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Deep slab hydration induced by bending-related
variations in tectonic pressure
Manuele Faccenda1*, Taras V. Gerya1 and Luigi Burlini2

Bending of oceanic plates at subduction zones results in
extension and widespread normal faulting1 in the upper, brittle
part of the slab2,3. Detailed seismic surveys at trenches reveal
that this part of the oceanic plate could be pervasively hydrated
for several kilometres below the crust–mantle boundary4–7.
Similarly, heat-flow surveys indicate active fluid circulation
within the slab8. Yet, the mechanisms that enable fluids to
percolate to such depths in spite of their natural buoyancy
remain unclear. Here we use two-dimensional numerical
experiments to show that stress changes induced by the
bending oceanic plate produce subhydrostatic or even negative
pressure gradients along normal faults, favouring downward
pumping of fluids. The fluids then react with the crust and
mantle surrounding the faults and are stored in the form
of hydrous minerals. We suggest that this process is the
dominant mechanism of deep slab hydration, although it
may be locally aided by the enhancement in porosity due to
prefailure dilatancy9, pre-existing cracks10 and migrating fluid-
filled cracks11. Our results have implications for the transport
of water into the deeper parts of the mantle12, and for further
clarifying the seismic anisotropy of slabs13.

Hydration of the oceanic crust occurs mainly at mid-ocean
ridges in response to the high porosity and permeability produced
by lava drainbacks, fissuring, inter-unit voids, normal faulting
and volume decrease due to thermal contraction2,14. Hydrothermal
fluid circulation can occur within plates with an average age
up to 65million year (Myr), which may significantly contribute
to further oceanic plate hydration14. For instance, oceanic plates
formed at fast-spreading (for example, Pacific-type) mid-ocean
ridges show brittle fracturing and are hydrothermally altered in
the upper 2–3 km of the crust2. In deep and old oceanic basins,
mean upper crustal porosities of 12% have been reported, leading
to the concept of a global-scale fluid reservoir residing within the
uppermost, basaltic oceanic crust where nearly 2% of the total
volume of global sea water is contained14. The process of oceanic
crust hydration has been systematically studied and is thought to
be well understood. However, evidence of oceanic plate hydration
at the outer rise of trenches, down to mantle depths4–8, poses the
serious problem of how sea water can penetrate deeply in the
slab. Seismic pumping (that is, preseismic opening of dilatational
jogs along faults, see ref. 9 for a review) and thermal cracking
(see, for example, ref. 10) are commonly invoked as possible
mechanisms to drive fluids into bending-related normal faults or
old oceanic plates, respectively. Another mechanism to move fluids
along shear zones is by Vug waves: a coupled deformation/fluid-
migration mechanism in which a rock deforms by the movement
of a fluid-filled crack dislocation across a plane of shear, with the
migration of the crack and fluid driven by the release of elastic shear
strain energy11. However, it is unclear whether such crack-opening
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mechanisms are sufficient to explain entirely seawater percolation
several tens of kilometres down into the slab. In contrast, variations
of the tectonic pressure, affecting a region as long as the whole
shear zone (see, for example, ref. 15), seem to provide a more
appropriate and efficient mechanism for pumping fluid downward
in these extensional settings.

Dynamic pressure is defined as the average of the normal
components of the stress tensor. In a system at rest, dynamic
pressure is equal to the lithostatic pressure and all the normal
stress components have the same magnitude. When deviatoric
stresses are applied to the system, the positive (or negative)
difference between the solid (dynamic) pressure and the lithostatic
pressure is called tectonic overpressure (or underpressure; see
ref. 15 for a complete review and discussion). Distributed tectonic
overpressure is characteristic of compressional regimes and viscous
(ductile) shear zones. In contrast, tectonic underpressure is typical
of extensional regimes and tends to focus along brittle Mohr–
Coulomb faults, creating conditions for fluid pumping inside these
faults. More importantly, it is the gradient in tectonic pressure,
rather than its absolute magnitude, that is fundamental for driving
fluid flow from high-pressure regions into low-pressure regions15.
For instance, it has been found recently that, in a deforming
ductile material, dynamic pressure gradients have a crucial role
in driving fluid flow, leading to the spontaneous segregation of
melt-rich bands16.

