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The depth of slab dehydration is thought to be controlled by the thermal state of the downgoing slab: 
cold slabs are thought to mostly dehydrate beneath the arc front while warmer slabs should mostly 
dehydrate beneath the fore-arc. Cold subduction zone lavas are thus predicted to have interacted with 
greater extent of water-rich fluids released from the downgoing slab, and should thus display higher 
water content and be elevated in slab-fluid proxies (i.e., high Ba/Th, H2O/Ce, Rb/Th, etc.) compared to hot 
subduction zone lavas. Arc lavas, however, display similar slab-fluid signatures regardless of the thermal 
state of the slab, suggesting more complexity to volatile cycling in subduction zones. Here, we explore 
whether the serpentinized fore-arc mantle may be an important fluid reservoir in subduction zones and 
whether it can contribute to arc magma generation by being dragged down with the slab. Using simple 
mass balance and fluid dynamics calculations, we show that the dragged-down fore-arc mantle could 
provide enough water (∼7–78% of the total water injected at the trenches) to account for the water 
outfluxes released beneath the volcanic arc. Hence, we propose that the water captured by arc magmas 
may not all derive directly from the slab, but a significant component may be indirectly slab-derived via 
dehydration of dragged-down fore-arc serpentinites. Fore-arc serpentinite dehydration, if universal, could 
be a process that explains the similar geochemical fingerprint (i.e., in slab fluid proxies) of arc magmas.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Subduction zones are one of the most important regions on 
Earth for volcanism, but the origin of such magmatism is unclear. 
The prevailing view is that arc magmatism is driven by hydrous 
flux melting by the passage of fluids released by prograde meta-
morphic dehydration reactions of the subducting slab (Grove et al., 
2006; Kelley et al., 2010; Schmidt and Poli, 1998), but some re-
cent studies suggest that arc magmatism might be largely driven 
by decompression in the convecting mantle wedge, with the ef-
fect of the slab fluids being secondary (England and Katz, 2010;
Karlstrom et al., 2014; Turner and Langmuir, 2015a, 2015b). In 
the slab dehydration view, it is thought that the thermal evolu-
tion of the subducting slab, which controls dehydration, dictates 
where arc magmatism initiates. The depths at which dehydration 
takes place should thus depend on the initial thermal state of 
the slab (Peacock, 1990; Van Keken et al., 2011), which is pri-
marily controlled by 1) the age of the plate, 2) the dip angle and 
3) the rate of subduction (Syracuse et al., 2010). Indeed, cold and 
fast-sinking slabs, such as in the Marianas and Tonga, mostly de-
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hydrate beneath the volcanic arc front, with remaining slab water 
contributing to back-arc magmatism or transported back into the 
deep mantle (Syracuse et al., 2010; Van Keken et al., 2011; Shaw 
et al., 2008) (Fig. 1A). However, the origin of arc magmas is likely 
to be more complicated. For example, for warm and young slab 
subduction, such as in Cascadia, thermal models predict that most 
of the intra-slab water is released well before the arc front (i.e., 
to serpentinize the cold fore-arc mantle) (Syracuse et al., 2010;
Van Keken et al., 2011), suggesting that decompression melting 
may be the primary driver of arc magmatism.

Additional questions come from spatial and regional variations 
in arc water contents and various geochemical proxies for con-
tributions from slab-derived fluids. For example, regardless of the 
type of subduction zone (cold or hot slab) and the location of the 
arc front in relation to when slab dehydration is predicted to occur, 
arc lavas display similar water contents (3.9 ± 0.45 wt%) (Plank 
et al., 2013; Walowski et al., 2015). Fluid-mobile versus fluid–
immobile element ratios (H2O/Ce, Rb/Th, Cs/Th, Ba/Th), which are 
thought to reflect fluid contributions from the slab, decrease in arc 
lavas with distance from the arc front (Fig. 2), as one might expect 
with progressive loss of water from the downgoing slab as it heats 
up (Plank et al., 2009; Van Keken et al., 2011). Yet, arc front lavas
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Fig. 1. Figures illustrating the potential role of the fore-arc mantle in the petroge-
nesis of arc magmas. A) Sketch showing the water budget of a typical subduction 
zone, with a dragged-down fore-arc mantle. The number represent the amount of 
water released from the downgoing plate for all the subduction zones investigated 
here (see Fig. 8 for details). The white numbers within a black oval represent the 
various water fluxes relative to the water influxes injected at the trenches (in %) 
as in Table 1 (i.e., for the fore-arc, Fxfa/Fin; for the arc, Fxa/Fin; for the back-arc, 
Fxba/Fin; for the water returned to the lower mantle Fxd/Fin). B) Sketch summariz-
ing our mass balance calculations, as detailed in Eq. (1) and Eq. (5). Notations can be 
found in Table 2. C) Nb/B vs δ11B diagram of Scambelluri and Tonarini (2012) used 
to decipher the contribution of the fore-arc serpentinites in arc lavas. Composition 
of the arc lavas are filtered for primitive composition (i.e., SiO2 ≤ 56 wt%, MgO ≥
5 wt%) whenever possible. We used the dataset of Ishikawa and Tera (1999) for the 
Marianas, Leeman et al. (2004) for Cascadia, Ishikawa et al. (2001) for Kamchatka, 
Leeman et al. (2017) for Tonga–Kermadec, Tonarini et al. (2007) for Central Amer-
ica (Centram), and Marschall et al. (2017) for the mid-ocean ridge basalts (MORB) 
using an averaged Nb content of 6.3 ± 9.6 ppm (Jenner and O’Neill, 2012).
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Table 2
Notations.

