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Abstract The age of the subducting Nazca Plate off Chile increases northward from 0 Ma at the Chile
Triple Junction (468S) to 37 Ma at the latitude of Valpara�ıso (328S). Age-related variations in the thermal state
of the subducting plate impact on (a) the water influx to the subduction zone, as well as on (b) the volumes
of water that are released under the continental fore arc or, alternatively, carried beyond the arc. Southern
Central Chile is an ideal setting to study this effect, because other factors for the subduction zone water
budget appear constant. We determine the water influx by calculating the crustal water uptake and by
modeling the upper mantle serpentinization at the outer rise of the Chile Trench. The water release under
fore arc and arc is determined by coupling FEM thermal models of the subducting plate with stability fields
of water-releasing mineral reactions for upper and lower crust and hydrated mantle. Results show that both
the influx of water stored in, and the outflux of water released from upper crust, lower crust, and mantle
vary drastically over segment boundaries. In particular, the oldest and coldest segments carry roughly twice
as much water into the subduction zone as the youngest and hottest segments, but their release flux to the
fore arc is only about one fourth of the latter. This high variability over a subduction zone of <1500 km
length shows that it is insufficient to consider subduction zones as uniform entities in global estimates of
subduction zone fluxes.

1. Introduction

Water is carried into subduction zones with the subducting oceanic plate (1) as sedimentary pore water, (2)
bound to mineral phases of the subducting sediments, (3) in pores of the oceanic crust and mantle, (4)
bound to mineral phases of the crust, and (5) bound to minerals of the upper lithospheric mantle [e.g., van
Keken et al., 2011]. It is assumed that most of the water that comes in with sediments and particularly the
sedimentary pore water is released in early phases of the subduction process and over the first kilometers
of subduction [e.g., Gieskes et al., 1990; Brown et al., 2001; Saffer, 2003]. In contrast, the other constituents of
the subduction zone water input have the potential to dive deep into the subduction zone and to become
released under the fore arc, arc or to get recycled into the continental mantle. They are the subject of this
paper.

After the creation of oceanic crust, its hydration and the development of its pore space are processes that
depend on crustal age [Jarrard, 2003]. The hydration of the lithospheric mantle is mainly related to the for-
mation of serpentine when upper mantle rocks are in contact with seawater at temperatures below
�5008C. Serpentine acts as the major reservoir and carrier of water within the upper mantle. Serpentiniza-
tion of the oceanic mantle depends on the availability of water by deep circulation and on the mantle tem-
perature, and thus the lithospheric age [Iyer et al., 2012]. A considerable part of this serpentinization occurs
at the outer rise (or forebulge) of subduction zones where normal faulting related to plate bending creates
pathways for the descent of fluids [e.g., Ranero et al., 2003; Peacock et al., 2005; Grevemeyer et al., 2007]. The
degree and extent of serpentinization that develops during bending-related faulting at the trench outer rise
has been studied in Central America and Chile based on seismic mantle velocities [Ivandic et al., 2008, 2010;
Lefeld et al., 2009; Contreras-Reyes et al., 2007, 2008].

The water release from crust and mantle in subduction zones depends fundamentally on the temperatures
that are met along the subduction path, as the important dehydration reactions are predominantly
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thermally controlled. Those temperature conditions and, to a lesser degree, pressure conditions therefore
define the depth and the position relative to the arc where water is set free from the subducting slab.

The southern Central Chile subduction zone forms an ideal setting for studying the water release from a
subducting slab, as the age of the subducting Nazca Plate and therefore its thermal character changes sig-
nificantly from the Chile Triple Junction at 468S (age of close to zero, very high geothermal gradient) to its
northern end at 318S (age of 37 Ma, low geothermal gradient), whereas other plate tectonic constraints
(rate and angle of subduction, bathymetric roughness, and crustal thickness of the subducting Nazca Plate,
thickness of Nazca Plate sediment cover) do not vary significantly [e.g., V€olker et al., 2011a; Contreras-Reyes
et al., 2007, 2008; Scherwath et al., 2009; Syracuse et al., 2010].

In this paper, we calculate the amount of water that is carried into the south-central Chilean subduction
zone (338S–468S) by the oceanic crust and mantle for five Nazca Plate segments of different age. Together,
the segments have a length of 1480 km, corresponding to �3.33% of the total length of active subduction
zones of the world (44,450 km, according to Jarrard [2003]). We run thermal models for those segments and
map the calculated P-T conditions onto stability fields of mineral reactions in the upper and lower crust and
mantle that are important for the release of water. Together with an estimation of the initial water content
over the depth of the subducting slab, we calculate (1) where portions of the subducted water are being
released by mineralogical reactions and (2) how much of water is set free or, alternatively, retained in the
slab and carried beyond the volcanic arc.

2. Geotectonic Setting

The convergent continental margin of southern Central Chile (338S–468S) is characterized by the subduction
of the oceanic Nazca Plate under the continental South American Plate (Figure 1). Plate convergence is
slightly oblique with a rate of 6.6 cm/yr at a direction of 80.18 [Angermann et al., 1999], respectively,
6.65 cm/yr at 82.48 [Kendrick et al., 2003]. The age of the Nazca Plate at the deformation front increases from
the Chile Triple Junction at 468S, where crust is being created and immediately subducted to about 37 My
at the northern end of the working area at 338S [Tebbens et al., 1997]. Thus, the slab thermal parameter U
[Kirby et al., 1991], defined as the product of slab age and convergence speed ranges from 0 at the Chile Tri-
ple Junction to 2600 km at the latitude of Valparaiso, which is low to intermediate on global scale. Sedi-
ments covering the incoming Nazca Plate and the fill of the Chile Trench are accreted to a small
accretionary prism of the Chilean fore arc. North of 388S, tectonic erosion of the continental fore arc is tak-
ing place concomitant to the buildup of a small accretionary prism according to Stern [2011].

Three large fracture zones (Valdivia FZ, Chilo�e FZ, and Guafo FZ) are aligned roughly perpendicular to the
trench, while Mocha FZ has a more oblique trend (Figure 1). As these fracture zones delimit major age dis-
continuities of the Nazca Plate, they define five Nazca Plate segments of different age (Table 1). North of
the Valdivia FZ, the oceanic plate was formed at the Pacific-Farallon Spreading Center more than 20 Ma ago
[M€uller et al., 2008], whereas south of the Valdivia FZ it was created at the Chile Rise within the past 20 Ma
[Herron et al., 1981]. Both, the Chile Rise and the Pacific-Farallon Spreading Center are intermediate to fast-
spreading ridges. The crustal thickness in the study area ranges between �4 and 7 km in general
[Scherwath et al., 2009; Contreras-Reyes et al., 2007]. At �458S, close to the Chile Rise, the oceanic crust con-
sists of a 3–3.5 km thick mafic basement and a 1 km thick sediment trench fill layer on top. In the central
part of the study area, between 428S and 378S the basement thickness increases from �4 to about 5.5 km
and the sediments from �1.5 to 1.8 km (TIPTEQ data) [Scherwath et al., 2009]. In the northern part of the
study area at around 338S, the crust comprises a basement of �5 km (CONDOR data) [Flueh et al., 1998] and
a sediment layer of �1.5 km in the trench [V€olker et al., 2013].

On land, the present volcanic arc is delineated by the Southern Volcanic Zone (SVZ) within the Andean
Cordillera with at least 60 historically active volcanic edifices in Chile and Argentina and numerous minor
eruptive centers [Siebert and Simkin, 2002; Stern, 2004, 2007]. The northern end of the SVZ coincides with
the on-land projection of the subducting Juan Fernandez Ridge, a seamount chain on the Nazca Plate (Fig-
ure 1). The southern end is defined by the subducting Chile Rise (Figure 1). The volcanism indicates that
there is probably a significant release of fluids from the down-going plate and that these fluids likely enter
the mantle wedge of the overriding plate, causing partial melting [e.g., Sisson and Grove, 1993; Grove et al.,
2006]. The dehydration reactions that release most of the free water are described in the following section.
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Figure 1. Overview map of Southern Central Chile and the Southern Volcanic Zone of Chile. The Nazca Plate isochrones (green lines, age in Ma) are adapted from Tebbens et al. [1997].
The Nazca Plate age segments as given in Table 2 are color-indicated. On land, prominent upper plate faults between 368S and 428S as published by Melnick and Echtler [2006] are drawn
as black lines. NP 5 Nazca Plate, CR 5 Chile Rise, CTJ 5 Chile Triple Junction, MB 5 Mocha Block, LOFZ 5 Liquini-Ofqui Fault Zone, LFZ 5 Lanalhue Fault Zone, CSVZ 5 Central Southern
Volcanic Zone, TSVZ 5 Transitional Southern Volcanic Zone. The Nazca Plate segments for which water budgets are calculated are color-coded in agreement with later figures.
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3. Breakdown of Hydrous Mineral Phases Along the Subduction Path

