ¼> Aoceans ¼
Vnow

dnow
ð15Þ

Vpast ¼ ðdpast þ hpastÞAoceans: ð16Þ

In this scenario, sea level changes, h, over geologic

time can be written as:

hpast ¼
Vpast

Vnow

dnow � dpast ð17Þ

In this formulation, sea level changes are only due

to exosphere water volume and mean seafloor depths

variations through time—other factors like glaciation

are not accounted for.

We iteratively choose for each model the starting

conditions, so that the present-day value of water in
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the exosphere (cont. crust plus oceans) of 2.2� 1021

kg [45] is reproduced. We further initialize all model

runs by assuming that 95% of the initial water is in the

mantle at time zero. Fig. 9 shows two typical evolu-

tion scenarios: a,b show a model run assuming 5%

sub-Moho serpentinization and c,d show an evolution

scenario that does not include water in the slab

mantle. The solid lines in the upper panel plots (a,c)

show water in the exosphere and the dashed-dotted

line water in the mantle. We have further plotted the

exosphere’s 36Ar fraction (normalized to the initial

mantle value) as a reference curve for mantle degass-

ing (dotted line). We assume that degassed mantle
36Ar is not recycled back into the mantle but remains
Fig. 9. The geologic water cycle. In (a,b) the water content of the Ear

exosphere’s 36Ar content for two example model runs assuming 5% sub-Mo

recycling rates at subduction zones and the water outgassing rates at ridges

the past 600 Ma for four different model runs assuming different initial p

modeling details.
entirely in the exosphere, so that the exosphere’s 36Ar

content is a measure for the degree of ‘primordial’

mantle degassing.

In b,d the water outgassing rate, the total water

recycling rate at subduction zones, and the recycling

rate in serpentinized mantle are plotted. To lose its

much higher early heat production, mantle differenti-

ation rates were much higher early on in Earth

history; this resulted in much higher water outgassing

rates. These outgassing rates were higher than the

recycling rates at subduction zones (where young

seafloor was being recycled), so that the exosphere’s

free water content increased and the mantle’s water

content decreased. In the model run that includes
th’s mantle and exosphere is plotted against time along with the

ho serpentinization (a) and no serpentinization (b); (c,d) show water

and hotspots over time; (e) shows predicted sea level changes over

late hydrations (degree of near Moho serpentinization). See text for
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serpentine, after f 2.0 Ga subduction becomes suf-

ficiently cold for serpentine to transform to higher

pressure hydrous ‘phase A’ and water recycling at

subduction zones starts to dominate, so that the exo-

sphere’s water fraction decreases again. These con-

ditions persist up to the present, resulting in a

predicted continuous drop in exosphere water over

the past f 2.25 Ga. Present-day conditions are

characterized by 0.49 ‘exospheres’ of water in the

mantle. In the model run that neglects serpentine as a

water source (b,d), water recycling at subduction zone

dominates over water outgassing only for the last 1

Ga. This scenario results in 0.38 ‘exospheres’ of

water in the present-day mantle.

We have made a series of model runs assuming

different degrees of sub-Moho serpentinization (0–

10%). The outcomes of these model runs are summa-

rized in Table 3: the present-day mantle has highly

outgassed (93%) and contains only between 28% and

47% of its initial water content. Present-day mantle

water is therefore in all model runs mostly recycled

water from the exosphere. Inferred initial water con-

tents of the Earth’s mantle vary between 1.4 (0%

serpentine) and 1.9 (10% serpentine) present-day

‘exospheres’ of water.

In Fig. 9e we show predicted sea level changes over

the past 600 Ma. We only show sea level changes for

the last 600 Ma because only for this age range good

geologic data is available. Hallam [46] estimated a

maximum sea level drop of f 500 m over the past 600

Ma. These estimates are consistent with less thanf 5%

sub-Moho mantle serpentinization. Higher degrees of

serpentinization seem to lead to too strong water

recycling into the mantle to be consistent with global

sea level changes since the Cambrian. In fact, even
Table 3

Model parameters used for the parameterized convection

calculations

Mantle

serp.