To explore the effects of tectonic pressure on bending-related
hydration of the slab, we carried out two-dimensional numerical
experiments in which an oceanic plate bends spontaneously under
the control of realistic visco-elasto-plastic rheologies (see Methods
for further details of the numerical model). The upper, 2-km-thick,
basaltic layer of the oceanic crust is treated as a highly porous and
fluid-saturated reservoir (see, for example, ref. 14; see the above
discussion), where fluidmarkers are placed. The lower, 6-km-thick,
gabbroic crust is dry. Assuming that with increasing depth and
decreasing porosity below the oceanic floor the dynamic pressure
in the solid phases and the fluid pressure will approach each other,
we computed the fluid flow below 2 km depth (that is, below
the fluid-saturated reservoir) according to the dynamic pressure
gradients estimated from our thermomechanical numerical model
(see the SupplementaryMethods section for explanations regarding
the fluid-flow-model assumptions):

vz =−
k
φµ

(
∂P
∂z
−gρfluid

)
vx =−

k
φµ

∂P
∂x

where vx and vz are the horizontal and vertical components of
the pore-fluid velocity vector, z is the depth, k is the effective
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Figure 1 | Thermomechanical two-dimensional model of a spontaneously bending oceanic plate. Compositional map. Serpentinized faults are
trenchward dipping but sets of antithetic and seaward-dipping faults are occasionally visible. Light green is dry, gabbroic oceanic crust; dark green is
pore-fluid-free, basaltic oceanic crust; orange is sediments. Light blue is pore water present initially in the basaltic layer that is either pumped downward
producing serpentinization (red) or, as the slab subducts, is expelled upward into the overlying mantle wedge (blue) and accretionary prism (see also
Fig. 2a). The age of the slab at the trench is approximately 50 Myr.

permeability (5×10−18 m2), φ is the effective porosity (0.01), µ is
the fluid viscosity (10−4Pa s), P is dynamic pressure (Pa), ρfluid is the
fluid density (1,000 kgm−3) and g= 9.81m s−2 is the gravitational
acceleration directed downward. The effective hydraulic parameters
used in the model correspond to a broad range of crystalline rocks
with poor hydraulic properties (either unfractured or postfailure
rocks17,18) and correspond to a time-integrated hydraulic behaviour
of shear zones among the various phases of porosity enhancement
and reduction. To better distinguish the effects of tectonic pressure
from those of cracking, ourmodels do not take into account volume
dilatancy produced by crack opening (that is, the dilatation angle
is assumed to be zero).

As shown in Figs 1, 2f and Supplementary Fig. S2, hydration
and the associated serpentinization of the slab is pervasive down
to a few tens of kilometres below the Moho. Brittle normal faults
propagate from the top to the central part of the slab (Fig. 2b),
favouring hydration by fluids percolating downward from the
upper, fluid-saturated crustal layer (Fig. 2a). Fault activation due
to the bending of the plate starts at shallow depths, offshore of
the trench, and progressively deepens as the faults move through
the slab bending zone. Fault propagation is assisted by gradual
serpentinization, which promotes rheological weakening of the
shear zone, more localized deformation and a larger tectonic
underpressure (see Supplementary Fig. S2 for the time evolution
of a serpentinizing fault). The downward water pumping is driven
by the inverted (that is, subhydrostatic ∂P/∂z < gρfluid, or even
negative ∂P/∂z<0) vertical pressure gradients focused along brittle
normal faults (Fig. 2b–d, Supplementary Fig. S2), which favour
localized patterns of fluid flow and associated serpentinization
(Figs 1 and 2a). The numerous inverted pressure gradients (Fig. 2e)
typically form on the upper boundary of the fault planes as a
consequence of the dense inter-layering areas of low deformation
(Fig. 2b, light blue/greenish) and weak tectonic underpressure
(Fig. 2c, d, Supplementary Fig. S2, light blue/greenish). Such
occurrences are overlying either active, new (for example, at the
outer rise, Fig. 2b, red), or deactivating, old (below the overriding
plate), faults that are characterized by ongoing, or completed,
rheological weakening due to brittle/plastic deformation and
serpentinization (see Methods and Supplementary Table S1) and
by strong tectonic underpressure (Fig. 2c–e, Supplementary Fig. S2,
deep blue). Conditions for downward fluid flow are met in
proximity to the trench and below the fluid-saturated overriding
plate, where the slab curvature and inverted pressure gradients
are high and the downward fluid pumping is maximal (Fig. 2c).
Trenchward- (synthetic) and seaward- (antithetic) dipping faults

are favourable sites for plate hydration at the outer rise. In contrast,
slab hydration below the overriding plate occurs mainly along
antithetic, seaward-dipping faults.

Slab hydration is favoured by a thick, fluid-saturated reservoir
present in the crust before bending (Supplementary Fig. S3) and
by small amounts of rheological weakening of the brittle and
hydrating faults (Supplementary Figs S5 and S6). In contrast, a
very low effective permeability of the slab prevents fluids from
percolating pervasively to large depths (Supplementary Fig. S4; see
Supplementary Discussion section).

The results of the numerical experiment are consistent with
low-seismic-velocity areas present in the upper part of the
Cocos and Nazca slabs, which were interpreted as the result of
serpentinization4–6. Furthermore, low heat fluxes measured on
the oceanic trench slope offshore of Nicaragua and Central Chile
indicate that increased hydrothermal fluid circulation occurred as
a result of fault creation and reactivation before subduction8. Also,
the analysis of data from ocean-floor seismometers placed offshore
of the Middle American and Southern Chilean trench revealed a
continuous, swarm-like seismic activity distributed in the upper
15–20 km of the Cocos5 and Nazca slabs7, respectively, suggesting
that fluids are present at mantle depths.