φ slab thermal parameter no units
Fin fluxes of water injected at the trenches g/yr per kilometer of trench
Fxd fluxes of water returned to the lower mantle by the residual slab g/yr per kilometer of trench
Fxfa fluxes of water released from the slab beneath the fore-arc mantle g/yr per kilometer of trench
Fx fluxes of water released from the slab beneath the arc and the back-arc basin g/yr per kilometer of trench
Fxa fluxes of water released from the slab beneath the arc g/yr per kilometer of trench
Fxba fluxes of water released from the slab beneath the back-arc basin g/yr per kilometer of trench
Fxgas fluxes of water released from the slab beneath the arc by volcanic degassing g/yr per kilometer of trench
FxCO2 fluxes of CO2 released from the slab beneath the arc by volcanic degassing g/yr per kilometer of trench
Fina fluxes of slab-derived water released beneath the arc front g/yr per kilometer of trench
Finb fluxes of slab-derived water released beneath the back-arc basin g/yr per kilometer of trench
Find fluxes of slab-derived water returned to the mantle g/yr per kilometer of trench
Fxdr fluxes of water carried to depth by the dragged-down fore-arc serpentinites g/yr per kilometer of trench
Fxdr1 fluxes of dragged-down fore-arc water released beneath the arc front g/yr per kilometer of trench
Fxdr2 fluxes of dragged-down fore-arc water released beneath the back-arc g/yr per kilometer of trench
Fxdr3 fluxes of dragged-down fore-arc water returned to the lower mantle g/yr per kilometer of trench
fxd fraction of fore-arc mantle water that contributes to the water returned to the lower mantle %
fxa fraction of fore-arc mantle water that contributes to the water released beneath the arc %
fxba fraction of fore-arc mantle water that contributes to the water released beneath the back-arc basin %
H thickness of the lithosphere km
M magma addition or magma rate km2/Myr or km3/Myr per kilometer of trench
ρ density g/cm3

CH2O water content wt%
L trench length km
D dilution factor no units
TiO2

corr PEC-corrected concentration in TiO2 in the olivine-hosted melt inclusion wt%
TiO2

meas measured concentration in TiO2 in the olivine-hosted melt inclusion wt%
Ccorr PEC-corrected concentration of the element of interest in the olivine-hosted melt inclusion wt% or ppm
Cmeas measured concentration of the element of interest in the olivine-hosted melt inclusion wt% or ppm
τ shear stress Pa
α subduction angle degree
g mass acceleration due to gravity 9.81 m/s2

�ρ difference in density between the serpentinite channel and the surrounding asthenospheric mantle. 
�ρ varies between 0.33 g/cm3 for a mantle serpentinized at 50% and 0.65 g/cm3 for a mantle 
serpentinized at 100% (Schwartz et al., 2001)

g/cm3

h thickness of the serpentinite channel, and it can vary between 2 to 10 km thick (Hilairet et al., 2007; 
Schwartz et al., 2001)

km

y variable that varies between 0 and h km
μ viscosity in the subduction channel can vary between 10+19 Pa·s and 10+20 Pa·s for a mantle 

serpentinized from 100% to 50%, respectively (Schwartz et al., 2001)
Pa·s

Mdr flux of dragged-down serpentinites km2/Myr
u velocity of the serpentinite fluid mm/yr
u0 convergence rate mm/yr
Fomeas forsterite content measured in olivine no units
Foeq calculated forsterite content using melt inclusion composition no units

