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[1] The subduction of partially serpentinized oceanic mantle may potentially be the key geologic process
leading to the regassing of Earth’s mantle and also has important consequences for subduction zone pro-
cesses such as element cycling, slab deformation, and intermediate-depth seismicity. However, little is
known about the quantity of water that is retained in the slab during mantle serpentinization and the pattern
of serpentinization that may occur during bending-related faulting; an initial state that is essential for quan-
tifying subsequent dehydration processes. We present a 2-D reactive-flow model simulating hydration pro-
cesses in the presence of faulting at the trench outer-rise. We find that the temperature dependence of the
serpentinization rate in conjunction with outer-rise faulting results in plate age and speed dependent patterns
of hydration. Serpentinization also results in a reduction in surface heat flux toward the trench caused by
advective downflow of seawater into the reaction region. Observed heat flow reductions are larger than
the reduction due to the minimum-water downflow needed for partial serpentinization, predicting that active
hydrothermal vents and chemosynthetic communities should also be associated with bend-fault serpentini-
zation. Our model results agree with previous studies that the lower plane of double Benioff zones can be
generated due to dehydration of serpentinized mantle at depth. More importantly, the depth-dependent pat-
tern of serpentinization including reaction kinetics predicts a separation between the two Benioff planes
consistent with seismic observations.
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1. Introduction

[2] Fluid flow and rock hydration at the trench
outer-rise is a key process that influences subduc-
tion zone geodynamics as well as the water cycle.
The presence of water and hydrated minerals in the
downgoing slab reduces the strength of the incom-
ing plate [Escartín et al., 2001; Karato and Wu,
1993], influences element cycling [Deschamps et al.,
2011; John et al., 2011; Morris et al., 1990], trig-
gers melting [Ishikawa and Nakamura, 1994;
Ulmer and Trommsdorff, 1995] and deep seismicity
[Dobson et al., 2002; Jung et al., 2004; Peacock,
2001], and may even be related to the evolution of
the oceans [Rüpke et al., 2004; Wallmann, 2001].
Therefore, constraining the distribution of water in
the subducting lithosphere is critical to our under-
standing the past and present dynamics of the Earth.
Although the input of water in the subduction cycle
through sediments and the crust is fairly well con-
strained [Plank and Langmuir, 1998; Schmidt and
Poli, 1998], little is known about the degree and
extent of serpentinized mantle which may contain as
much water as the crust and sediments and signifi-
cantly influence the water budget at subduction
zones [Billen, 2009; Hacker et al., 2003; Rüpke
et al., 2004; van Keken et al., 2011].

[3] Serpentine is a hydrous magnesium silicate
containing up to 13 wt% water and is stable down to
depths of �200 km (�720�C at 2 GPa) [Ulmer and
Trommsdorff, 1995]. The dehydration of serpentine
minerals at depth results in fluid release triggering
intermediate-depth earthquakes [Brudzinski et al.,
2007; Peacock, 2001] and melting in the mantle
giving rise to arc magmatism [Rüpke et al., 2002]. In
order to serpentinize the mantle, pathways are nec-
essary for the fluid to migrate down to depth.
Growing observational evidence suggests that the
incoming oceanic lithosphere at subduction zones
(e.g., Nicaragua, north and central Chile, Tonga) is
tectonically and chemically modified as it bends and
further deforms between the flexural outer rise and
the axis of the trench [Grevemeyer et al., 2007;
Grevemeyer et al., 2005; Ranero et al., 2003].
Seafloor mapping [Grevemeyer et al., 2005; Ranero
et al., 2003] and earthquake mechanisms in this area
[Lefeldt and Grevemeyer, 2008; Lefeldt et al., 2009]
are consistent with bending-related normal faulting
or ‘bend-faulting’ occurring in this region. More
recently, numerical studies have shown that faults
are generated at shallow depths offshore due to plate
bending and progressively deepen as the plate
approaches the trench-axis [Faccenda et al., 2009].
Additionally, subhydrostatic or inverted pressure

gradients develop within the fault planes during
plate bending driving downward fluid flow. At a
number of subduction zones, heat flow measure-
ments on the incoming oceanic plate indicate a
systematic and significant (up to�90%) decrease in
surface heat flow as the plate approaches the trench
axis [Grevemeyer et al., 2005]. Since sedimentation
is minor in some of these subduction zones (e.g.,
middle America, northern Chile, Tonga), the only
plausible mechanism for this reduced heat flow is
downward migration of seawater into the region
undergoing bend-faulting. Seawater migration to
mantle depths would cause, under appropriate tem-
perature conditions, the hydration reaction between
water and peridotite to form serpentine. Indeed, the
reflectivity that defines the faults observed in seis-
mic reflection images [Grevemeyer et al., 2005;
Ranero et al., 2003] suggests that the physical
properties of the initially dry peridotitic rock have
been transformed to partially serpentinized perido-
tite within/around these fault zones.

[4] Velocity reduction in the trench-outer rise prior
to subduction is a profound feature of most sub-
duction zones. Seismic compressional wave veloc-
ity decreases during serpentinization from nearly
�8.0–8.2 km/s in unaltered peridotites to�4.5 km/s
at 100% transformation of peridotite to serpentinite
[Carlson and Miller, 2003]. Thus, seismic velocity
models derived from tomographic inversions can
provide important information on the state of
hydration at trenches prior to subduction. Offshore
southern central Chile near Chiloe Island, the
incoming plate is �14 Ma. Approaching the Chile
trench, uppermost mantle seismic velocities are
significantly reduced, suggesting that the structure
of both the oceanic crust and uppermost mantle has
been altered [Contreras-Reyes et al., 2007]. The
decrease in seismic velocity starts at the outer rise,
�120 km from the trench axis, and continues into
the trench, reaching values of �7.8 km/s at the
trench axis, which indicates up to �9% partial
serpentinization of the uppermost mantle [Carlson
and Miller, 2003]. Offshore Nicaragua the sub-
ducting plate is 24 Ma where anomalously low P
wave speeds of the uppermost mantle rocks of 7.6–
7.8 km/s are found, suggesting up to 12–17% partial
serpentinization [Grevemeyer et al., 2007; Ivandic
et al., 2008]. Later investigations revealed up to
40% serpentinization at the Nicaraguan margin
reaching depths of �12 km beneath the Moho [van
Avendonk et al., 2011]. At the Tonga trench, in
approximately 90 Ma lithosphere, outer rise bend-
faulting caused prominent 10 km wide and 1.5 km
deep grabens to form. These are associated with
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even lower crustal and mantle velocities. Mantle
velocities here are as low as 7.3 km/s, indicating
up to 25% partial serpentinization. Contreras-
Reyes et al. [2011] used gravity data in combina-
tion with seismic data to yield the depth interval
through which density (and hence seismic veloc-
ity) has been changed which showed a 24 km
thick portion of hydrated mantle.