3.1. Oceanic Crust
Basalt is the predominant lithology of the oceanic crust in the form of lava flows, pillow lavas, sills, dikes,
tuff layers, and hyaloclastites. Other mafic rock types (e.g., gabbros from the ‘‘ophiolite sequence’’) are simi-
lar in mineral composition and hence are mineralogically represented by basalt in this study. The sediment
cover on top of the incoming Nazca Plate is thin (<200 m seaward of the trench). The stack of trench sedi-
ment that gets thrust under, and incorporated into the frontal prism varies in thickness between 1500 and
1000 m, but only a fraction of that stack appears to dive deep into the subduction zone [Contreras-Reyes
et al., 2010; Geersen et al., 2011]. The sediment pore water is released early and dehydration of the sedimen-
tary minerals occurs largely during low-grade metamorphism in or below the fore-arc wedge. Therefore,
and because of the small amount of sediments being subducted not much water resides within the sedi-
ments to depths >10 km. Accordingly, most of the volatiles of the oceanic crust are released from the meta-
basalts [e.g., Staudigel et al., 1996; Kerrick and Connolly, 2001], predominantly by dehydration reactions. The
first water gain of the metabasalts takes place during ocean floor metamorphism directly following mag-
matic emplacement and cooling to subsolidus conditions [e.g., Tomasson and Kristmansdottir, 1972; Humph-
ris and Thompson, 1978; Natland and Dick, 2001]. Offshore south-central Chile, further uptake of water
appears to occur during bend faulting [Contreras-Reyes et al., 2007]. The water content of the metabasalts
depends on water availability and the grade and duration of metamorphic alteration, making an absolute
quantification difficult or impossible, as will be described below in the hydration model of the mafic crust.

The lowest temperature metamorphic mineral assemblage (subgreenschist facies) is the first to be decom-
posed. Dehydration reactions are preferentially temperature-dependent, but also pressure-dependent for
metamafic rocks (see preferred trend of reaction isograds in supporting information Figure S2). The lowest
temperature metamorphic mineral assemblage (subgreenschist facies) is the first to be decomposed. Most
water is released by the decomposition of the zeolite minerals and analcite [e.g., Coombs et al., 1959;
Thompson, 1971; Frey et al., 1991]. See supporting information Figures S2a and S2b, for the described min-
eral stability and reactions. At temperatures >�3008C, prehnite, and at higher confining pressure pumpelly-
ite are converted to assemblages containing zoisite, lawsonite, grossular, tremolite, and/or chlorite with

Table 1. Nazca Plate Segments That are Subducting Underneath Southern Central Chile

Name Position Latitude Length
Crustal Age at the

Outer Rise

Segments of the Subducting Nazca Plate off Southern Central Chile
Segment 1 N of Mocha FZ 338S–388S 550 km 30 Ma
Segment 2 Between Mocha FZ and Valdivia FZ 388S–408S 225 km 25 Ma
Segment 3 Between Valdivia and Chilo�e FZ, 408S–41.58S 170 km 17.3 Ma
Segment 4 Between Chilo�e FZ and Guafo FZ 41.58S–43.58S 225 km 12.5 Ma
Segment 5 South of Guafo FZ 43.58S–468S 280 km 4 Ma

Table 2. Initial Composition of Metabasalts and Serpentinized Mantle in Oxide Notationa

Component
by wt %

Metabasalt
[Staudigel et al., 1996]

Upper Crust (600 m),
Adapted From

Staudigel et al. [1996]

Lower Crust
(600–5000 m),
Adapted From

Staudigel et al. [1996]
Serpentinized Mantle

[Kerrick and Connolly, 1998]

Initial Composition of Crust and Mantle
SiO2 45.8 43.41 46.31 44.5
TiO2 1.18 1.12 1.19
Al2O3 15.53 14.72 15.70 1.7
FeO 9.69 9.18 9.80 9.6
MgO 6.66 6.31 6.73 42.6
CaO 12.88 12.21 13.02 1.4
Na2O 2.07 1.96 2.09
K2O 0.56 0.53 0.57
H2O 2.68 7.76 1.60 5.8
CO2 2.95 2.80 2.98
Sum 100 100 100

aThe initial water content is highlighted in boldface.
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excess water and quartz. This is characteristic for the subgreenschist to greenschist facies transition in hot
subduction settings, present in the southern part of the study area [e.g., Springer et al., 1992; Powell et al.,
1993; Digel and Gordon, 1995]. When the geothermal gradient is low, as in cold subduction zones, and
maybe in the northern part of the study area, subgreenschist facies are directly transformed into blueschist
facies mineral assemblages [e.g., Ernst, 1972; Janots et al., 2006]. This transition is mostly pressure controlled
and occurs for maximal 3008C at confining pressures between 0.6 and 0.8 GPa.

Within greenschist facies conditions water is released by the reduction of the phyllosilicates chlorite, marga-
rite, pyrophyllite, celadonite, muscovite as well as epidote/zoisite, and/or actinolite/tremolite [e.g., Will et al.,
1990; Ukar and Cloos, 2014]. Depending on initial composition, retrogression, and subduction path of the
rocks, only a few of these minerals might be present. At higher pressures, kyanite, tremolite, zoisite, and the
phyllosilicates phengite, paragonite, and phlogopite remain predominant and water is mainly released by
the decomposition of the lower pressure phyllosilicates.

Blueschist facies metamorphic conditions are either achieved directly from the subgreenschist facies during
cold subduction as described before or from the greenschist facies during hot subduction at temperatures
between 300 and 5008C and confining pressures between 0.8 and 1.1 GPa [e.g., Ernst, 1972; Matthews and
Schliestedt, 1984]. When glaucophane, zoisite, or paragonite are produced out of the paragenesis tremolite,
albite, and chlorite additional water is released. Toward higher blueschist facies conditions, the breakdown
of lawsonite with its crystal water represents a significant water discharge, especially important for hot sub-
duction. The decomposition of chlorite, paragonite, and other higher pressure phyllosilicates delivers addi-
tional amounts of water [Peacock, 1993; Poli and Schmidt, 1995; Liu et al., 1996; Ono, 1998; Tsujimori and
Ernst, 2014].

The blueschist to eclogite-transition is characterized by glaucophane 1 paragonite turning into jadeite/
omphacite 1 garnet (pyrope-rich) 1 quartz and water [e.g., Patrick and Day, 1989]. The negative slope of
this reaction on a p/T-diagram causes a lower pressure transition to the eclogite facies for hot subduction at
approximately 1.4 GPa and 5508C and a higher pressure transition for cold subduction between 1.7 and 2.0
GPa and 400–5008C. Further water is expelled by the breakdown of chloritoid, chlorite, phengite, zoisite,
and talc within eclogite facies conditions [e.g., Bearth, 1963; Hirajima et al., 1988]. In low temperature eclo-
gites also lawsonite and even glaucophane persist up to confining pressures of 3.0–3.5 GPa [e.g., Kerrick and
Connolly, 2001]. All these hydrous phases become unstable at more temperature-accentuated conditions.
The last stoichiometric water might be bound to K-bearing Na-Ca-amphiboles, which form due to the
decomposition of phengite at higher temperature eclogite facies conditions [Triboulet, 1992].

3.2. Mantle Rocks
We assume that a variably hydrated, depleted peridotite containing chrysotile and brucite or talc is a proba-
ble starting material for subducting mantle rock [e.g., Evans, 1977; Bucher and Frey, 2002]. The degree of ini-
tial serpentinization depends on the water availability and the PT conditions the peridotite was previously
exposed to [cf. Martin and Fyfe, 1970; Okamoto et al., 2011; Iyer et al., 2012] as is outlined in our model of
upper mantle serpentinization. With prograde metamorphism in the subduction zone, the hydrated mineral
phases are decomposed, releasing water during each reaction. In contrast to retrograde reaction paths
when a metastable peridotite assemblage of olivine, ortho and clinopyroxene is preserved, the prograde
reactions effectively dehydrate the entire rock on the way to the peridotite stability field. For the ultramafic
rocks, the dehydration reactions are mainly temperature-dependent, whereas the dehydration of metaba-
salts shows a significant pressure-dependence.

For the oceanic mantle rocks dehydration reactions above 400–4508C are relevant, conditions at which first
forsterite is formed and stable with decomposing antigorite [e.g., Trommsdorff and Evans, 1972; Evans et al.,
1976; Wunder and Schreyer, 1997; Padron-Navarta et al., 2010]. See supporting information Figure S2c, for
the described mineral stability and reactions. Brucite is unstable under these temperature conditions. The
last antigorite determines the upper thermal stability limit for serpentinites at approximately 6008C at the
given elevated pressure conditions [Evans et al., 1976; Ulmer and Trommsdorff, 1995; Wunder and Schreyer,
1997]. Deserpentinization is complete at this point and most of the water is released, in particular if the ini-
tial material is serpentinite [Hacker et al., 2003a]. The breakdown of talc at subduction zone pressure condi-
tions is another source of water at 650–7008C [Pawley et al., 1995]. If amphibole (tremolite and
clinoamphibole) and chlorite—characteristic for a less depleted, more lherzolithic initial composition—are
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present at this stage, they represent the final mineral phases containing stochiometric water [Lippard et al.,
1986; Bucher and Frey, 2002]. They are decomposed below 8008C.