from hot and cold subduction zones seem to display similar val-
ues of slab-fluid proxies in average (H2O/Cearc = 2267 ± 1322, 
Rb/Tharc = 14 ± 10, Ba/Tharc = 324 ± 424, Cs/Tharc = 0.63 ± 1.00 
(1σ ); Fig. 2), even though one might expect arc lavas in hot sub-
duction zones to be less enriched in slab fluids due to earlier slab 
dehydration. The lack of correlation between the slab fluid prox-
ies and the slab thermal parameter (Fig. 3) suggest that the model 
of water delivery to the mantle wedge by slab dehydration must 
be more complicated. Indeed, it has been suggested that the com-
position of primary arc magmas, except for the most fluid-mobile 
trace elements, is largely controlled by the thermal structure of 
the mantle wedge (i.e., the degree of mantle melting), with the 
slab flux playing a secondary role (Turner et al., 2016), making the 
similar water contents of arc magmas in hot and cold subductions 
even more perplexing.

Here, we explore the possibility that water delivery to the man-
tle wedge is not just controlled by release of fluids from the slab 
beneath the arc front. We evaluate the possibility that water is de-
livered to the mantle wedge by the serpentinized fore-arc mantle, 
in addition to direct dehydration of the slab, as originally pro-
posed by Tatsumi (1989). To quantify the water outfluxes released 
at the arc and back-arc basin spreading center, we performed new 
mass balance calculations by using the maximum water content of 
olivine-hosted melt inclusions and basaltic glass shards, as well as 
gas outfluxes released at arc volcanoes. The extent to which the 

fore-arc mantle can be dragged down to subarc depths is assessed 
with simple fluid dynamic equations. We find that the downgoing 
plate does not carry enough water down to sustain the water out-
fluxes released in the Mariana and Cascadia arcs. We show that 
dragging down of fore-arc mantle, followed by its dehydration, is a 
viable mechanism that can compensate for this water imbalance.

2. The serpentinized fore-arc mantle: a potential source of water 
during subduction

There is growing evidence that cold fore-arc mantle is ser-
pentinized by slab dehydration (<80–70 km depth), well before 
the arc front (Hyndman and Peacock, 2003). If this serpentinized 
fore-arc mantle could be dragged down by the subducting slab to 
subarc or back-arc depths, as hypothesized by some investigators 
(Hattori and Guillot, 2003; Horodyskyj et al., 2009; Scambelluri 
and Tonarini, 2012; Tatsumi, 1989), can its dehydration contribute 
to the water outflux in arcs, amplifying that derived directly from 
within the slab? Serpentinites have the capability to retain large 
amounts of water within their lattice (up to 13 wt%), and they 
can carry water down to 200 km depth through their trans-
formation into chlorite and phase A (Komabayashi et al., 2004;
Ulmer and Trommsdorff, 1995).

Whether the serpentinized fore-arc mantle is dragged-down 
or not with the downgoing plate is an open question. For in-
stance, thermal modeling suggests that the cold and highly hy-
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Fig. 2. Variations in the averaged slab-fluid proxies with increasing depths to the slab at cold (black symbols) and hot (white symbols) subduction zones. (A) Location map 
with the legend for our symbols. Arc lavas display similar averaged (B) H2O/Ce, (C) Rb/Th and (D) Ba/Th ratios (Ribeiro et al., 2015) within errors (1σ ) regardless of the type 
of the subduction zones. These averages in slab fluid proxies agree well with those calculated using the more comprehensive “raw” dataset of Turner and Langmuir (2015b)
(i.e., Rb/Tharc_Turner = 13.43 ± 9.59, Cs/Tharc_Turner = 0.69 ± 0.71, Ba/Tharc_Turner = 308.60 ± 259.00 (1σ ); Fig. 3). The slab fluid proxies, however, clearly decrease with the 
increasing depth to the slab (i.e., from the arc to the back-arc basin), as shown here for the Marianas and Tonga and depicted by the blue and red dashed lines respectively. 
The dashed lines are simply connecting the dots for clarity. We use the dataset of Ribeiro et al. (2015) for consistency in the filtering and data processing (see section 5). 
(For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
drous conditions observed in the fore-arc mantle are maintained 
if the fore-arc remains stagnant (and is not dragged-down) dur-
ing subduction (Wada et al., 2008). Additionally, serpentinization 
decreases the density of peridotite (Reynard, 2013) so that such 
serpentinized mantle will tend to flow buoyantly back to the sur-
face instead of being subducted (Hyndman and Peacock, 2003). 
However, exhumed fore-arc serpentinites at mountain belts are 
commonly associated with eclogites (Guillot et al., 2009, 2000; 
Hermann et al., 2000; Horodyskyj et al., 2009), which record 
pressures up to 2.7 GPa (∼90 km depths), clearly demonstrating 
that serpentinites were either dragged down or formed at sub-
arc depths (Erdman and Lee, 2014; Guillot et al., 2009; Schwartz 
et al., 2001). Geophysical studies have also shown the occur-
rence of a low-seismic velocity channel on top of the downgoing 
plate (Abers, 2000), which may represent a serpentinite chan-
nel. Enrichments in highly incompatible, fluid-mobile trace ele-
ments (Cs, Ba, Rb, As, B, etc.), δ11B and elevated fluid signatures 
(Ba/Th > 800, Rb/Th > 100 for the fore-arc serpentinites) also 
hint at the presence of serpentinitized mantle as deep as beneath 
the arc (Fig. 1C) (Barnes et al., 2008; Hattori and Guillot, 2003;
Savov et al., 2007; Scambelluri and Tonarini, 2012). For instance, 
75% of the intra-slab boron is thought to be released during shal-
low slab dehydration beneath the fore-arc (Pabst et al., 2012;
Savov et al., 2007), and the high boron content and associated 
δ11B in arc lavas (Fig. 1C) is thus imparted to the dragged-
down fore-arc mantle that dehydrates at subarc depth and further 
contributes to arc magmatism (Scambelluri and Tonarini, 2012;
Straub and Layne, 2002). These observations can be interpreted 
to represent either down-dragged fore-arc serpentinites or serpen-
tinization of the asthenospheric mantle in contact with the dehy-
drating slab.