[5] In conclusion, seismic velocity reduction at deep-
sea trenches is a common feature, and indicates that
the seismic and density structure of the incoming
plate systematically changes as it approaches the
trench. Mantle velocity reduction can be explained
by serpentinization and depending on the age of the
subducting plate, it suggests that serpentinization
may affect several tens of kilometers of the upper-
most lithospheric mantle of the subducting litho-
sphere. However, seismic refraction studies in
oceanic crust generally suffer from the fact that the
low wave speed gradient in the upper mantle restricts
seismic ray penetration to the uppermost 2–3 km of
the mantle. Therefore, these experiments have a dif-
ficult time capturing the total depth interval in which
the seismic wave speed has been changed by ser-
pentinization. Additionally, starting models for seis-
mic inversions commonly assume a gradient of
mantle serpentinization with maximum serpentini-
zation at the Moho which decreases with depth
[Contreras-Reyes et al., 2007]. Although, it has been
shown that this does not affect the final velocity
model, it is unclear if a different pattern of serpenti-
nization could yield similar results. Therefore,
although geophysical methods are crucial to under-
stand hydration processes at the outer-rise, direct
estimates from seismic and gravity surveys can also
only provide averages and suffer from limited reso-
lution at depth. To complement the insights gained
from seismic experiments, we have developed a
reaction-transport model that allows us to better
quantify how much and at what depth bending
related serpentinization occurs. The model couples a
pure-water porous convection model with a kinetics
based serpentinization model [Emmanuel and
Berkowitz, 2006; Iyer et al., 2010].

2. Mathematical Model

[6] The hydrological regime of the outer-rise region
is closely linked to plate deformation making it
challenging to model. So far, Faccenda et al. [2009]
presented the only model that resolves plate defor-
mation with fluids but neglected reactive flow. In
this study we focus on one aspect and that is the role
of serpentine reaction kinetics on fluid flow and

plate hydration. For this purpose we use a simplified
setup, in which plate deformation/movement is
kinematically prescribed and fluid flow is driven by
buoyancy and a prescribed amount of porosity
opening. We thereby study a complementary end-
member of the problem addressed by Faccenda
et al. [2009].

2.1. Hydrothermal Convection Model
[7] Hydrothermal convection can be described by
three governing equations. Here we follow a treat-
ment similar to previous numerical experiments
[Coumou et al., 2006; Emmanuel and Berkowitz,
2006; Iyer et al., 2010; Theissen-Krah et al., 2011].
Single (fluid) phase Darcy flow in a deformable
matrix can be written as:

~q ¼ f ~uf �~um
� � ¼ � k

mf
rP � rf~g

� �
ð1Þ

where~q is the Darcy velocity,~uf is the pore velocity,
~um is the matrix velocity, f is the porosity, k is the
matrix permeability, P is the fluid pressure and mf

and rf are the fluid viscosity and density, respec-
tively (see Table S1 in the auxiliary material for
complete list of notations and values).1 The mass
conservation equation can be written as (2) which
can be combined with (1) and by splitting density
changes into its pressure and temperature parts to
derive the fluid pressure equation (3).

∂frf
∂t

¼ �r � frf~uf
� �

ð2Þ

frf bf
∂P
∂t

¼ r � krf
mf

rP � rf~g
� �" #

þ frf af
∂T
∂t

� rf
∂f
∂t

:

ð3Þ

[8] Note the solid terms in (3) are neglected for
horizontal solid flow and incompressible matrix
[Theissen-Krah et al., 2011]. The third equation
describes energy conservation, including advective
and conductive heat transport:

1� fð Þrmcpm þ frf cpf
h i ∂T

∂t
¼ �rf cpf~q � rT

� 1� fð Þrmcpm þ frf cpf
h i

~um

� rT þr � krTð Þ: ð4Þ

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GC004304.
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[9] Fluid properties of density, viscosity and specific
heat capacity are treated as functions of pressure
and temperature and are computed at every time
step using PROST (O. Bauer, PROST: Properties
of Water and Steam, 1998, http://fluidos.etsii.upm.
es/profesores/Jaime_Carpio/Fumatas_negas/PROST
%20Properties%20of%20Water%20and%20Steam.
htm). PROST is a C library that uses IAPWS IF84
standard formulation to calculate (pure) water and
steam properties.