Slab serpentinization at mantle depths has important impli-
cations for numerous processes occurring in the upper mantle.
In particular, it may (1) establish a more vigorous rheological
weakening and partial melting of the mantle wedge, (2) enable
the formation (at intermediate depths and in the cold core of the
slab) of a dense, hydrous magnesium silicate phase, which is able
to transport fluids down to lower mantle depths12, and (3) produce
a thick anisotropic layer in the upper part of the slab, which could
significantly affect the pattern of anisotropy observed at subduction
zones13. In addition, deep slab hydration has consequences for arc
magma chemistry5,19 and possibly for intra-slab seismicity at depth
(see, for example, refs 20–22).

Aside from the above-mentioned implications, the results of
the numerical experiments support our new concept of the
spontaneous and deep hydration of the slab in the bending
zone, in which downward fluid pumping inside the deforming
medium is primarily controlled by the inverted subhydrostatic, or
even negative, pressure gradients, localized along bending-related
normal faults. Second, fluid flow can be locally modulated either
by porosity enhancement due to prefailure dilatancy9, pre-existing
cracks10 andmigrating fluid-filled cracks11, or by porosity reduction
due to fault self-healing and serpentinization (see Supplementary
Methods section). Additionally, the same concept can be applied
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Figure 2 | Dynamics of deep slab hydration. a, Compositional map of the trench area. b, Strain-rate map. Fault activation due to the bending of the plate
starts at shallow depths offshore of the trench and progressively deepens, c, Tectonic pressure map. d, Enlargement of the tectonic pressure map in
proximity to the incipient mantle-hydration area (see Fig. 2a). The black arrows indicate inverted (that is, subhydrostatic) tectonic pressure gradients only.
e, Vertical component of the tectonic pressure gradients with hydrostatic component subtracted (blue is subhydrostatic). f, Volumetric degree of hydrated
rocks inside the slab whose maximum water content is set to 2 wt% (see Methods).
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to strike-slip or extensional settings to explain fluid regimes
dominated, down to depths of 15 km, by the infiltration of meteoric
water, which when mixed with deeper source fluids produces
vein mineralization23–25.

Methods
The numerical experiments were carried out with the code I2ELVIS (ref. 26). The
initial set-up is shown in Supplementary Fig. S1. The model uses variable grid
spacing in both the horizontal and vertical directions. In the range from 100 km
to the right of the trench to 300 km to the left of the trench, the horizontal grid
resolution is 0.5 km. Elsewhere, the resolution increases gradually from 1 km
up to 30 km. To continually resolve the subduction process, the horizontal grid
resolution moves together with the retreating slab. Vertical resolution is 0.5 km for
the first 100 km and then increases with depth to a maximum of 30 km. Subduction
starts spontaneously as the result of the juxtaposition of two plates of different ages
(1Myr and 100Myr for the left and right plates, respectively) along a transform
fault that is assumed to be weak owing to water percolation and hydration of the
boundary (low plastic strength of 1MPa; refs 27, 28). In contrast to ref. 27, we
also impose low plastic strength for the fluid-saturated subducting basaltic crust
(see Supplementary Table S1) acting as a lubricating layer28. This ensures that
a retreating, one-sided subduction of the negatively buoyant and older slab can
initiate spontaneously without imposing any convergence, being driven solely by
growing slab pull and, to a minor extent, by ridge push. The thermal structure of
the initial plate set-up is computed according to the cooling of a semi-infinite,
half-space equation29:

T =T1+(T0−T1)
(
1−erf (η)

)
η=

z
2
√
κ τ

where T0 = 0 ◦C for both plates, T1 = 1,270 ◦C and 1,350 ◦C for the young and old
plates, respectively, κ is the thermal diffusivity (10−6 m2 s−1), τ is the age in seconds
of the plates and η is the dimensionless similarity variable. The age of the older plate
decreases linearly toward the right boundary, corresponding to a mid-ocean ridge
(0Myr). Although mantle rocks have the capacity to absorb up to 13wt% water
during serpentinization, we adopt 2wt% water as an upper limit to account for
the incomplete and heterogeneous hydration of the dry mafic and ultramafic rocks
according to the implemented thermodynamic database30. Rheological parameters
used in the model are listed in Supplementry Table S1. Brittle weakening is linearly
dependent on plastic finite strain (ε) according to

sinγ = sinγ0+ (sinγ1− sinγ0)
ε

ε1

where sinγ ,sinγ0 and sinγ1 are the computed, the initial and the minimum value
of the coefficient of friction, respectively. The minimum coefficient of friction
(sinγ1) is established for plastic finite strains ε≥ ε1 = 1 for all the lithologies. A
high-viscosity lower boundary (1021 Pa s, from 680 to 700 km depth) is imposed to
simulate the transition from the upper to the lowermantle.
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