For the following reasons, we suggest that serpentinized man-
tle inferred to occur beneath the arc could represent dragged 
down fore-arc material. Serpentinization significantly enhances the 
buoyancy of the fore-arc mantle, which should then express it-
self at the surface in the form of a fore-arc bulge due to isostatic 
effects (Fig. 4A). Yet, most fore-arcs are not characterized by a 
highly-pronounced topographic high (Gvirtzman and Stern, 2004;
Wright et al., 2000). Furthermore, the serpentinized fore-arc wedge 
seems to have attained a steady state in terms of size, that is, 
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Fig. 3. Variations in the slab-fluid proxies with the slab thermal parameter φ for the worldwide arc volcanoes. We used the “raw” data compilation (entitled “GlobalArc-
sRawVals”) of Turner and Langmuir (2015b). Lack of correlation between φ and the slab-fluid proxies (A) Rb/Th, (B) Cs/Th, (C) Ba/Th and (D) Ba/La suggest that the slab 
thermal parameter does not play a first-order role on the composition of arc magmas. Instead, hot slab (with a small φ) and cold slab (with a higher φ) magmas cannot be 
discriminated based upon their chemistry. Averages are reported with one standard deviation (1σ ) to the mean, n is the number of samples averaged.
there is no evidence that the serpentinized fore-arc mantle grows 
in terms of size with time, even though the processes for mak-
ing serpentinized wedge material continue. In fact, in a non-steady 
state fore-arc mantle, continuous serpentinization of the fore-arc 
mantle could cause the arc front to move away from the trench 
(Fig. 4A), which is not seen. In most cases, arc fronts are mi-
grating towards the trench, as in the Marianas (Kato et al., 2003;
Lallemand et al., 2005).

The steady state nature of the fore-arc mantle wedge and the 
lack of topographic highs suggests that serpentinized fore-arc man-
tle must be removed as fast as it is formed. One possibility is 
that the fore-arc mantle is dragged-down by the slab (Fig. 4B) 
(Tatsumi, 1989). The other possibility is that the serpentinized 
fore-arc mantle rises diapirically to the surface (Erdman and Lee, 
2014) and erodes, but even so, the eroded material would accu-
mulate in the trench and be subducted (Von Huene and Lalle-
mand, 1990). Thus, in both scenarios, serpentinized fore-arc ma-
terial is dragged back down into the mantle, either directly or 
indirectly. Stretching and faulting can also contribute to thin-
ning and flattening of the fore-arc topography (Fryer et al., 1999;
McCaffrey, 1992), although some fore-arcs are shortening (e.g., 
Mazzotti et al., 2002; McCaffrey et al., 2000). Stretching of the 
fore-arc will also promote upwellings of the buoyant serpentinites 
along normal faults (Farough et al., 2016; Savov et al., 2007), 
facilitating eruption of serpentinite mud volcanoes (Fryer, 1993;
Fryer et al., 2006). Yet, most fore-arcs are not characterized by ser-
pentinite eruption, implying that the continuous removal of the 
serpentinized fore-arc mantle might mostly occur at depth. We 
thus envision a steady state scenario in which the fore-arc mantle 
wedge is progressively replenished with new input of fresh as-
thenospheric mantle, which in turn becomes rapidly serpentinized 
as it interacts with the water-rich fluids released from the shallow 
part of the slab early in the subduction process. This serpentinized 
material is then returned back into the mantle by the downgoing 
slab (Savov et al., 2007; Tatsumi, 1989). Below, we quantitatively 
evaluate the plausibility of this scenario, originally hypothesized by 
Tatsumi (1989). If correct, the possibility that much of the water 
in arc lavas could be modulated by down-dragged fore-arc serpen-
tinites will force us to re-examine the origin of arc magmas.