2.2. Serpentinization
[10] One of the most important and ubiquitous
hydration reactions occurring in the oceanic litho-
sphere is the serpentinization of ultramafic rocks,
which alters both the chemical and physical proper-
ties of the lithosphere. The determination of a single
rate law describing the progress of serpentinization is
complex. Previous studies have shown that the rate
of serpentinization is affected by the initial starting
material, grain size distribution, temperature, water
supply, intergranular diffusion and serpentine disso-
lution rate [Malvoisin et al., 2012; Martin and Fyfe,
1970; Wegner and Ernst, 1983]. Of these, tempera-
ture and grain size have first-order effects on the rate
of serpentinization when water is available for the
reaction to proceed [Malvoisin et al., 2012]. Experi-
mental data indicate that the rate of serpentinization
can be characterized by a temperature-dependent
bell-shaped curve [Malvoisin et al., 2012;Martin and
Fyfe, 1970; Wegner and Ernst, 1983]. The peak
reaction temperature determined in these experi-
ments lies between 270�C and 300�C. An important
question is if reaction kinetics matter over the time
frames typical of subduction zones. For example,
the amount of time required for a fault 100 km
seaward of the trench to subduct at a velocity of
10 cm/yr is 1 Myr. This duration is similar to the
time over which serpentinization takes place in
nature which is known to be orders of magnitude
larger than is observed in experiments [Fruh-Green
et al., 2003;Malvoisin et al., 2012;Martin and Fyfe,
1970; Skelton et al., 2005]. Moreover, most faulting
occurs close to the trench axis [Ranero et al., 2003]
which further decreases the period over which ser-
pentinization will be active. Therefore, it appears
likely that the rate of serpentinization in subduction
settings is controlled by both, reaction kinetics and
water supply. In this parameterization, it reaches a
maximum value at �270�C with essentially no
reaction occurring below and above 100 and 400�C,
respectively. The incorporation of the rate of ser-
pentinization into the above equations is described
by Emmanuel and Berkowitz [2006]; we expand on

their approach. The rate of alteration per unit vol-
ume that Emmanuel and Berkowitz [2006] used is,

∂rfo
∂t

¼ �Krrfo ð5Þ

where rfo is the remaining mass of forsterite per unit
volume and,

Kr ¼ Ae�b T�cð Þ2 ð6Þ

where T is the absolute temperature. Experimental
data as well as the presence of relict olivine in nat-
ural samples suggests that water supply is also key
for the reaction to reach completion and may affect
the reaction rate [Macdonald and Fyfe, 1985;
Martin and Fyfe, 1970]. In addition, the amount of
net-porosity opening, which limits the amount of
fluid available for reaction that can potentially be
supplied via bend-faulting, is also poorly con-
strained. Therefore, in order to capture the effect of
water supply on the rate of serpentinization, we
modify (5) to include porosity which we use to
parameterize a linear functional dependence on the
availability of water,

∂rfo
∂t

¼ �Krrfof ð7Þ

The rate of serpentinization thus depends on the
remaining fraction of unreacted rock, temperature,
porosity, and the rate coefficient Kr. Serpentinization
of ‘dry’ rocks results in the consumption of large
amounts of water and the generation of heat due to
the exothermic nature of the reaction. (2) and (4) are
modified in order to account for these effects
[Emmanuel and Berkowitz, 2006],

∂fr
∂t

¼ �r � frf~uf
� �

þ R ð8Þ

R ¼ w
∂rfo
∂t

ð9Þ

where R is the volumetric rate of fluid consumption
and acts a sink term in the flow equation and w is the
water to forsterite mass ratio of the reaction. Exo-
thermic heat generated during serpentinization
(�300�C increase in temperature for complete ser-
pentinization) is added as a source term in (4)
[Emmanuel and Berkowitz, 2006],

frf cpf þ 1� fð Þrmcpm
h i ∂T

∂t
¼ �rf cpf~q � rT

� frf cpf þ 1� fð Þrmcpm
h i

~um

� rT þr � krTð Þ þ Q

ð10Þ
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where

Q ¼ �H
∂rfo
∂t

ð11Þ

Q is a source term that accounts for the latent heat
effect of the serpentinization reaction and H is defined
as the heat of reaction per unit mass of forsterite.

2.3. Permeability and Porosity Model
[11] The initial porosity (f0) is constant and the
permeability is depth dependent:

k ¼ ks exp fzð Þ ð12Þ

where ks is the permeability at the seafloor, f is a
decay constant and z is the depth in meters. The
damage zone generated by the initiation and growth
of bend-faulting as the incoming plate progresses
toward the trench is simulated by a linear increase
in porosity toward a maximum (fmax) at the trench.

[12] The permeability and porosity of rocks at depth
remain difficult to directly determine. Closure of
pore space and micro cracks with increasing litho-
static pressure will lead to a reduction in porosity and
permeability. On the other hand, bend-faulting of the
downgoing slab can increase the porosity and per-
meability of the lithosphere. Although permeability
of rocks in the upper 500m of the oceanic lithosphere
varies between 10�10 and 10�14 m2, the measured
permeability of rocks at a depth between 500 and
1300 m decreases from 5 � 10�16 to 5 � 10�18 m2

[Fisher, 2005] which is comparable to the value (5�
10�17 m2) used in the model and other recent studies
[Faccenda et al., 2009]. The model used is on the km
scale and the top 500 m of crust is ignored as we are
focusing on mantle serpentinization processes.
Additionally, hydration reactions influence hydraulic
properties of the affected rock. Evidence for both
closure of existing fractures and generation of new
fractures has been observed in nature and experi-
ments during serpentinization [Andreani et al., 2004;
Iyer and Podladchikov, 2009; Iyer et al., 2008a,
2008b; Okamoto et al., 2011]. The serpentine
minerals formed are significantly weaker than the
original minerals which can further influence defor-
mation [Escartín et al., 1997a, 1997b, 2001]. How-
ever, as a quantitative evolution of permeability and
porosity during serpentinization reactions is largely
unknown, these feedbacks are not implemented in
the current version of the model.

2.4. Implementation
[13] The governing equations are solved using a 2D
finite element approach in combination with an
advection scheme. Partial solutions are computed
for every time step in the following sequential
order: (1) temperature is advected using both the
solid subduction velocity and the Darcy velocities;
(2) temperature diffusion is resolved; (3) fluid
properties and reaction parameters are updated
using the pressure from the previous time step and
temperature from the current time step; (4) new
fluid pressure and porous flow velocities are com-
puted; (5) the degree of mantle hydration is updated
using (7); (6) the time step is concluded by
advecting the compositional and porosity fields
with the subduction velocity.