4. Methodology

4.1. Work Flow
The work flow is illustrated by Figure 2a. It consists of (1) calculating phase diagrams for relevant water-
bearing minerals over the range of PT conditions of subduction zones with Perple_X [Connolly, 2009,

Figure 2. (a) Work flow and interplay of calculations and models used in this study. (b) Sample input (geothermal profile at the ocean boundary) and model space of thermal 2-D finite
element model. The gray arrow symbolizes flow in the continental mantle; DF 5 deformation front.
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version 6.6.9 with thermodynamic data file hp02ver.dat], (2) calculating the water content of oceanic crust
according to Jarrard [2003], including both pore water and structural water (mineralogically bound water),
(3) calculating the water uptake of the oceanic mantle due to serpentinization with a numerical model of
Iyer et al. [2012], (4) producing grids of PT conditions for the subducting slab with a thermal finite element
model according to V€olker et al. [2011a, 2011b], and (5) calculating the water loss of the slab along the path
of subduction by combining (1)–(4).

4.2. Phase Diagrams
Phase diagrams of the crustal and mantle rocks, their water-releasing reactions and the remaining water in
the slab were calculated with Perple_X [Connolly, 2009] for a pressure range of 0.5–5 GPa and a temperature
range of 100–10008C. We calculate mineral reactions that change the water content of the subducting oce-
anic crust, based on a bulk major element composition of metabasalt compiled by Staudigel et al. [1996]
and by Connolly [1990, Table 2]. Both compositions yield similar phase diagrams. In order to account for
water-rich mineral phases that form in the uppermost oceanic crust, we follow the concept of Jarrard [2003]
of dividing the crust into four layers (top extrusives, bottom extrusives, dikes, and gabbros) of 300, 300,
1400, and up to 5000 m thickness with different water content and thus different mineral phases. With
respect to the phase diagrams, however, the upper two layers (0–600 m, extrusive layers 1 and 2 of Jarrard
[2003]) behave sufficiently similar that we combine them into a single unit with a mean water content of
7.5–7.9 wt % H2O. Similarly, phase reactions of the lower two crustal layers (dikes and gabbros) can be rep-
resented by a single composition with a water content of 1.6 wt % H2O. Accordingly, the initial crustal com-
position used to calculate the phase diagrams is generated by adapting the metabasalt composition of
Staudigel et al. [1996] to mean water contents of 1.60 and 7.67 wt % for the lower and upper layers of the
crust, respectively (Table 2). This simplification is justified, as a finer subdivision in terms of phase reactions
does not significantly change budgets and water release curves (see supporting information Figure S1).
Phase diagrams of the mantle rocks and the corresponding remaining percentage of water are calculated
based on the composition of serpentinized harzburgite of Kerrick and Connolly [1998, Table 2] or serpentin-
ite [Hacker et al., 2003a].

4.3. Initial Water Content of the Oceanic Crust
For the calculation of the initial water input of the subducting oceanic crust, we follow the full four-layer
concept of Jarrard [2003] in distinguishing between top extrusives, bottom extrusives, dikes, and gabbros.
Based on measurement on DSDP and ODP drill cores, Jarrard [2003] documents the age dependency of
density, porosity, and bound water content of the extrusive layers. We combine the regression curves of
Jarrard [2003] with global mean values of matrix density and porosity of the lower layers to calculate the
total water content of the crust (Table 3). We then multiply this crustal water content with the plate conver-
gence rate to get the flux of crustal water over the five Nazca Plate segments of different age. We adapted
the thickness of the gabbroid layer to the observed crustal thickness off Southern Central Chile (5–6 km)
[Scherwath et al., 2009; Contreras-Reyes et al., 2007]. The top extrusives of the youngest crust segment are
the most porous layer and carries up to 9.58 wt % of water, the bottom extrusives contain up to 6.17 wt %
of water (Table 3). Below the extrusives (z> 600 m), the water content is significantly lower (2.84 and 1.03
wt %, Table 3). The total mass of water subducted with the crust over the 1480 km long SVZ is roughly
1000 kg/s (Table 3).

4.4. Water Uptake at the Outer Rise by Upper Mantle Serpentinization
Most models of mantle serpentinization assume that the mantle is homogeneously serpentinized to some
depth below the Moho, based on phase-equilibria [e.g., Schmidt and Poli, 1998; Hacker et al., 2003b; R€upke
et al., 2004; Skelton et al., 2005]. Here we use a new model proposed by Iyer et al. [2012], which accounts for
the reaction rate of serpentine formation and for the dependency of the reaction on the availability of flu-
ids. The model consists of a porous flow solver and is coupled to the serpentinization reaction via the mass
conservation equation (consumption of fluid during the reaction) and the energy equation (exothermic
heat of reaction). The initiation and growth of bending-related faults at the outer rise is simulated by assum-
ing a linear increase in porosity toward the trench [Iyer et al., 2012], thereby determining the amount of fluid
available for the reaction. Downward fluid flow initiates as porosity opens due to progressive faulting
toward the trench and is sustained by the consumption of fluid at depth due to serpentinization [e.g.,
Lefeldt et al., 2012]. However, vigorous hydrothermal convection does not occur due to the relatively low

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005766

V€OLKER AND STIPP CHILE SUBDUCTION ZONE WATER INPUT 1831



Ta
b

le
3.

W
at

er
C

on
te

nt
of

th
e

Su
bd

uc
tin

g
N

az
ca

Pl
at

e
C

ru
st

al
La

ye
rs

of
th

e
Fi

ve
Se

gm
en

ts
D

efi
ne

d
in

Ta
bl

e
1a

N
am

e
of

La
ye

r
(m

)
Th

ic
kn

es
s

(m
)

M
at

rix
D

en
si

ty
(k

g/
m

3
)

Bu
lk

D
en

si
ty

(k
g/

m
3
)

M
ac

ro
po

ro
si

ty
(%

)
M

ic
ro

po
ro

si
ty

(%
)

To
ta

l
Po

ro
si

ty
(%

)

St
ru

ct
ur

al
W

at
er

(w
t

%
)

Po
re

W
at

er
(w

t
%

)

To
ta

l
W

at
er

C
on

te
nt

(w
t

%
)

To
ta

l
W

at
er

C
on

te
nt

(a
)(

g/
m

3
)

To
ta

l
W

at
er

C
on

te
nt

(b
)(

g/
m

2
)

Su
bd

uc
te

d
W

at
er

(g
/m

/s
)

Su
bd

uc
te

d
W

at
er

Pe
r

Se
gm

en
t

(g
/s

)

W
at

er
in

th
e

Su
bd

uc
te

d
Cr

us
t

A
ft

er
Ja

rr
ar

d
[2

00
3]

Se
gm

en
t

1,
N

or
th

of
M

oc
ha

FZ
,3

38
S–

38
8S

,5
80

km
La

ye
r

1
To

p
of

ex
tr

us
iv

es
30

0
29

14
.8

4
26

78
.7

9
4.

68
7.

80
12

.4
8

4.
62

4.
77

9.
40

2.
51

7E
1

05
7.

55
1E

1
07

1.
58

0E
-0

1
9.

16
6E

1
04

La
ye

r
2

Bo
tt

om
ex

tr
us

iv
es

30
0

29
61

.4
2

28
17

.2
4

2.
34

5.
10

7.
44

3.
43

2.
70

6.
13

1.
72

7E
1

05
5.

18
1E

1
07

1.
08

4E
-0

1
6.

29
0E

1
04

La
ye

r
3

D
yk

es
14

00
29

80
.0

0
29

20
.5

4
0.

84
2.

20
3.

04
1.

76
1.

07
2.

83
8.

25
3E

1
04

1.
15

5E
1

08
2.

41
8E

-0
1

1.
40

3E
1

05
La

ye
r

4
G

ab
br

os
30

00
29

90
.0

0
29

76
.2

4
0.

00
0.

70
0.

70
0.

79
0.

24
1.

03
3.

06
8E

1
04

9.
20

4E
1

07
1.

92
6E

-0
1

1.
11

7E
1

05
Su

m
ov

er
al

ll
ay

er
s:

3.
34

9E
1

8
7.

00
9E

-1
4.

06
5E

1
5

Se
gm

en
t

2,
Be

tw
ee

n
M

oc
ha

FZ
an

d
Va

ld
iv

ia
FZ

,3
88

S–
40

8S
,2

25
km

La
ye

r
1

To
p

of
ex

tr
us

iv
es

30
0

29
19

.8
3

25
42

.4
4

5.
13

7.
80

12
.9

3
4.

38
5.

21
9.

58
2.

43
7E

1
05

7.
31

0E
1

07
1.

53
0E

-0
1

3.
44

2E
1

04
La

ye
r

2
Bo

tt
om

ex
tr

us
iv

es
30

0
29

63
.9

2
27

36
.8

2
2.

56
5.

10
7.

66
3.

30
2.

87
6.

17
1.

68
9E

1
05

5.
06

6E
1

07
1.