3. Estimating the water outfluxes using mass balance 
calculations

In this section, we evaluate water inputs and outputs into the 
subduction zone to test the plausibility of serpentinized fore-arc 
mantle in the origin of water in arc lavas. We assume steady state 
for these mass balance calculations, so that the amount of wa-
ter injected at the trench associated with deserpentinization of 
the fore-arc mantle equals the total water outfluxes. Calculations 
were performed by considering that all the serpentinized fore-arc 
mantle is dragged down with the slab (i.e., Fxfa = Fxdr ) as follows 
(Plank and Langmuir, 1998) (Fig. 1B):
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Fig. 4. Sketches showing a stagnant (A) vs. a dragged-down (B, C) serpentinized 
fore-arc mantle. A) In the case of a stagnant fore-arc mantle, the continuous ser-
pentinization of the fore-arc mantle results in a bulge and the migration of the arc 
front away from the trench. B) The fore-arc mantle is dragged-down with the slab 
after being serpentinized during shallow slab dehydration. The serpentinite flow 
is driven by the pressure gradient applied along an inclined plane (i.e., the slab) 
and by the convergence rate (uo ). The no-slip boundary conditions imply that the 
asthenospheric mantle is a highly viscous material that convects very slowly com-
pared to the low-viscosity dragged-down serpentinite flow (i.e., u = 0 at h = y). 
C) Sketch of the velocity profile of the serpentinite mantle flow in the subduction 
channel (see Fig. 5). α is the subduction angle.

Fin = Fxa + Fxba + Fxd (1)

Fin is the total flux of water entering subduction zones, which 
is the sum of all components, such as pore water and mineral-
bound water in sediments, oceanic crust and lithospheric mantle, 
that is, Fin = u0(

∑
i Hi C i

H2Oρ i), where H is the thickness of the 
lithosphere (km), CH2O is the concentration of water and ρ is den-
sity. The right hand side of the equation is represented by all the 
output or exit fluxes: Fxa is the flux out of the arc front (g of wa-
ter/yr/km of trench), Fxba is the outflux through the back-arc and 
Fxd is the outflux of remaining water that continues into the deep 
mantle. We define the flux of water from the slab into the fore-
arc as Fxfa . This fore-arc water can then be dragged down into the 
mantle to contribute to magmatism or be recycled deep into the 
mantle. The fraction of fore-arc mantle that contributes to each of 
the exit fluxes in Eq. (1) is given by fxa , fxba and fxd , such that

Fxa = fxa Fxfa (2)

Fxba = fxba Fxfa (3)

Fxd = (1 − fxa − fxba)Fxfa (4)
We consider that the underlying serpentinized mantle in the slab 
has a constant thickness of 10 km and stores about 3.5 wt% water 
(this assumes that pure serpentinite has ∼10 wt.% H2O and the 
mantle is ∼35% serpentinized) as in Emry et al. (2014). The wa-
ter influxes and the subduction parameters (i.e., convergence rate 
uo , subduction angle α) used in our modeling are from the liter-
ature (Plank and Langmuir, 1998), and detailed in Table 1 and in 
the supplementary materials. Steady state requires that water out-
fluxes released at the arc front and at the back-arc basin spreading 
center bound the amount of water released from the downgoing 
plate (Fig. 1B).

Fx = Fxfa + Fxa + Fxba (5)

The flux of water transported to depth by the dragged-down fore-
arc mantle (Fxdr), which contributes to magmatism or is recycled 
into the lower mantle, is (Fig. 1B):

Fxdr =
∑

i

F i
xdr (6)

The fluxes of water out of the arc front and the back-arc basin 
or returned to the deep mantle thus integrate the water released 
from slab dehydration and from the dragged-down fore-arc ser-
pentinites. These outfluxes are defined as follows,

Fxa = Fxdr1 + Fina (7)

Fxba = Fxdr2 + Finb (8)

Fxd = Fxdr3 + Find (9)

Fina , Finb and Find represent the fluxes of water released from the 
slab that are injected beneath the arc front and the back-arc basin 
or recycled into the mantle, respectively.