[14] The fluid pressure equation is obtained by
substituting (1) into (8) and is solved using finite
elements. The weak form of this equation is derived
by the Galerkin method:
Z
W

N ′frf bf N ~P
n
dWþ

Z
W

∂N ′

∂x
krf
mf

Dt
∂N ~P

n

∂x
dW

þ
Z
W

∂N ′

∂y
krf
mf

Dt
∂N ~P

n

∂y
dW ¼

Z
W

N ′fbf rf N ~P
o
dW

þ
Z
W

N ′Dtfaf rf N
∂T
∂t

� �
dW�

Z
W

N ′rf N
∂f
∂t

� �
dW

þ
Z
W

N ′DtNRdW�
Z
W

∂N ′

∂y
k

mf
Dt~gN~r2

f dW

þ
I
G

N ′
krf
mf

Dt
∂N ~P

∂x
dGþ

I
G

N ′
krf
mf

Dt
∂N ~P

∂y
dG

þ
I
G

N ′
k

mf
Dt~gN~r2

f dG ð13Þ

where pressure is expressed as P = N~P , N are qua-
dratic shape functions for 6 six node triangle ele-
ments and ~P are the nodal pressures. Rock properties
are assumed constant over an element. Note how the
partial integration is performed also on the right-hand
side of the equation thereby providing a line integral
over the (boundary) Darcy velocities. The pressure
solution is obtained by implementing (13) into a
modified version of the Matlab-based FEM solver
MILAMIN [Dabrowski et al., 2008].

[15] Derivatives of the pressure solution are used to
calculate the updated Darcy velocities that are used
in the advection part of the energy equation (4). The
velocities are mapped on to the nodes using shape
functions and are averaged depending on the number
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of elements sharing any given node. The advection
solver uses a semi-Lagrange method based on fol-
lowing characteristics backward through the time
step. The diffusion part of equation (4) is again
solved with a FEM scheme. This approach is
described in more detail in Iyer et al. [2010].

3. Model Setup

[16] The domains used in the simulations describe
an across-trench profile based on the seismic profile
from south central Chile [Contreras-Reyes et al.,
2007] extending 120 km seaward from the trench
and to a depth of 75 km from the seafloor (Figure 1).
The mesh consists of six-node triangular elements
with approximately 155,000 elements in the simu-
lated domain. Seafloor elevation of the domain is
obtained from reflection seismics. Pressure at the
top surface reflects the local seafloor depth with the
shallowest seafloor lying at a depth of 3.5 km below
the sea surface. Temperature is initialized using the
error function for the half-space cooling model for
old, oceanic lithosphere that is given by [Turcotte
and Schubert, 2002],

T ¼ T1 � T0 erf
yj j

2
ffiffiffiffiffiffiffi
KA

p
� �	 


þ T0 ð14Þ

where T1 � T0 = 1298�C, y is the corresponding
depth (m), K is the thermal diffusivity of the rock
(10�6 m2 s�1), T0 is the surface temperature (2�C)
and A is the age of the lithosphere (s). The sides of
the box used in the simulations are impermeable and
insulating. The bottom boundary is impermeable
and kept at a constant temperature derived from the
half-space cooling model (14). Free flow conditions
are imposed at the domain surface where down-
going fluids have a temperature of 2�C. There is no
fluid flow or heat flux allowed through the side
boundaries. Serpentinization occurs only in the
mantle region below the Moho while the crustal
region is unreactive in this model. The Moho occurs
at a depth of 5.3 and 6.0 km below the slab surface
for all simulations based on the south Chilean and
Nicaraguan subduction zones, respectively. Pristine
lithosphere enters with the plate velocity from the
left side of the box while reacted lithosphere is
removed from the right side at this rate. Brittle
deformation in the incoming slab is connected to the
formation of bending-related faulting which in turn
would directly depend on the plate curvature as the
trench axis is approached. The damage zone gener-
ated by these faults is linked to an increase in
porosity in the subducting slab. Porosity is initial-
ized to the starting value that increases linearly with
time to a maximum value at the trench. Initial

Figure 1. Schematic drawing of subduction zone processes. Crustal and mantle hydration, in addition to hydrother-
mal circulation, occurs at the onset of bending related faulting at the trench outer-rise. Water trapped with pore space
and hydrous minerals is subsequently released at varying depths resulting in the formation of cold-seeps in the forearc
region at shallow depths [Hensen et al., 2004] and arc melting due to deep fluid release during crustal dehydration and
deserpentinization [Ishikawa and Nakamura, 1994]. Incomplete dehydration of the mantle may result in the recycling
of water into the mantle [Rüpke et al., 2004]. Red box and text denotes model setup. See text for details.
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permeability in the simulations decreases exponen-
tially with depth where the surface permeability is
5 � 10�17 m2 (12) and initial porosity is constant
(10�5) throughout the slab. Additionally, perme-
ability and porosity where the temperatures exceeds
600�C (brittle-ductile transition) is limited to 10�21 m2

and 10�5, respectively. The depth-extent of faulting
and fluid flow (brittle-ductile transition) will, there-
fore, increase with increasing plate age as colder, old
subducting plates are more rigid that younger, hot
subducting plates [Contreras-Reyes and Osses, 2010;
Goetze and Evans, 1979;McNutt andMenard, 1982].
Another factor that controls the depth of hydration
and fluid flow is the neutral plane of deformation
during plate bending, which separates the upper part
of the incoming plate that undergoes tensional
deformation from the lower part that experiences
compression. The neutral plane of deformation may
therefore be an additional limit to downward fluid
flow and thereby hydration reactions [Contreras-
Reyes and Osses, 2010; Lefeldt et al., 2012; Seno
and Yamanaka, 1996]. Previous studies have shown
that the neutral plane can be related to the thermal
structure of the subducting slab and occurs between
300�C and 450�C [Seno and Yamanaka, 1996].
Although the depth of these isotherms are lower than
the 600�C isotherm, our model is consistent (and
complementary) as the reaction kinetics of serpenti-
nization limits the depth of hydration to the 400�C
isotherm which is close to the likely location of the
neutral plane where tensional stresses tend toward
zero and thereby also confines hydration to shallower
depths.