06
0E

-0
1

2.
38

6E
1

04
La

ye
r

3
D

yk
es

14
00

29
80

.0
0

28
89

.4
4

0.
84

2.
20

3.
04

1.
76

1.
08

2.
84

8.
19

8E
1

04
1.

14
8E

1
08

2.
40

2E
-0

1
5.

40
5E

1
04

La
ye

r
4

G
ab

br
os

30
00

29
90

.0
0

29
69

.0
8

0.
00

0.
70

0.
70

0.
79

0.
24

1.
03

3.
06

2E
1

04
9.

18
7E

1
07

1.
92

3E
-0

1
4.

32
6E

1
04

Su
m

ov
er

al
ll

ay
er

s:
3.

30
4E

1
8

6.
91

5E
-1

1.
55

6E
1

5

Se
gm

en
t

3,
Be

tw
ee

n
Va

ld
iv

ia
FZ

an
d

Ch
ilo

� e
FZ

,4
08

S–
41

.5
8S

,1
70

km
La

ye
r

1
To

p
of

ex
tr

us
iv

es
30

0
29

29
.9

2
25

24
.8

6
6.

03
7.

80
13

.8
3

3.
88

5.
61

9.
49

2.
39

5E
1

05
7.

18
6E

1
07

1.
50

4E
-0

1
2.

55
7E

1
04

La
ye

r
2

Bo
tt

om
ex

tr
us

iv
es

30
0

29
68

.9
6

27
28

.1
1

3.
01

5.
10

8.
11

3.
05

3.
05

6.
10

1.
66

4E
1

05
4.

99
2E

1
07

1.
04

5E
-0

1
1.

77
6E

1
04

La
ye

r
3

D
yk

es
14

00
29

80
.0

0
28

89
.4

4
0.

84
2.

20
3.

04
1.

76
1.

08
2.

84
8.

19
8E

1
04

1.
14

8E
1

08
2.

40
2E

-0
1

4.
08

4E
1

04
La

ye
r

4
G

ab
br

os
30

00
29

90
.0

0
29

69
.0

8
0.

00
0.

70
0.

70
0.

79
0.

24
1.

03
3.

06
2E

1
04

9.
18

7E
1

07
1.

92
3E

-0
1

3.
26

9E
1

04
Su

m
ov

er
al

ll
ay

er
s:

3.
28

4E
1

08
6.

87
3E

-0
1

1.
16

8E
1

05

Se
gm

en
t

4,
Be

tw
ee

n
Ch

ilo
� e

FZ
an

d
G

ua
fo

FZ
,4

1.
58

S–
43

.5
8S

,2
25

km
La

ye
r

1
To

p
of

ex
tr

us
iv

es
30

0
29

38
.8

2
25

09
.1

8
6.

82
7.

80
14

.6
2

3.
44

5.
97

9.
41

2.
36

0E
1

05
7.

08
1E

1
07

1.
48

2E
-0

1
3.

33
4E

1
04

La
ye

r
2

Bo
tt

om
ex

tr
us

iv
es

30
0

29
73

.4
1

27
20

.3
9

3.
41

5.
10

8.
51

2.
83

3.
20

6.
04

1.
64

2E
1

05
4.

92
7E

1
07

1.
03

1E
-0

1
2.

32
0E

1
04

La
ye

r
3

D
yk

es
14

00
29

80
.0

0
28

89
.4

4
0.

84
2.

20
3.

04
1.

76
1.

08
2.

84
8.

19
8E

1
04

1.
14

8E
1

08
2.

40
2E

-0
1

5.
40

5E
1

04
La

ye
r

4
G

ab
br

os
30

00
29

90
.0

0
29

69
.0

8
0.

00
0.

70
0.

70
0.

79
0.

24
1.

03
3.

06
2E

1
04

9.
18

7E
1

07
1.

92
3E

-0
1

4.
32

6E
1

04
Su

m
ov

er
al

ll
ay

er
s:

3.
26

7E
1

08
6.

83
8E

-0
1

1.
53

9E
1

05

Se
gm

en
t

5,
So

ut
h

of
G

ua
fo

FZ
,4

3.
58

S–
46

8S
,2

80
km

La
ye

r
1

To
p

of
ex

tr
us

iv
es

30
0

29
70

.0
3

24
53

.1
1

9.
61

7.
80

17
.4

1
1.

90
7.

27
9.

16
2.

24
8E

1
05

6.
74

3E
1

07
1.

41
1E

-0
1

3.
95

1E
1

04
La

ye
r

2
Bo

tt
om

ex
tr

us
iv

es
30

0
29

89
.0

1
26

93
.0

5
4.

81
5.

10
9.

91
2.

06
3.

77
5.

83
1.

56
9E

1
05

4.
70

8E
1

07
9.

85
4E

-0
2

2.
75

9E
1

04
La

ye
r

3
D

yk
es

14
00

29
80

.0
0

28
89

.4
4

0.
84

2.
20

3.
04

1.
76

1.
08

2.
84

8.
19

8E
1

04
1.

14
8E

1
08

2.
40

2E
-0

1
6.

72
6E

1
04

La
ye

r
4

G
ab

br
os

30
00

29
90

.0
0

29
69

.0
8

0.
00

0.
70

0.
70

0.
79

0.
24

1.
03

3.
06

2E
1

04
9.

18
7E

1
07

1.
92

3E
-0

1
5.

38
4E

1
04

Su
m

ov
er

al
ll

ay
er

s:
3.

21
2E

1
08

6.
72

1E
-0

1
1.

88
2E

1
05

To
ta

ls
ub

du
ct

ed
w

at
er

ov
er

th
e

SV
Z

Su
m

ov
er

al
ls

eg
m

en
ts

:
1.

02
E1

00
6

a Th
e

to
ta

lw
at

er
co

nt
en

t
(b

)i
s

th
e

vo
lu

m
e

of
w

at
er

th
at

is
st

or
ed

in
a

cr
us

ta
lc

ol
um

n
of

1
3

1
m

di
m

en
si

on
s

ov
er

th
e

de
pt

h
of

th
e

la
ye

rs
.T

he
su

bd
uc

te
d

w
at

er
is

th
is

am
ou

nt
m

ul
tip

lie
d

by
th

e
ra

te
of

su
bd

uc
tio

n.
Th

e
su

bd
uc

te
d

w
at

er
pe

r
se

gm
en

t
is

th
e

su
bd

uc
te

d
w

at
er

pe
r

1
m

of
su

bd
uc

tio
n

zo
ne

le
ng

th
m

ul
tip

lie
d

w
ith

th
e

le
ng

th
of

th
e

su
bd

uc
tio

n
zo

ne
se

gm
en

t.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005766

V€OLKER AND STIPP CHILE SUBDUCTION ZONE WATER INPUT 1832



permeability and low thermal gradients. Serpentinization occurs in a band-like pattern dictated by the reac-
tion kinetics.

The rate of serpentinization is derived from experiments [Martin and Fyfe, 1970; Wegner and Ernst, 1983;
Malvoisin et al., 2012] and shows a strong temperature dependency. This dependency is described by a bell-
shaped curve with a peak reaction rate at 2708C and essentially no reaction occurring below 1008C and
above 4008C (Figure 3b). The reaction rate also depends on the amount of fluid present. The modeled
domain consists of an across-trench 2-D slice of the lithosphere extending 120 km seaward of the trench
and 75 km deep. Temperature in the model is initialized by the plate cooling model GDH1 [Stein and Stein,
1992] for the given plate age. Oceanic mantle enters the domain at the subduction velocity and becomes
serpentinized. Local spatial variability in the fracture distribution cannot be considered as required input
data are not available. The model time is the period to move the lithosphere 120 km from the outer rise to
the trench. A complete description of the model, the governing equations and parameters are given in Iyer
et al. [2012].

We used this model to calculate the initial profile of serpentinite content in the mantle for each of the seg-
ments before being subducted. The initial degree of mantle serpentinization s is converted into water con-
tent of the mantle in kg/m3, given that a fully serpentinized mantle contains 13 wt % of water [Schmidt and
Poli, 1998]. Thus, m(H2O) 5 s * 13/100 * q (serpentinized mantle) with q(serpentinized mantle) 5 (1 2 s) * q
(peridotite) 1 s * q (serpentine) assuming q (peridotite) 5 3300 kg/m3 and q (serpentine) 5 2600 kg/m3.