Water outfluxes released beneath the arc and back-arc basin 
spreading centers Fxa and Fxba (g/yr/km) were estimated using 
the water contents analyzed in olivine-hosted melt inclusions and 
glass shards. Melt inclusions, corrected for post-entrapment crys-
tallization (see details in section 5), and glass shards were carefully 
scrutinized for minimally degassed, basaltic compositions (SiO2 ≤
56 wt%, MgO ≥ 5 wt%, CO2 < 50 ppm, S < 500 ppm) (Kelley et al., 
2010): 252 glass compositions from the Marianas, Alaska-Aleutian, 
Cascadia and Tonga convergent margins passed through this fil-
ter (details can be found in the supplementary Table S1). Because 
glasses have likely degassed water to some extent, we used the 
maximum water content from our filtered dataset to estimate the 
amount of water released at convergent margins. These maximum 
water contents likely represent minimum water estimates (Plank 
et al., 2013). Water outfluxes released beneath the arc and the 
back-arc basin spreading center can be expressed as the sum of the 
water trapped in glasses (as glass shards and olivine-hosted melt 
inclusions) and the water released by volcanic degassing Fxgas:

Fxa or Fxba = MρCH2O

L
+ Fxgas (10)

where ρ is the density of the crust (g/cm3), CH2O is the pri-
mary water content in the melt inclusion and L is the trench 
length (km). The magma addition rate M (km2/Myr) for the 
back-arc was estimated by multiplying the half spreading rate of 
the back-arc basin spreading center with its crustal thickness of 
6.7 km. The magma addition rate for the arc was assumed to be 
80 km3/km/Myr as estimated from seismic crustal profiles (Calvert 
et al., 2008; Dimalanta et al., 2002; Holbrook et al., 1999) (see sup-
plementary material and Table S2-1 for details). Because Fxgas has 
not been measured in back-arc basins yet, we only consider the 
water released by volcanic degassing beneath the arc front (i.e., 
Fxba = MρCH2O ).
L
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Fig. 5. Velocity profiles for the dragged-down fore-arc mantle (using Eq. (15)). The velocity profiles are modeled for a cold subduction zone, such as the Marianas (uo =
47.5 mm/yr, α = 61.5◦) and the mantle is serpentinized at 50% (�ρ = 0.33 g/cm3) (A, B) and at 100% (C, D). When the viscosity μ of the serpentinite channel is 10+19

Pa·s (A, C), most of the serpentinites tend to flow back to the surface by buoyancy-driven flow. In contrast, when μ is 10+20 Pa·s (B, D), most of the serpentinites are 
dragged-down with the slab. Reasonable sizes of the serpentinite channel are 2 to 10 km thick (Hilairet et al., 2007); thus, here y varies between 0 to 10 km. See the 
method section for details about our calculations.
The water flux emitted at arc volcanoes by degassing Fxgas

is assessed based upon the measured CO2 fluxes, using a molar 
H2O/CO2 ratio of 50 (Hilton et al., 2002) for the Marianas (Supple-
mentary Table S2-2). We also used the estimates of Fischer (2008)
for the Aleutians, Kermadec and Central America arcs for the wa-
ter fluxes released by volcanic degassing at the Alaska–Aleutians, 
Tonga and Cascadia arcs respectively. Our choice was guided by 
the closest location to our area of interest, as gas fluxes have not 
been measured everywhere yet.

4. Correction of the melt inclusion composition for 
post-entrapment crystallization

In this section, we outline how we estimate primary water con-
tents in melt inclusions. Compositions of the olivine-hosted melt 
inclusions were first corrected for post-entrapment crystallization 
(PEC). Melt inclusions can crystallize olivine against their inclusion 
wall, resulting in an increase in Fe, volatiles and incompatible ele-
ments, and in a depletion in Mg in the melt inclusion composition 
(Kent, 2008). We can track back the composition of the melt inclu-
sion prior to crystallization of olivine against the inclusion wall 
using simple calculations. We generally used the restored com-
positions of the melt inclusions that are reported by each study. 
However, when the composition of the melt inclusion is not cor-
rected for post-entrapment processes, we performed the calcula-
tions by assuming Fe3+/	Fe = 0.25 for the arc and 0.17 for the 
back-arc basin spreading center (Kelley and Cottrell, 2009), and us-
ing an exchange partition coefficient (K ol-liq

D [Fe/Mg]) of 0.3 (Roeder 
and Emslie, 1970). Post-entrapment crystallization was corrected 
by adding olivine back in 0.1% increments to the measured compo-
sition until equilibrium with the olivine host is attained (i.e., Fomeas
= Foeq).