4. Results and Discussion

[17] The model setup described above is used in
two sets of experiments calibrated against geophysi-
cal observations of serpentinization at the trench
outer-rise to determine the rate of serpentinization in
nature and porosity opening associated with bend-
faulting. The values of these parameters are subse-
quently used to resolve the extent of serpentinization
that may potentially take place at various global
subduction zones.

4.1. Calibration Simulations
[18] Plate bending induced faulting and serpentini-
zation was first discovered at the Nicaraguan sub-
duction zone [Ranero et al., 2003], later also
addressed by numerical modeling [Faccenda et al.,
2009], and has now been observed at multiple con-
vergent margins including Chile. South central Chile

is characterized by a relatively thick sediment blanket
which may inhibit downward fluid flow [Contreras-
Reyes et al., 2007]. On the other hand, the Nicar-
aguan subduction zone is poorly sedimented which is
likely to allow seawater to more easily flow verti-
cally. Additionally, the reactivation of pre-existing
faults and the formation of new bend-faults is
enhanced offshore Nicaragua, most likely because
the tectonic fabric of the incoming plate is nearly
parallel to the axis of bending [Ranero et al., 2003]
which is not the case for the south central Chilean
subduction zone [Contreras-Reyes et al., 2007;
Grevemeyer et al., 2005]. Therefore, the south cen-
tral Chilean and Nicaraguan subduction zones are
taken as calibration cases where seawater penetration
and hydration of the mantle due to bending-related
faulting are low to moderate and high, respectively.
The rate of serpentinization is varied linearly from
10�12 s�1 to 10�10 s�1 and the maximum porosity
value at the trench is independently varied linearly
from 10�4 to 10�2. The results for selected values of
the above mentioned variables are shown in Figure 2.
The ages of the subducting lithosphere for the
Chilean and Nicaraguan simulations are 14 and
24 Ma, respectively, and subduct at a velocity of
6.6 and 9.1 cmyr�1, respectively [Angermann et al.,
1999; Contreras-Reyes et al., 2007; Ivandic et al.,
2008]. Porosity opening occurs at a constant rate
such that the maximum porosity value is reached at
the trench. Serpentinization takes place as fluids flow
downward toward the mantle and occurs between
100�C and 400�Cwith the maximum amount around
the 270�C isotherm as predicted by the kinetics of the
reaction. The amount of serpentinization gradually
increases toward the trench as porosity evolves to
higher values due to an increase in bend-faulting. The
average amount of serpentinization and the corre-
sponding chemically bound water content in the
mantle column at the trench is calculated for each
simulation. The amount of serpentinization will, of
course, increase with increasing reaction rate and
water content. The rate of serpentinization and the
porosity opening matching the geophysical observa-
tions for the Chilean subduction zone (�9% average
serpentinization in the upper 2 km of the mantle), are
8.5 � 10�12 s�1 and 8.5 � 10�4 respectively, which
are interpolated from the results obtained in this suite
of experiments. This results in a �10 km thick par-
tially serpentinized mantle with �2 � 105 kgm�2

water trapped in the mantle column. The maximum
water content in the mantle column due to serpenti-
nization at Nicaragua has been estimated at 1.1 �
106 kgm�2 from seismic observations [van Avendonk
et al., 2011] which can be obtained from our model
if the porosity increases to a maximum value of
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6� 10�3 at the trench as the increase in fault density
is translated to an increase in porosity opening. The
rate of serpentinization is chosen to be the same,
namely a value of 8.5 � 10�12 s�1. The results of
these simulations are shown in Figure 3. As men-
tioned in section 2.2, although the combined reaction

rates (taking into account the absolute reaction rate,
A, and porosity (7)) obtained from the calibration
simulations are orders of magnitude slower than the
rates obtained from experimental results [Malvoisin
et al., 2012; Martin and Fyfe, 1970], the time
required for serpentinization to reach completion

Figure 2. Initial temperature and final serpentinization fraction plots for the simulations calibrated against the (a–c)
south central Chilean and (d–f) Nicaraguan subduction zones for varying serpentinization rates and maximum porosity
opening values. Figures 2a–2c plot the results for the south central Chilean subduction zone for serpentinization rates
of 10�12 s�1, 4.34 � 10�11 s�1 and 10�10 s�1, respectively with corresponding maximum porosity opening values of
10�4, 5.1 � 10�3 and 10�2. Figures 2d–2f are the results for the Nicaraguan subduction zone with the same para-
meters. Maximum serpentinization occurs along the initial 270�C isotherm as per the reaction kinetics (Figures 2a
and 2d). However, large amounts of serpentinization result in localized heating and shifts the initial 270�C isotherm
upwards and displacing the depth of maximum serpentinization (Figures 2b, 2c, 2e, and 2f).
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in the simulations is similar to the duration of
serpentinization observed in natural systems (104–
106 years) [Fruh-Green et al., 2003; Skelton et
al., 2005]. The reaction rate used in this study,
therefore, reflects more closely the rate of reaction
occurring in nature and is used to match observa-
tions obtained by geophysical methods.

4.2. Global Subduction Zone Simulations
[19] After having calibrated the model at the south
Chile and Nicaraguan margins, we now use this
model to study the possible global variation of bend-
fault serpentinization. The setup used to conduct
global simulations is the same as that used in the
calibration experiments.We use values for maximum
porosity opening and serpentinization rates obtained
from the Chilean simulation to study serpentinization
at subduction zones with moderate faulting, while the

maximum porosity opening value obtained from the
Nicaraguan simulation is our upper limit to the
reaction in regions where pervasive bend-faulting is
anticipated. In these experiments, the age of the
subducting lithosphere and the subduction velocity
are independently varied from 5 to 185 Ma and 2 to
20 cmyr�1, respectively. Selected results from both
simulation sets are shown in Figures 4 and 5. The
amount of serpentinization and the corresponding
water trapped in the partially hydrated mantle
depends on both variables. On the one hand, the
temperature gradient is lower in older oceanic litho-
sphere, thereby increasing the depth interval where
serpentinization temperatures are favorable. On the
other hand, the amount of serpentinization in the
mantle is restricted by the residence time of bend-
faults before subduction that inversely depends on
the speed of subduction since the width of the bend-
fault region has only a weak dependence on the age
of the subducting plate (Figures 6a and 6c). Very