Figure 3. (a) Geothermal gradients at the outer rise for five age segments of the Nazca Plate, based on the half-space cooling model of Stein and Stein [1992]. The half-space cooling
model geothermal gradient is modified to simulate the exothermic serpentine reaction effect and the effect of crustal cooling by seawater percolation. The serpentine reaction effect
adds a maximum of 308C and is restricted to the depth interval of serpentinization (Figure 3b). Seawater percolation lowers crustal temperatures over the depth interval of intense sea-
water percolation, but also lowers the upper plate temperature for the GDH1 model. (b) Degree of serpentinization of the upper oceanic mantle at the outer rise against depth, accord-
ing to the model of Iyer et al. [2012]. The maximum of serpentinization is found at the 2708C isotherm.
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Since the subduction velocity is the same for all plate segments, the depth profile of serpentinization is con-
trolled exclusively by the thermal structure of the slab (Figure 3b). The amount of water taken up by serpen-
tinization is calculated for each profile by integrating the water content in the mantle column at the trench.
The water content in the mantle due to serpentinization increases northward, as the depth interval over
which serpentinization takes place broadens due to increasing slab ages. The maximum water content is
76.4 kg/m3 of rock, which is reached in four of the five segments (Figure 3b). Only for the hottest segment
5, the 2708C isotherm, i.e., the depth at which maximum serpentinization occurs, is not located in the upper
mantle, but above in the oceanic crust. The depth of the 2708C isotherm increases with plate age from
5.3 km (4 Ma) to 11.1 km (30 Ma). If we integrate over depth from the Moho downward, a column of 1 3

1 m slab contains from 3.5 3 104 kg (4 Ma) to 3.8 3 105 kg (30 Ma) of water (Table 4).

4.5. Description of the Thermal Model
The temperature field along trench-perpendicular profiles is created using the 2-D finite element code
PGCtherm written by Jiangheng He (Pacific Geoscience Centre of the Geological Survey of Canada). The
model profiles run from the Nazca Plate, 100 km seaward of the deformation front across the Chilean fore
arc and arc and 50 km into the Argentinean back arc (Figure 2b). The code was used before for geothermal
models of subduction zones around the world [Currie et al., 2004; Wada et al., 2008; van Keken et al., 2008;
Wada and Wang, 2009; V€olker et al., 2011a].

The model space is discretized into layers that represent sediments, upper continental crust, lower conti-
nental crust, lithospheric continental mantle, asthenospheric continental mantle as well as the subducting
oceanic slab. The main boundary conditions of the model consist in the prescribed motion of the subduct-
ing plate and defined vertical temperature profiles at the seaward boundary and at the landward boundary
(back arc).

The geometry of the plate interface has been constrained by wide-angle seismic data to �100 km depth
[Scherwath et al., 2009; Contreras-Reyes et al., 2008] and by Wadati-Benioff seismicity of local seismic net-
works [Bohm et al., 2002; Haberland et al., 2006; Lange et al., 2007] for two model profiles at 388S (Profile
Mocha) and 428S (profile Chilo�e). The geometry of both profiles is similar with a slab dip of 4–58 at the
trench, �158 below the coast, 23–308 below the fore arc and a slab depth of �100 km below the arc. To
bridge the gap between these profiles, we calculated intermediate profiles with a geometry similar to the
northern profile (Figure 4). The continental Moho is taken as a horizontal boundary at 35 km depth in agree-
ment with thermal models of subduction zones of Currie et al. [2002, 2004] (Figure 2b).

In the asthenospheric continental mantle wedge (below 50 km) mantle flow is permitted. Wada and Wang
[2009] show that at most subduction zones the downgoing slab is mechanically decoupled from the conti-
nental mantle to a depth of 70–80 km. As the coupling between the plates drives the flow within the vis-
cous mantle wedge, this leads to the effect that mantle flow does not extend into the mantle wedge tip
(Figure 2b). Wada et al. [2008] also showed that the (vertical) transition from stagnant to flowing parts of
the viscous mantle wedge is sharp. We therefore follow Peacock and Wang [1999] and Currie et al. [2004] in
imposing a nonflow condition to the tip of the mantle wedge. The vertical, landward boundary of this non-
flow zone is located where the plate interface is 70 km deep (Figure 2b).

Radiogenic heat production within the continental crust is accounted for by prescribing a higher value (1.3
lW/m3) for the upper and a lower value (0.4 lW/m3) to the lower crust, with a division at 15 km depth.

Table 4. Water Input Flux With the Subducting Mantle

Segment
Depth of Maximum

Serpentinization (km)

Water
Content
(g/m2)

Water Content
Per Segment (g/m)

Input
Flux (g/m/s)

Water Input Flux With the Subducting Hydrated Mantle
North of Mocha FZ, 338S–388S 11.1 3.83E108 2.22E114 8.02E-01
Between Mocha FZ and Valdivia FZ, 388S–408S 10.2 3.52E108 7.91E113 7.36E-01
Between Valdivia FZ and Chilo�e FZ, 408S–41.58S 8.6 2.94E108 5.00E113 6.15E-01
Between Chilo�e FZ and Guafo FZ, 41.58S–43.58S 7.4 2.46E108 5.52E113 5.14E-01
South of Guafo FZ, 43.58S–468S 5.0 3.50E107 9.81E112 7.33E-02
Sum 4.17E114
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Figure 4. Thermal models of the Chile Subduction Zone (right column) and geothermal gradient at the ocean boundary (left column; z 5 0 corresponds to the seafloor) for the five age
segments of the Nazca Plate (Figure1) from 100 km seaward of the deformation front to the back arc. Greenish zones in the temperature depth curves depict the temperature/depth
window for mantle serpentinization at the outer rise; df 5 deformation front, vf 5 volcanic front of the Andes.
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Frictional heating along the plate interface is an extra heat source. In the brittle region, the shear stress s
along the interface is governed by the static friction law s 5 l0rn, where l0 is the effective coefficient of fric-
tion that accounts for the effects of pore fluid pressure [Wang and He, 2008], and rn is the normal stress act-
ing on the plate interface. The latter is approximated by an integration of rock density over depth. The rate
of heat generation per unit fault area is Qf 5 sv, where v is the sliding velocity. We apply a low effective coef-
ficient of friction of 0.03–0.05 in accordance with Wang and Hu [2006], Wang and He [2008], and Harris et al.
[2010], resulting in a maximum shear stress of 34–56 MPa along the plate interface. The continental mantle
is generally considered hydrated allowing for continuous ductile deformation of especially serpentine and
other hydrated mineral phases. Therefore, tectonic loading can continuously be released and the continen-
tal mantle is too weak to produce significant friction along the plate interface [Currie et al., 2002].

The basic geothermal gradient at the ocean boundary of the model is calculated using the GDH1 model
[Stein and Stein, 1992] with the temperature T as a function of plate age t and depth z given by:

Tðt; zÞ5 Tm erf ðz=
ffiffiffiffiffiffiffi

4jt
p

Þ (1)

where Tm 5 14508C. Here j 5 k/(qc) is the thermal diffusivity, with c 5 1171 J/kg, k 5 3.138 W/m/K, and
q 5 3330 kg/m3. We then modify this basic geothermal gradient as follows: (1) we simulate the exothermic
effect of serpentinization by adding a ‘‘serpentine reaction effect’’ that raises the oceanic mantle temperature
over the depth interval of serpentinization; (2) we simulate the cooling effect of seawater percolation to a
depth of some km; and (3) we combine both effects. The serpentine reaction effect is related to the depth dis-
tribution of serpentinization and leads to a maximum temperature increase of 308C [see Iyer et al., 2012,
Figure 3a]. The seawater cooling effect lowers the geothermal gradient primarily over the prescribed depth of
intense water percolation zp, but the effect extends to greater depth. In the most extreme, theoretically possi-
ble case, the temperature of the oceanic crust is set to water temperature (08C) from the seafloor down to the
assumed depth of percolation zp, while the geothermal gradient from zp downward is calculated according to
the GDH1 model, (taking zp as z in equation (1)). As this case would require unrealistically high crustal perme-
abilities, we use an intermediate approach by (1) calculating the GDH1 gradient from z to zp for the different
crustal segments, (2) reducing that gradient (by up to 0.5) over the supposed depth of percolation, and (3) fit-
ting the gradient below zp to the reduced upper plate temperature (Figure 3a). The maximum temperature
reduction relative to a standard GDH1 model is in the range of 25–608C in the cooled depth interval.

The geothermal gradient at the continental boundary of the model must fit the limited heat flow data of
the back-arc region (Patagonian Platform) of 74 m W m22 [Hamza and Munoz, 1996]. Its implementation fol-
lows the model of Rudnick et al. [1998] and Jaupart and Mareschal [1999].

4.6. Calculation of Water Release From the Oceanic Crust and Mantle
We calculate the volumes of water released from the slab along the subduction path by (I) calculating PT
conditions for the subducting slab (with the FE model described in section 4.5), (II) imposing the water con-
tent of the slab at the seaward (outer rise) model boundary (initial water content of the crust, section 4.3
and water uptake of the mantle, section 4.4), (III) mapping the PT conditions along the subduction path
onto stability fields of the relevant water-bearing minerals. The stability fields are directly related to percen-
tages of remaining water, which allows (IV) to calculate the remaining (respectively the released) water vol-
umes. A similar scheme was used by van Keken et al. [2011] in a global compilation. The water release is
calculated separately for upper crust, lower crust, and upper mantle as described in section 4.2. The total
water release is the sum of the water release from those reservoirs.

PT conditions of the subducting slab are calculated and exported as lists of nodes with their position, pres-
sure, and temperature. Then, the nodes of the FEM grid with the initial water content are tracked within the
PT grid of mineral stability. Each point in the grid is attributed a percentage of remaining water, depending
on PT conditions. Using these results, we calculate the released water from the coast to the volcanic front
by integrating the water content over all depths at a given position.