The volatile content of the melt inclusion was then restored 
by using a dilution factor as volatiles are also affected by post-
entrapment processes:

D = TiOcorr
2

TiOmeas
2

(11)

Ccorr = DCmeas (12)

where D is the dilution factor, TiOmeas
2 and TiOcorr

2 are the concen-
trations in TiO2 measured and corrected for post-entrapment crys-
tallization respectively, and Ccorr and Cmeas are the PEC-corrected 
and measured concentrations of the element of interest, respec-
tively. Here, we use the restored water content for our mass bal-
ance calculations.

5. Estimating the amount of water carried by the dragged-down 
serpentinites

In the following, we model the dragged-down fore-arc serpen-
tinites as a 2D Newtonian viscous fluid (i.e., the velocity gradient 
of the fluid is proportional to the applied shear stress) along a 
subduction channel (Erdman and Lee, 2014; Gerya and Stöckhert, 
2002; Schwartz et al., 2001). The viscosity μ of the fluid and the 
thickness h of the serpentinite channel (i.e., subduction channel 
composed of dragged-down serpentinites) are considered constant 
as we are only interested in first order behavior. The strain rate 
( du ) of a viscous Newtonian fluid scales with shear stress τ :
dy



J.M. Ribeiro, C.-T.A. Lee / Earth and Planetary Science Letters 479 (2017) 298–309 305
Fig. 6. Variations of the subduction parameters with the mass of water subducted by the serpentinite channel for a viscosity μ of 10+20 Pa·s (using Eq. (18)). A) the 
subduction angle α, B) plate velocity uo (mm/yr), C) size of the subduction channel h and D) degree of serpentinization. (A, B) Fast and low-angle subduction zones will 
carry more serpentinite-bounded water to subarc depths. The amount of serpentinite-bounded water also increases with the thickness of the subduction channel (C) and 
decreases with the degree of serpentinization (D). The pink field in panel C depicts the region where the serpentinites flow back to the surface (upward flow); while the 
white field depicts the region where serpentinites are dragged downward. The fixed parameters in the different panels are 50% serpentinization (i.e., �ρ = 0.33 g/cm3), 
h = 10 km and α = 50◦ . Details can be found in the method section and in Supplementary Table S2. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
τ = du

dy
μ (13)

where u is velocity, y is distance perpendicular to the direction of 
motion, and μ is viscosity (Pa·s). Force balance requires that the 
applied pressure gradient dP

dx on the dragged-down serpentinites 
in the subduction channel equals the shear stress:

dτ

dy
= dP

dx
(14)

By combining Eq. (13) and Eq. (14) and integrating, we obtain an 
equation that describes the velocity of the serpentinite u in the 
subduction channel with a no-slip boundary condition (i.e., u = 0
at y = h) (Fig. 4C, 5):

u = 1

2μ

dP

dx

(
y2 − hy

) − uo y

h
+ uo (15)

where uo is the plate velocity, x is the distance in the direction 
of motion and parallel to the plate, and h is the thickness of the 
channel. Eq. (15) implies that the velocity of the dragged-down 
serpentinite fluid is driven by the velocity of the slab uo (Fig. 4C, 5) 
and the pressure gradient dP

dx , which is controlled by the buoyancy 
of the serpentinite channel:

dP = �ρg sinα (16)

dx
where α is the dip angle, g is gravity, and �ρ is the intrinsic den-
sity contrast between serpentinite and peridotite, a quantity that 
we consider homogeneous throughout the subduction channel for 
simplification; but in reality it varies with depth depending upon 
the amount of water available from the slab as subduction pro-
ceeds. Because dP

dx > 0 and �ρ > 0, the dragged-down fore-arc 
mantle will also tend to flow back to the surface by buoyancy-
driven flow (Erdman and Lee, 2014; Gerya and Stöckhert, 2002;
Hilairet et al., 2007; Schwartz et al., 2001) (Fig. 5A, C). Subduction 
parameters used in our modeling and water fluxes are summarized 
in Table 1; and details can be found in supplementary Table S2.

The mass of dragged-down serpentinites Mdr (km2/yr) is ob-
tained by integrating Eq. (8):

Mdr =
h∫

0

udy (17)

Mdr = 1

2μ

dP

dx

(
−h3

6

)
+ h uo

2
(18)

The water flux transported to depth by the dragged-down serpen-
tinites Fxdr (g/yr/km) is then inferred using the equation Fxdr =
MdrρCH2O