Figure 3. (top) Seismic velocity structure from the south central Chilean subduction for a cross-section 120 km sea-
wards of the trench [Contreras-Reyes et al., 2007] (trench at right side). A decrease in seismic velocity to 7.8 km/s is
observed in at least the upper 2 km of the mantle corresponding to 9% partial serpentinization. A band of serpentiniza-
tion is formed due to reaction kinetics (black contours showing percent of serpentinization) with the maximum occur-
ring at the initial 270�C isotherm (black dashed contour). The band of partial serpentinization for the Nicaraguan
subduction zone is shown here with blue contours. In this case, the depth of maximum serpentinization is shifted
slightly upwards from the initial 270�C isotherm (blue dashed contour) due to the larger amount of heat released by
the exothermic serpentinization reaction. (bottom) Difference between calculated heat flux at the surface for both
simulations (circles; black - Chilean simulation and blue - Nicaraguan simulation) and the observed heat flux at these
subduction zones [Grevemeyer et al., 2005] (diamonds with the same color scheme) normalized as a percentage of the
expected conductive heat flux for the plate ages is at least 40%. Note: The heat flow data shown for the Chilean sub-
duction zone was measured at a different bend-fault site in northern Chile, while the Nicaraguan heat flow data is
co-located with the seismic measurements.
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young (hot) subduction zones with fast subduction
rates and low to moderate bend-faulting have low
water contents with a minimum of 1.6 � 104 kgm�2

water in the lithosphere mantle column at the trench
axis, while old (cold) subduction zones with slow
subduction rates and intense bending-related faulting
are predicted to be more highly serpentinized with a
maximum calculated bound-water content at the
trench axis of 5.1� 106 kgm�2. Although the pattern
of serpentinization observed here is very different
from previous studies, the water content in partially
serpentinized mantle is comparable [Rüpke et al.,
2004; Schmidt and Poli, 1998]. It should, however,
be noted that these numbers probably describe the
upper limit of mantle serpentinization as the geo-
physical observations with which they are calibrated
assume that the reduction in seismic velocity is
wholly due to mantle serpentinization at the trench

outer-rise and ignore the contribution of fracturing.
Eventually our results should be further explored in
dynamic models that account for matrix deformation
in order to quantify how serpentinization reactions
affect the strength of bending plates. Conrad and
Hager [1999] pointed to the high fraction of a
slab’s potential energy that is necessary to bend it. It
might well be that serpentinization through rheo-
logical weakening (and expansion in solid volume)
can promote plate bending without ‘over-reducing’
the slab’s density, so that subduction remains self-
preserving. Evidence of lithospheric weakening at
the trench outer-rise has been observed at various
subduction zones and has been attributed to intense
deformation and an increase of fluid pressure [Billen
and Gurnis, 2005; Contreras-Reyes and Osses,
2010]. However, an increase in the amount of ser-
pentinization with increasing plate age may also play

Figure 4. Plots of the final thermal structure (white contours), serpentine fraction and the depth of maximum serpen-
tinization for subduction zones with ages and subduction velocities of (a and b) 25 Ma and 12 cm/yr and (c and d)
185 Ma and 4 cm/yr using the parameters obtained from the Chilean simulation results. The end results shown here for
the fast and slow subduction zones are obtained after a period of 1 and 3 Myr, respectively. The dashed black, dashed
red and solid black lines in Figures 4b and 4d are the initial 100�C, 270�C and 400�C isotherms, respectively. The
relatively high degree of serpentinization occurring in the second simulation, in conjunction with the exothermic
nature of the reaction, results in an slight upward shift of the temperature isotherms (Figure 4c). The depth at which
maximum serpentinization occurs is, therefore, also shifted (Figure 4d).
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a role in reducing the effective strength of the
downgoing slab due to the presence of hydrous
minerals [Escartín et al., 2001].

4.3. Serpentinization and Heat Flux
[20] Serpentinization also results in an overall
decrease in surface heat flux measured at the
trench-axis (Figures 6b and 6d). The reaction forces
a downward fluid motion from the slab surface due
to the reaction’s net consumption of seawater.
However, an increase in the amount of serpentini-
zation does not directly correlate with a decrease in
the heat flux measured at the seafloor; the reduction
in heat flux is lower in the slowest subduction zones
than at relatively faster ones even when the extent
of serpentinization is larger (Figures 6b and 6d).

This is due to exothermic heat generation by the
reaction that for slow moving plates has enough
time to diffuse toward the surface. The competition
between downward fluid migration, heat generation
and the time available for thermal diffusion is the
reason why the reduction in heat flux at very slow
subduction zones is smaller even if more serpenti-
nization occurs.

[21] Very low measured seafloor heat flux values
that systematically decrease toward the trench axis
are also observed at subduction zones with bend-
faults [Grevemeyer et al., 2005]. The heat fluxes at
the trench measured at the Nicaraguan and central
Chilean subduction zone are as low as 10% and 14%,
respectively, of the expected conductive values
[Grevemeyer et al., 2005]. Surface heat fluxes cal-
culated for ‘one-pass’ or minimum water flow

Figure 5. Plots of the final thermal structure (white contours), serpentine fraction and the depth of maximum
serpentinization for subduction zones with ages and subduction velocities of (a and b) 25Ma and 12 cm/yr and (c and d)
185 Ma and 4 cm/yr using the parameters obtained from the Nicaraguan simulation results. The end results shown here
for the fast and slow subduction zones are obtained after a period of 1 and 3Myr, respectively. The dashed black, dashed
red and solid black lines in Figures 5b and 5d are the initial 100�C, 270�C and 400�C isotherms, respectively. The rel-
atively high degree of serpentinization occurring in the second simulation, in conjunction with the exothermic nature of
the reaction, results in an significant upward shift of the temperature isotherms (Figure 5c). The depth at which maxi-
mum serpentinization occurs is, therefore, also shifted (Figure 5d).