(%)

Initial H2O Present H2O

mantle

Mantle

H2O loss

(%)

Outgassing

(%)

0 1.4 0.39 72 93

2 1.5 0.49 67 93

5 1.63 0.64 61 93

10 1.88 0.89 53 93

Initial water and present-day water contents are in present-day

‘exospheres’. In all model runs, the present-day water content in the

exosphere is 1. See text for details.
small degrees of serpentinization may have a big effect

on sea level: 2% sub-Moho serpentinization causes a

sea level change of f 150 m over the past 600 Ma.

However, when serpentine is neglected as a fluid host,

subduction-associated recycling of water in sediments

and crust nonetheless influences the exosphere’s water

content. We find a 320-m sea level drop over the past

600 Ma for the ‘no-serpentine’ model run.

The above calculated water cycles have significant

implications for the geodynamic evolution of the

Earth. Depending on the degree of serpentinization,

peak sea level conditions were reached betweenf 2.5

Ga (10% serp.) and f 900 Ma (0% serp.) ago. Also

the relative change in exosphere water volume be-

tween peak sea level and present-day conditions is

strongly dependent on the amount of recycled water

(i.e. the degree sub-Moho serpentinization): we find

that for the four model runs (0%, 2%, 5%, 10%

serpentinization) the relative changes in exosphere

water volume between peak sea level conditions and

today are 1%, 8%, 18%, and 31%, respectively. This

implies that the more water is reinjected into the

mantle at subduction zones, the earlier in Earth history

peak sea level conditions were reached, and the higher

was the change in free water volume between peak sea

level and present-day conditions.

Furthermore, the predicted geologic water cycle

suggests strong water loss from the mantle into the

exosphere, so that the present-day mantle contains

only ‘little’ water that is mostly recycled water. This

contradicts somewhat the results of some earlier stud-

ies that pointed out the potential existence of several

‘oceans’ of primordial water in the Earth’s lower

mantle and transition zone, e.g. [47]. Part of this

contradiction can be explained by the implicit pattern

of mantle flow assumed in this study: we assume

whole mantle flow, so that eventually the 93% of the

mantle participates in near-surface upwelling, melting,

and differentiation processes. The details of this mantle

flow model are described in [48]. If a strictly layered

Earth is assumed to have always existed, it is possible

that a reservoir of incommunicative ‘primitive’ mantle

water would still not yet have ‘participated’ in the

surface geologic water cycle. However, for the reasons

summarized in [48], we still believe that strongly

layered mantle convection is improbable. Furthermore,

in this scenario water in the ‘communicative’ regions

of the mantle will be dominated by recycled water.
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6. Conclusions

We have formulated a two-dimensional thermo-

dynamical model that solves for the temperature and

mantle flow within a subduction zone. Additionally,

we have presented a tracer-based model to solve for

slab fluid release. Using this model, we have explored

how slabs dewater during subduction and how water

cycling at convergent margins may be related to the

geologic water cycle. Several conclusions can be

drawn from these calculations:

(1) Slabs seem to dewater continuously during

subduction. However, the ‘host’ lithology of the

released fluids changes with depth: first, sedi-

ments dewater at shallow levels, second the

altered ocean crust releases its water, and finally

the hydrated lithospheric mantle deserpentinizes.

This change in fluid source with depth may have

strong implications for element recycling beneath

arcs.

(2) Serpentinized mantle seems to be the best, i.e.

most stable, lithology to transfer chemically

bound water through the sub-arc dewatering

region to greater mantle depths. Depending on

the thermal structure of the subducting slab, up

to 40% of the water stored in serpentinized

mantle may be transferred into the deeper

mantle.

(3) The Earth mantle is likely to have lost most of its

initial water (53–78%) to exhale the oceans.

Present-day mantle water is mostly recycled water

from the exosphere. Since f 2–2.5 Ga, when

subduction became sufficiently cold, this water

recycling may be dominated by serpentinized

mantle even if small degrees of serpentinization

are assumed.
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