5. Results

Our modeling results clearly show the impact of plate age on water uptake and water release/retention for
both subducting oceanic crust and upper mantle. The amount of water that is carried into the subduction
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zone with the oceanic crust is relatively constant over the working area. In contrast, the volume of water
carried by upper oceanic mantle varies by one order of magnitude.

5.1. Water Storage in, and Water Release From the Crust
Thirty-six to thirty-eight percent of water that is absorbed by the oceanic crust prior to subduction is stored
in the 600 m thick extrusive layers. The lower part of the crust (4400 m of dikes and gabbros, in the case of
Chile) carries the remaining 62–64%. Porosity decrease with age in the extrusive layers is counteracted by
increasing basalt alteration with age (leading to an increase of water content) in a way that the water con-
tent of the total crust varies little over the working area. The influx of water within the oceanic crust
amounts to 0.67–0.71 g/m of subduction zone per second (Table 3). The release of water from the crust is
primarily temperature-dependent and starts to become important at temperatures exceeding 250–3008C
for the water-rich extrusive layers 1 and 2 (Figure 5a) and above 5008C for the water-poor gabbros and dikes
of the lower crust (Figure 5b).

5.1.1. Upper Layers of the Crust (0–600 m)
The most important water-releasing mineral phase transitions in the top extrusive layers are related to the
breakdown of the zeolite minerals, analcite and pumpellyite, and these reactions occur at and below 3008C
and 0.6–0.8 GPa (Figure 5a). For a high geothermal gradient (hot subduction zone), the decomposition of
various phyllosilicates, epidote, and actinolite occurs over a temperature range of 300–5008C and continu-
ously produces water at pressures of 0.8–1.1 GPa. For cold subduction, the decomposition of tremolite,
chlorite, paragonite, and lawsonite releases significant amounts of water at blueschist facies conditions
below 5008C and 1.8 GPa (Figure 5a). The breakdown of glaucophane and paragonite and—under low tem-
perature eclogite conditions of fast subduction—the breakdown of zoisite and talc produce only little water
over a relatively wide pressure and temperature range.

Consequently, gradual upper crustal dewatering is expected where the topmost 600 m of the subducting
slab pass the temperature range between 300 and 6008C (Figure 5a). These conditions are met under the
continental fore arc (Central Valley of Chile) and volcanic arc (x 5 280–300 km in Figure 4c) for the relatively
old slab north of 408S (plate age of 25 and 29 Ma, Figure 4a, orange and brown PT path, segments 1 and 2)
but dewatering is not fully accomplished under the arc. Therefore, a large fraction of that water (38% of the
upper crustal water for 29 Ma old crust, 37% for 25 Ma old crust, and 31% for 16.6 Ma old crust) is carried
into the back arc (Figures 5a and 5c). For younger slab age, south of 428S (segments 4 and 5), the dewater-
ing sets in earlier underneath the marine and continental fore arc (black and green lines in Figures 5a and
5c). The process of crustal dewatering is not instantaneous, but stretches over some 60–80 km in direction
perpendicular to the trench, as the mineral reactions involved allow for a progressive water release (Figures
5a and 5c). For the youngest two segments (4 and 5), the dewatering of the uppermost layers of the crust is
far progressed underneath the Cordillera (remaining upper crustal water of 13% for 12 Ma old crust). The
upper layers of the youngest and hottest segment 5 (4 Ma) begins to loose water under the marine fore arc
and becomes relatively dry under the continental fore arc (remaining upper crustal water of 3%, green line
in Figures 5a and 5c).

The exact location of the initiation of the upper crust dewatering is sensitive to the d�ecollement tempera-
ture, which in turn is dependent on assumptions on the temperature gradient at the ocean boundary of the
model and on frictional parameters at the plate contact. In our models, we assume conservative (low) values
for the effective coefficient of friction.

5.1.2. Lower Layers of the Crust (600–5000 m)
The dehydration reactions of the lower layers of the crust (gabbros and dikes, according to Jarrard [2003])
differ significantly from those of the upper layers due to the lower initial water content. Hence, different
phase-equilibria are required (Figure 5b), characterized by little dewatering at temperatures below �5508C
and rather instantaneous dewatering at higher temperatures, due to the breakdown of lawsonite, glauco-
phane, actinolithe (and other Na-Ca-amphiboles), chlorite, and zoisite.

Only in the case of the youngest and southernmost Nazca Plate segment (segment 5), the lower portions of
the crust encounter these high temperatures under the continental fore arc (Figure 5b, green line) at
x 5 240 km (Figure 5c). This segment consequently loses most of the water carried in the lower part of the
crust while only 14% of it enters the back arc. The segment north of it (segment 4, 12 Ma) is affected by
dehydration of the lower portions of the crust just below the Cordillera (Figures 5b and 5c, black line) but
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still keeps 79% of its initial water content, whereas for all of the other segments, the lower crust is not
affected by dewatering over the fore arc and arc.

5.2. Water Storage in and Water Release From the Upper Serpentinized Mantle
In contrast to the crust, where the topmost hundreds of meters have the highest water content, the serpen-
tinized mantle carries water in a bell-shaped distribution over a wider depth interval around a maximum
defined by the 2708C isotherm (Figure 3b and Table 4) [cf. Iyer et al., 2012]. With increasing plate age, the
depth of the maximum serpentinization moves deeper and a larger depth interval of the mantle gets
involved. For the youngest segment (4 Ma), this bell-shaped curve is truncated as the uppermost mantle
temperature exceeds 2708C (Figure 3b). Consequently oceanic mantle of our oldest segments carries
roughly ten times more water into the subduction zone than the youngest segments (Table 4). The water

Figure 5. Water release and water retention for five segments of the subducting oceanic crust: (a) Remaining percentage of water for water-rich metabasalt (upper layer of the oceanic
crust, 7.6 wt % H2O, Table 2) over the PT range to a depth of 120 km. Colored lines display PT conditions along the subduction path for the uppermost crust for the five segments and a
set of starting conditions (Figure 3a). The x coordinates along the subduction path are indicated as points in 20 km intervals. (b) Remaining percentage of water for water-poor gabbros
(lower portion of the oceanic crust, 1.6 wt % H2O, Table 2). Colored lines display PT conditions of the subducting upper crust for four segments of the Nazca Plate. (c) Percentage of the
incoming water that is released from the crust (upper and lower portion) over the fore arc or, alternatively, transported into the back arc. Lines of the same color represent the range of
variation due to modifications of the geothermal gradient at the ocean boundary (Figure 3a). The x axis corresponds to Figures 2b and 4, accordingly the profile stretches from the conti-
nental fore arc (Central Valley of Chile) to the volcanic arc.
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input flux of the mantle for the oldest segment (29 Ma) is 0.8 g/m of the subduction zone per second, which
is comparable to the water input of the crust (0.672 g/m/s), whereas the youngest mantle segment (4 Ma)
brings in 0.073 g/m/s.

The process of water release from the mantle by deserpentinization starts at temperatures exceeding 500–
5508C (Figure 6a) and happens in two steps that are related to the decomposition of antigorite and brucite
(brucite out) and to the final breakdown of antigorite (antigorite out) at approximately 6008C. The PT paths
of the subducting mantle at the respective depth of maximum serpentinization (colored lines in Figures 6a
and 6b) remain in the stability field of serpentine minerals for the oldest two segments of the mantle (25
and 30 Ma, orange and black lines in Figure 6), therefore the water stored in the serpentinized mantle is car-
ried into the back arc. The 17 Ma old mantle progressively dewaters under and behind the volcanic arc, as
more and more of the serpentinized part of the mantle reaches PT conditions that activate dewatering reac-
tions (magenta-colored line in Figure 6b). For the youngest two mantle segments, the mantle dewatering is
largely completed below the fore arc (black and green lines in Figure 6b).

Figure 6. Water release and water retention for the five age segments of the subducting oceanic mantle: (a) Remaining percentage of
water for serpentinized mantle (composition in Table 2) over the PT range of subduction to a depth of 120 km. Colored lines display the
PT path of the subducting part of the mantle for five segments of the Nazca Plate, for different starting conditions (Figure 3a). The
appended x distances relate to the profile distance. More specifically, the lines represent the PT paths of the depth level of maximum ser-
pentinization (2708C isotherm at the outer rise, see Figure 3b). (b) Percentage of the incoming water that is released from the mantle over
the fore arc or, alternatively, transported into the back arc for five Nazca Plate segments. Lines of the same color represent the range of
variation due to modifications of the geothermal gradient at the ocean boundary (Figure 3a). The x axis corresponds to Figures 2b and 4,
so this is a profile from the fore arc (Central Valley of Chile) to the volcanic arc.
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6. Discussion

6.1. Budget of Water Uptake and Release
The volumes of water set free from the subducting oceanic slab under the fore arc depend on the thermal
state of the subduction zone, which is related to the age of the oceanic crust. Two processes that predomi-
nantly determine these water volumes act as a counterbalance: (1) the water uptake by pore water storage,
hydration of the crust, and mantle serpentinization at the outer rise and (2) the water-release from the
upper and lower portions of the crust and the mantle under the fore arc by prograde metamorphic reac-
tions. The water uptake by mantle serpentinization increases dramatically with the age of the plate because
the depth interval of the mantle that can be affected by serpentinization extends. The crustal water uptake
is age-dependent as well but to a much lesser degree (Figure 7a).