Geochemistry
Geophysics
Geosystems G3G3 IYER ET AL.: CONTROLS OF KINETICS ON SERPENTINIZATION 10.1029/2012GC004304

11 of 18



experiments (Figure 7a) to serpentinize at the Chilean
and Nicaraguan subduction zones are 3–5 times
higher than observed values suggesting locally more
vigorous hydrothermal convection possible along
high-permeability bend-faults. If a component of
active hydrothermal flow is also present, then sea-
floor heat fluxes can be significantly reduced in the
downwelling limbs of active hydrothermal cells, and
we believe these cells will naturally align with the
bend-faults themselves. Previous work has also
shown that strong hydrothermal circulation restricted
to the uppermost crust may explain the heat flux
anomalies observed at convergent margins [Kummer
and Spinelli, 2009; Spinelli and Wang, 2008, 2009].
We can explore some aspects of active hydrothermal
circulation in these 2D models. For example, the
experiment in Figures 7b, 8a, and 8c is a Chilean
subduction zone-like simulation where the rate of
serpentinization and the porosity opening used in this
experiment are the same as those used in the ‘best
fitting’ one-pass calibration experiment. The only
difference here is that the surface permeability is

increased by an order of magnitude (5 � 10�16 m2)
while maintaining its depth dependency. In this case,
vigorous hydrothermal convection occurs, resulting
in numerous active convection cells that perturb the
initial thermal structure (Figure 7b). Because of this,
serpentinization is less regular and does not form the
banded pattern observed in the one-pass experimen-
tal conditions (Figure 8a). However, in spite of the
uneven pattern of serpentinization, the highest degree
of serpentinization averaged over a complete con-
vection cell between 105 and 120 km still forms
around the depth of the initial 270�C isotherm
(Figure 8c). Moreover, the average water content
calculated for the partially serpentinized mantle
within this region (3.0 � 105 kgm�2) differs only
20% from the chemically bound water content
(2.4 � 105 kgm�2) determined from the calibration
experiment with the lower surface permeability.
However, this mode of vigorous across-trench,
hydrothermal circulation is rather improbable due to
the high lithospheric permeabilities required and is
probably confined to within the damaged fault plane

Figure 6. (a and c) Predicted amount of water present in serpentine minerals in the mantle column at the trench and
(b and d) the percentage of heat flux relative to the conductive values due to hydration prior to subduction based on the
parameters obtained from the Chilean and Nicaraguan subduction zones, respectively. The results are from simulations
where the age of the incoming lithosphere and the subduction velocity have been independently and systematically
modified to span the global range.
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itself (along-trench profile). Furthermore, mantle
serpentinization patterns and amounts obtained from
the ‘one-pass’ flow simulations should remain rela-
tively unchanged if vigorous convection occurs only
in the upper crustal region. An experiment with a
relatively high crustal permeability (5 � 10�15 m2)
and mantle permeabilities similar to the previous
experiment results in the formation of convection
cells largely restricted to the subducting crust
(Figure 7c). Comparable to the ‘one-pass’ experi-
ments, a band of serpentinized mantle is formed
which undulates slightly (Figure 8b) due to presence
of overlying convection cells with the maximum
amount of serpentinization occurring very close to
the initial 270�C isotherm (Figure 8c). In spite of its
similar patterns and amounts of partial serpentiniza-
tion, the experiments with active hydrothermal con-
vection show a drastic decrease in the measured
surface heat flux in the downflow zones of the con-
vection cells when compared to the simulation with
one-pass downward fluid flow (Figure 8d). This

reduction in seafloor heat flux is similar to the
reduction seen in Figure 3, which implies that active
hydrothermal flow indeed occurs in this region of
subduction bend-faulting. It is also likely that vigor-
ous convection is confined to the crustal region of the
bend-fault in the along-trench direction where per-
meability is expected to be higher. However, a 3D
convection model is needed to properly assess this
mechanism in detail. Preliminary exploration using
our 2D model with higher permeabilities shows that
the surface heat flux can be significantly lowered if
convection occurs without changing the net amount
of serpentinization. We prefer here to report on the
minimum water-uptake experiments, as they clearly
demonstrate, by their inability to match the observed
reduction in surface temperature gradients, that
additional ‘active’ hydrothermal circulation occurs
during bend-faulting. Predicted values of the bound-
water content and heat flux reduction due to mini-
mum water uptake serpentinization of the mantle for

Figure 7. (a) The thermal structure and downward fluid flow resulting from mantle serpentinization at the south cen-
tral Chilean subduction from the calibration simulation after 1.82 Myrs. (b and c) Similar plots from experiments
where the surface permeability is increased (ks = 5 � 10�16 m2) and where the crustal permeability is constant
(kcrust = 5 � 10�15 m2), respectively. The increased permeability in the latter two simulations generates vigorous
hydrothermal convection and modifies the thermal structure of the incoming plate.
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a number of subduction zones are given in Table S2
in the auxiliary material.

4.4. Serpentinization and Double
Benioff Zones
[22] A striking feature of all experiments, including
experiments with additional active hydrothermal
flow (cf. Figure 7) is the occurrence of a pronounced
band of highly serpentinized mantle centered on the
incoming 270�C isotherm (Figure 3). This effect is

due to temperature dependent kinetic effects of
serpentine reaction rates. This mechanism can
explain a notable feature in the spacing of the dou-
ble Benioff zones (DBZs) now observed in several
subducting slabs [Brudzinski et al., 2007]. The
upper seismic plane of a DBZ is believed to be due
to dehydration embrittlement/eclogitization reac-
tions in the crustal section of the subducting slab
[Kerrick and Connolly, 2001]. Various mechanisms
have been previously proposed to explain the gen-
eration of the unanticipated lower seismic plane in
DBZs such as the unbending of the slab [Engdahl