Water uptake may also be controlled by the intensity of bending-related faulting at the outer rise. In theory,
young plate segments should have lower effective elastic thickness Te than older segments with the conse-
quence that flexural faults, if even present, may not reach deep enough below the crust to strongly hydrate
the mantle. This configuration would result in an age-dependent (N-S) decrease in the intensity and depth
of outer rise flexural faulting and upper mantle hydration. The latter effect would add to and amplify to the
southward decrease in mantle hydration caused by temperature-controlled narrowing of the mantle depth
interval over which serpentinization can happen (as is described in section 4.4), and thus would accentuate
the calculated N-S differences in water input into the subduction zone even more. However, Contreras-Reyes
and Osses [2010], in a paper dedicated to variations in the lithospheric flexure of the Nazca Plate prior to
subduction offshore Chile (188S–458S) find that (1) Te decreases systematically at the outer rise when the
lithosphere is bent into the subduction zone and they link this phenomenon to pervasive and deep faulting
and that (2) neither the initial values of Te nor its reduction when approaching the trench are strictly age-
related. Also they show by seismic reflection data and vp reduction from seismic refraction studies that
deep faulting at the outer rise is present both in northern as well as in southern Chile. The rather uniform
occurrence of outer rise bend faults in bathymetric data [Weinrebe and Hasert, 2012] over most of the work-
ing area points into the same direction.

The release of incoming water from crust and mantle under the fore arc and arc is correlated with age: the
hotter the subduction zone is, the sooner the water gets driven out and the higher is the proportion of
water that is released under the fore arc and arc relative to the total amount of water carried into the

Figure 7. (a) Water influx into the subduction zone at the deformation front, 250 km west of the volcanic arc (initial water influx) for the five Nazca Plate segments, as compared to (b)
water outflux at the end of the model profile, 50 km east of the volcanic arc. The difference between the cumulative bars of Figures 7a and 7b (gray bar) corresponds to the water that is
driven out of the subducting slab under the fore arc.
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subduction zone. This is true for upper and lower portions of the crust and for the mantle, but the water-
releasing reactions in the crust are more complex and encompass a larger number of reactions over a wider
PT range, whereas mantle dewatering occurs basically in two steps. It has been shown by Wada et al. [2012]
that heterogeneities in the degree of hydration result in a shallower water release. At present, we can only
state that presented depth ranges of water release in our study represent maximum values.

Integrated over the slab we get the intriguing result that the oldest Nazca Plate segment carries the largest
mass of water into the subduction zone, but that little of that water is actually released under the fore arc
and arc, whereas the hottest and youngest segment close to the Chile Triple Junction carries little water
within the mantle but completely loses it under the fore arc (Figures 7a, 7b and Table 5). The conditions
that in theory should be most appropriate for a high water flux to the fore arc and arc are met under
relatively high but not the highest temperature conditions: a subduction zone that is cold enough for the
mantle to become serpentinized over a large depth interval but hot enough to favor early water release
under the fore arc. In the south-central Chilean subduction zone these conditions are met at segment
4 (12 Ma, 41.5–43.58S, Figure 7b and Table 5). It releases 0.75 g/m/s of water to the fore arc, which is slightly
more than the younger 4 Ma old segment 5 (0.67 g/m/s) and the older 16.6 Ma segment 3 (0.65 g/m/s). The
oldest segments 1 and 2 with the largest water input release only 0.17 and 0.169 g/m/s of water to the fore
arc (Figure 7b and Table 5). Hence, the interplay between age dependent water influx and release from
three reservoirs control the water supply of the volcanic arc and fore arc along subduction zones.

The along-strike variations in the release of water from the subducting slab over a distance of �1500 km
are more prominent than expected and previously calculated. van Keken et al. [2011] distinguish three 490–
640 km wide slab segments in the working area (centered around 30, 35, and 448S) and calculate H2O fluxes
over depth of the slab. According to those calculations, the segments behave rather similar to a depth of
100 km (e.g., loss of 17%, 13%, and 19% of the water in a fully serpentinized case). Those trends are in gen-
eral agreement with our results from the northern-central region of the working area, but do not resolve
the high variability at its southern end approaching the Chile Rise where along-strike slab temperature gra-
dients are the highest.

An indirect confirmation of the pattern of the latitudinal variations in fluid release under arc and fore arc
presented here is found in variations in the geochemical signature of arc basalts of the SVZ of Chile. Jacques
et al. [2014] report that isotope geochemistry of erupted arc basalts beneath the Chilean Central Southern
Volcanic Zone (CSVZ, 388S–438S, corresponding to segments III and IV; Figure 1) reflect high fluid flux, much
higher than further north beneath the Transitional Southern Volcanic Zone (TSVZ, 34.58S–388S, correspond-
ing to segment I, Figure 1). It is also notable that the volumes of erupted material and estimated rates of
magmatic production vary notably over the SVZ and that there is a peak at around 418S (transition of seg-
ments II and III) as well as a decrease toward the northern and southern ends of the SVZ according to V€olker
et al. [2011b]. If the production of extruded magma is an indirect measure of fluid flux to the arc, then the
general pattern fits.

The results show that variabilities in the pattern of water release over a single subduction zone can be in
the same range than between subduction zones of very different character [e.g., Jarrard, 2003; van Keken
et al., 2011]. In particular, the variability in the percentage of water that is released to the fore arc (11–90%

Table 5. Crust and Mantle Water Input Fluxes and Output Fluxes to (a) Beneath Fore Arc and Arc and (b) Beyond the Arc

Input Flux Released Under Arc and Fore Arc Transported Beyond the Arc

With Crust
With

Mantle Total
From
Crust

From
Mantle Total

Total in %
of Influx In Crust In Mantle Total

Total in %
of Influx

Input and Output Fluxes for the Nazca Plate Segments Subducting Under southern Central Chile
Segment 1, North of Mocha FZ, 338S–388S, 580 km 7.01E-01 8.02E-01 1.50E100 1.70E-01 8.02E-04 1.70E-01 11.3 5.31E-01 8.02E-01 1.33E100 88.7
Segment 2, Between Mocha FZ and Valdivia FZ,

388S–408S, 225 km
6.92E-01 7.36E-01 1.43E100 1.68E-01 7.36E-04 1.69E-01 11.8 5.23E-01 7.35E-01 1.26E100 88.2

Segment 3, Between Valdivia FZ and Chilo�e FZ,
408S–41.58S, 170 km

6.87E-01 6.15E-01 1.30E100 1.79E-01 4.77E-01 6.57E-01 50.4 5.08E-01 1.38E-01 6.46E-01 49.6

Segment 4, Between Chilo�e FZ and Guafo FZ,
41.58S–43.58S, 225 km

6.84E-01 5.14E-01 1.20E100 2.99E-01 4.52E-01 7.51E-01 62.7 3.84E-01 6.22E-02 4.46E-01 37.3

Segment 5, South of Guafo FZ, 43.58S–468S, 280km 6.72E-01 7.33E-02 7.45E-01 6.01E-01 7.33E-02 6.74E-01 90.4 7.12E-02 0.00E100 7.12E-02 9.6
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of the incoming water) is the same over the Chile Subduction Zone than is calculated globally between sub-
duction zones [Table 2 of van Keken et al., 2011, comparison between input flux and flux at 100 km slab
depth].

6.2. Potential Errors in Water Flux Estimation
Thanks to multidisciplinary research programs, namely the German Collaborative Research Centers SFB 574
(‘‘Volatiles and Fluids in Subduction Zones’’), SFB 267 (‘‘Deformation Processes in the Andes’’), SPOC (‘‘Sub-
duction Processes Offshore Chile’’), and TIPTEQ (‘‘From The Incoming Plate To MegaThrust EarthQuake Proc-
esses’’), a number of geometrical and geochemical parameters of the Chilean subduction zone that impact
on the water flux budget are relatively well constrained. This applies to the subduction geometry, the thick-
ness of the incoming slab, constrained by wide-angle seismic [Scherwath et al., 2009; Contreras-Reyes et al.,
2007], seismological [Bohm et al., 2002; Haberland et al., 2006; Lange et al., 2007] and gravimetric data sets
[Tassara et al., 2006; Alasonati-Ta�s�arov�a, 2007]. Also, some information on the initial serpentinization of the
uppermost oceanic mantle at the outer rise is derived from vp/vs data [Contreras-Reyes et al., 2007]. These
latter data only image the topmost few km of the oceanic mantle. Toward greater depth, however, when
temperatures come close to 600–7008C serpentinization is largely negligible according to the stability of
the serpentine minerals [e.g., Evans et al., 1976; Wegner and Ernst, 1983; Ulmer and Trommsdorff, 1995;
Wunder and Schreyer, 1997].