Figure 8. (a and b) The thermal structure and the amount of serpentinization after 1.82 Myrs for the south central
Chilean subduction zone with a plate age of 14 Ma and a subduction velocity of 6.6 cm/yr. All parameters are the same
as those obtained from the Chilean benchmark simulations except a relatively higher permeability structure (ks = 5 �
10�16 m2) and crustal permeability (kcrust = 5 � 10�15 m2) is used in Figures 8a and 8b, respectively, resulting in
hydrothermal convection. (c) The extent of serpentinization versus depth averaged over a single convection cell when
the entire lithospheric permeability is increased (105 to 120 km) (magenta dots). The blue squares plot the extent of
serpentinization versus depth for the simulation where only the crustal permeability is increased. The dashed black,
dashed red and solid black lines are the initial 100�C, 270�C and 400�C isotherms, respectively. The maximum
amount of serpentinization in both simulations still occurs at the initial 270�C isotherm. (d) The calculated heat flux
at the surface (black circles) in the recharge zones of the convection cells when the entire lithospheric permeability
is increased can reach a minimum of �5% of the conductive value for the same plate age (red line). The heat flux
values for the simulation with a constant crustal permeability of 5 � 10�15 m2 (gray diamonds) show a similar reduc-
tion to the simulation where the permeability of entire lithosphere is increased. The calculated heat flux values (blue
squares) of the simulation with the same parameters as those obtained from the benchmark simulation, including per-
meability, is much closer to the expected conductive value (red line).
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and Scholz, 1977], thermoelastic stresses [House
and Jacob, 1982] and plate sagging [Sleep, 1979].
However, the presence of DBZs at a variety of
subduction zones suggests that two seismogenic
layers at intermediate depths can be produced irre-
spective of the slab’s thermal state and stress ori-
entation [Brudzinski et al., 2007]. One of the more
favored hypotheses is dehydration of the hydration
minerals antigorite and chlorite which increases
pore pressure due to fluid release thereby reducing
the effective normal stress and promotes brittle
failure [Dobson et al., 2002; Hacker et al., 2003;
Meade and Jeanloz, 1991; Peacock, 2001; Raleigh
and Paterson, 1965] as the cause for the lower
region of seismicity. If serpentine breakdown is
responsible for DBZ formation, and the depth of the
270�C isotherm, where reaction rates are maximum,
controls the distribution of bend-fault serpentiniza-
tion in the subducting slab, then it should also control
the spacing of DBZs. Lithosphere cooling models
such as the half-space cooling model [Turcotte and

Oxburgh, 1967], or the ‘plate’ cooling model with
and without modified parameters [Parsons and
Sclater, 1977; Stein and Stein, 1992] show that the
depth of the 270�C isotherm increases with increas-
ing plate age. Strikingly, the predicted depth of the
270�C isotherm as a function of plate age coincides
with the dominant separation distance of globally
observed double seismic zones [Brudzinski et al.,
2007] (Figure 9). The depth at which maximum
serpentinization occurs prior to subduction can
show upward deviations from the initial 270�C
isotherm and is dependent on the amount of ser-
pentinization that has occurred (Figures 4 and 5).
Some of the mismatch between the predicted depth
of maximum serpentinization and the separation
depth of DBZs may be due to the thermal structure
of the slab at intermediate depths which may be too
cold to induce dehydration in the mantle region
that is the most serpentinized [Rüpke et al., 2004;
van Keken et al., 2011], or to heterogeneities in
bend-fault serpentinization linked to preferential

Figure 9. The slab-normal distance separating the upper and lower planes of double Benioff zones as a function of
the age of the subducting lithosphere. The region where serpentinization would take place at the trench outer-rise in
this kinetics-limited partial serpentinization model is shown by the pink region, which correlates closely to the
100�C and 400�C isotherms in the lithosphere at the trench axis. Equilibria serpentinization models would predict a
much larger depth interval of serpentinization shown by the gray shaded region, as serpentine is the stable mineral
assemblage up to �550�C. In addition, the depth at which maximum partial serpentinization occurs corresponds to
the �270�C (or 300�C [Malvoisin et al., 2012]) isotherm (the potential depth at which most water is mineral bound)
which coincides with the mean observed separation depth between the two Benioff planes [Brudzinski et al., 2007].
Model results deviate slightly upwards from the paleo-270�C isotherm due to the exothermic nature of the serpentini-
zation reaction as these results assume the minimum amount (one-pass) of downward water flow into the serpentiniz-
ing lithosphere. Models with greater amounts of (partly non-reactive) hydrothermal flow would lead to predictions for
slightly deeper maximum serpentinization still centered around the paleo-270�C isotherm.
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serpentinization along the deeper extensions of the
bend-faults themselves. Recent numerical experi-
ments have shown that fluid release during deser-
pentinization could lead to updip migration of the
released fluid within the colder core regions of the
slab along a plane of neutral pressure gradient
[Faccenda et al., 2012]. The presence of free fluids
and the formation of hydrous minerals lead to the
development of a ‘double hydrated zone (DHZ)’ and
may be responsible for intermediate depth seismicity.
These findings complement the results shown in this
study and may together describe the variations in the
observed separation depth of DBZs, especially in
older subducting plates.

5. Conclusions

[23] This study has used a reactive flow model to
quantify the potential amounts of serpentinization
that may occur in the mantle due to bending-related
faulting prior to subduction. Although the estimated
average chemically bound water content of hydrated
mantle generally falls within the ranges predicted
by prior observational studies, the model highlights
the dependences of bend-fault serpentinization on
plate age, subduction velocity and, most impor-
tantly, reaction kinetics. We show that the spacing
of double Benioff zones is consistent with the tem-
perature dependence of serpentine reaction kinetics.
We also show that the observed seafloor tempera-
ture gradient in the bend-fault region is too low to be
caused by ‘one-pass’ downward water flow into the
serpentinizing lithosphere, but rather implies that
bend-faults are areas of active hydrothermal flow,
with the implied prediction that serpentine-sourced
vents and chemosynthetic vent communities should
be found in this deep-sea environment, too. This
study also highlights the continuing need for new
and improved coupled subduction zone models that
integrate deformation, chemical reactions, and fluid
flow to help further understand the causes and
consequences of hydration and dehydration pro-
cesses at subduction zones.
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