We are, however, aware that some assumptions are not as well constrained by observations or are not testa-
ble. Some of these uncertainties could influence the modeling results of water release and water retention
along the profiles, namely:

1. We The geothermal gradient of the ocean crust and mantle. This input parameter depends on the
applied ocean plate cooling model and on assumptions regarding the thermal effect of the serpentine
reaction as well as regarding crustal cooling due to seawater percolation. We have incorporated accord-
ing variations by using a number of starting temperature models (see section 4.5), but these are based
on assumptions, e.g., on the depth and intensity of seawater percolation that are poorly constrained.
More sophisticated models of cooling by hydrothermal circulation in the oceanic crust have been pre-
sented recently by Rotman and Spinelli [2014] for Chile. The maximum temperature reduction in the crust
that they predict to result from seawater influx lies in the upper range of our assumptions (e.g., a reduc-
tion by 558C). Using different models of hydrothermal cooling shifts the foci of water release from the
uppermost crust by some km.

2. The geometry of the subduction zone is quite well constrained by geophysical data as described by
V€olker et al. [2011a], but the uncertainty increases with distance from the trench. Reported differences in
slab dip for the investigated zone of southern Central Chile are on the order of 5–78 [e.g., Engdahl et al.,
1998; Syracuse and Abers, 2006; Syracuse et al., 2010]. Variations in the subduction angle lead to slightly
different subduction paths through the PT field that in turn result in variations in the location of the max-
imum water release. This is particularly true if the dehydration happens stepwise like for the mantle (Fig-
ure 6a). Again, the largest effect would be on segment 3, as a slightly hotter PT path would release
significantly larger amounts of water from the mantle under the fore arc (Figure 6a, magenta-colored
line).

3. The mechanical nature of the slab/mantle-wedge interface is not fully understood but supposed to be
very uniform for Nazca Plate subduction between 338S and 468S [cf. Wada and Wang, 2009]. The influ-
ence of decoupling on the thermal structure of the slab/mantle wedge interface remains a matter of
debate [e.g., Wada and Wang, 2009; Syracuse et al., 2010]. It is likely that the decoupling depth is largely
constant for the entire section along southern Central Chile and that variations in that depth can be
neglected as effect on the slab temperature. However, a reliable quantification is missing.

4. The serpentinization of the oceanic mantle happens at the outer rise in our model. Inherited serpentini-
zation and crustal hydration from the spreading ridge axis or fracture zones are not considered, because
the intermediate to fast spreading at Chile Rise and Pacific-Farallon Spreading Center does not produce
mantle exposures and intense detachment faulting allowing for direct mantle alteration at the seafloor
or effective fluid circulation as it is the case for the slow-spreading scenario [e.g., Cannat et al., 2010]. In
the case of southern Central Chile, outer rise faulting and alteration can be assumed to be most effective.
Nevertheless, inherited serpentinization and crustal hydration prior to outer rise faulting could alter both
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the total mass of subducted water and the depth interval of serpentinization. In that respect, the amount
of water in our modeled crust and mantle is closer to a minimum than to a maximum estimate.

5. As the slab heats up, water is liberated from deeper levels of the downgoing plate and potentially rehy-
drates drier regions above. This effect should be most important for the northern colder segments,
where more water is bound in deeper levels. For the total water budget however, we consider the effect
as almost negligible because it should result merely in a slight delay of the water release. Hence, the
amount of water released below the fore arc and arc could, if at all, be slightly reduced and our calcu-
lated amounts of water in crust and mantle would thus be rather minimum estimates.

6. We have to rely on assumptions of the composition of crust and mantle. This initial composition, how-
ever, determines the hydration/dehydration reactions that are calculated based on the thermodynamic
model. A study of Hacker [2008] that uses a broad variety of bulk compositions for subducted materials
for a global range of possible PT conditions at subduction zones demonstrates the possible effects of
varying input materials to the water budget. As we do not have more specific information for our study
area, we solely use a single mean ‘‘standard composition’’ for upper/lower crust and serpentinized mantle
that has been used from many other studies dealing with similar aspects of subduction zone modeling
(Table 2) [Staudigel et al., 1996; Kerrick and Connolly, 1998]. Last but not least, the model also depends on
the reliability of the thermodynamic database and the water-releasing mineral reactions.

7. Our strategy assumes a hydration of crust and mantle that is uniformly dependent on age and thermal
structure, as opposed to models of localized hydration along faults [Wada et al., 2012] because it is an
easier assumption in the absence of good data on lateral variations in fault intensity. This is a point to be
considered in the future.

8. Finally, we want to stress that the flux values of water released under the fore arc and arc versus trans-
ported beyond the arc strongly depend on the reference depth/position/pressure that one chooses for
dividing between fore arc and back arc. This is particularly true for dewatering trends that show a steep
gradient under the volcanic arc (e.g., the magenta-colored line in Figure 6). In that sense, we believe it is
much more sound to discuss the trends of dewatering with ongoing subduction (like, e.g., in our Figures
5 and 6 or in the ‘‘Tokyo Subway Map’’ of van Keken et al. [2011, Figure 6]) than the absolute values.

Considering the above uncertainties, we are confident about the general pattern of water release from crust
and mantle, but have to concede a certain variation range of about 630 km in x direction of the peaks of
water release under the fore arc. We have arrived at this value by running sensitivity studies with different
starting models for the ocean boundary geotherm.

6.3. Comparison With Other Subduction Zones
The influx of water subducted with the oceanic crust over the SVZ lies between 0.67 (for the youngest seg-
ment) and 0.7 g/m/s (for the oldest segment) as shown in Tables 3, 5 and Figure 7. These numbers lie well
within the range of values of subduction zones around the world with minimum values of 0.037 and maxi-
mum values of 1.83 g/m/s [Jarrard 2003, Appendix, converted to SI units] and global estimates between
0.49 and 1.06 g/m/s [Ito et al., 1983, converted into water flux rates]. They fit particularly well with values cal-
culated for Alaska, Kamchatka, the Aleutians, Mexico, Central America, Colombia, Peru, North and Central
Chile that all are between 0.55 and 0.8 g/m/s [Jarrard 2003, Appendix, converted into SI units].

The influx of water with the serpentinized oceanic mantle varies over one order of magnitude over our
working area (0.073–0.8 g/m/s, Tables 4, 5 and Figure 7), depending on the Nazca Plate age. Hacker, in a
global compilation calculated values ranging from 0.14 to 1.13 g/m/s [Hacker, 2008, Table 3, converted into
SI units]. Subduction zones with a similar slab thermal parameter U range of 1000–2500 [van Keken et al.,
2011] such as of Peru, Colombia, Mexico, British Colombia, Alaska, the Aleutians, Kamchatka, and the Kuriles
show the same range of flux values (0.4–0.6 g/m/s) compared to the central parts of our working area.

The fraction of water that is subducted beyond the arc along with oceanic crust and mantle ranges
between 9.6% (for the youngest segment) and 88.7% (for the oldest segment) of the total water input (not
considering sediments). Hacker [2008] provides an estimate of 53% for the fraction of water transported
with crust and mantle to postarc depth in subduction zones globally [Hacker, 2008, Figure 12]. However, a
direct comparison is difficult, as he defines postarc transport by the 4GPa isobar as cutoff, while we simply
took the position of the arc and the related depth as limit. Hacker [2008] also provides values for the water
flux beyond the arc for individual subduction zones, and here we can see that the estimates that he gives
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for slabs of comparable slab thermal parameter U [as defined by van Keken et al., 2011] are ranging
between 0.7 and 0.95 g/m/s [Hacker, 2008, Table 3, combined values, converted into SI units], which is
somewhat lower than our estimate for the oldest two segments of the Nazca Plate in our working area
(1.26–1.33 g/m/s, Tables 1, 5 and Figure 7), but comparable to the intermediate segment 3 (0.64 g/m/s). As
the author uses the same igneous ocean crust alteration model of Jarrard [2003], the same thermodynamic
data base and similar initial crust composition, it is most probable that our higher values for flux beyond
the arc are due to the higher influx along with the serpentinized mantle that we propose. As we have mod-
eled the degree of mantle serpentinization for the slab segments individually with the model of Iyer et al.
[2012] we prefer our results in this case.

7. Conclusions

We observe a high variability in the water influx and outflux between the different segments of the subduc-
tion zone of southern Central Chile. The differences are entirely due to the different thermal state of the
slab segments. The older and colder segments at the northern end of the subduction zone carry roughly
twice as much water in the crust and mantle as the youngest segments at the southern end of the subduc-
tion zone. The release of water to the fore arc and arc, however is largest in the younger and warmer seg-
ments, as the oldest segments carry the bulk of water to postarc depth. The values of influx and outflux are
in the range of values of subduction zones with similar slab thermal parameters. The high variability over a
relatively short distance of <1500 km of subduction zone implies that it is problematic to consider subduc-
tion zones as entities when calculating global budgets.
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