L . In our model, we allow serpentinization extent to vary 
between 50% and 100% (Supplementary Table S2), as inferred 
from seismic and petrographic observations of the fore-arc man-
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Fig. 7. Variations of the subduction angle α (A), channel thickness h (B), plate velocity uo (C), and degree of serpentinization (D) with the mass of water transported by 
the serpentinite channel for a viscosity μ of 10+19 Pa·s (using Eq. (18)). Compared to Fig. 6 (where μ = 10+20 Pa·s), we note that most of the dragged-down serpentinites 
flow back to the surface by buoyancy-driven flow. We used 50% serpentinization (i.e., �ρ = 0.33 g/cm3), h = 10 km and α = 50◦ for our modeling. The pink field in panel 
C depicts the region where the serpentinites are dragged downward; while the white field depicts the region where serpentinites flow back to the surface (upward flow). 
Details can be found in Supplementary Table S2. Convergence rates uo are reported in mm/yr. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
tle (Barklage et al., 2015; Hyndman and Peacock, 2003; Savov et 
al., 2007). However, because serpentinized ultramafic rocks were 
recovered in the fore-arc (Michibayashi et al., 2009; Ohara et al., 
2008, 2012; Parkinson and Pearce, 1998), 50% to 80% serpentiniza-
tion of the fore-arc mantle is a more realistic approximation.

Mass conservation requires that the downward flux of water 
associated with dragged-down serpentinites Fxdr not exceed the 
rate of serpentinization of the fore-arc mantle wedge, that is,

Fxdr ≤ Fxfa (19)

Our 2D fluid dynamic modeling (Eq. (18)) shows that the mass of 
water transported to depths by the dragged-down fore-arc mantle 
is primarily controlled by the viscosity of the serpentinite channel 
and the convergence rate, as depicted in Fig. 5A, B. For instance, 
if serpentine has a viscosity of 10+20 Pa·s (Hilairet et al., 2007;
Schwartz et al., 2001), most of the serpentinites will be dragged-
down with the slab (Fig. 5B, 6). In contrast, if the serpentinite 
channel has a viscosity of 10+19 Pa·s (Fig. 5B, 7), most of the ser-
pentinites will flow back to the surface by buoyancy-driven flow 
(i.e., towards negative values in Fig. 5A, B). It is important to note 
that even if the fore-arc mantle is fully serpentinized, it can be 
dragged-down with the slab (and carries water to subarc depths) 
if the viscosity is 10+20 Pa·s (Fig. 5, 6). The degree of serpen-
tinization of the serpentinite channel (modeled with varying �ρ
in Fig. 6D, 7D), the thickness of the serpentinite channel h and 
the geometry of the fore-arc mantle (modeled with varying sub-
duction angle α in Fig. 6B, 7B) thus produce second-order effects 
on the mass of water transported to depth by the dragged-down 
serpentinites.

6. An imbalance in the deep water cycle: importance of the 
dragged-down fore-arc mantle?

Our new mass balance calculations suggest that an imbalance 
in water exists for the Mariana and Cascadia convergent margins, 
and the slab does not carry enough water to explain the water 
outfluxes estimated beneath the arc. Indeed, intra-slab water may 
not bypass the Mariana arc front (42% to more than 100% slab wa-
ter is lost beneath the fore-arc and the arc front); and the residual 
slab cannot sustain for the water outfluxes observed in the back-
arc basin (Fig. 8A). As for the Cascadia arc (Fig. 8D), slab thermal 
models suggest that the Pacific plate has dehydrated by 90% to 
serpentinize the fore-arc mantle (Van Keken et al., 2011). If this 
prediction is correct, then the residual slab does not carry enough 
water downward to account for the water fluxes released beneath 
the Cascadia arc (i.e., we estimate that ∼70% of intra-slab wa-
ter is required for arc magmatism; Fig. 8D). Our results further 
imply that 1) slab influxes might be underestimated for the Mar-
iana and Cascadia convergent margins, or 2) dehydration of the 
dragged-down fore-arc serpentinite contributes to arc (and perhaps 
back-arc) magmatism. Despite that slab influxes are poorly known, 
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Fig. 8. Sketch summarizing our estimated water fluxes for the Mariana (A), Tonga (B), Alaska–Aleutian (C) and Cascadia (D) convergent margins. Black numbers represent 
water flux estimates in 10+10 g/yr per kilometer of trench, and white numbers within black ovals represent the water fluxes (in %) released beneath the arc (i.e., Fxa/Fin), 
the back-arc basin (i.e., Fxba/Fin) and returned to the lower mantle relatively to the water influxes injected at the trenches (i.e., Find/Fin). The white numbers within the 
green ovals are the water outfluxes (in %) released from the dragged-down fore-arc mantle relatively to the slab influxes (i.e., Fxdr/Fin), as in Fig. 1B. The grey arrows (and 
associated numbers) represent water fluxes estimated by mass balance calculations; while the green arrows (and associated green numbers) are the water fluxes carried by 
the dragged-down serpentinites Fxdr estimated using Eq. (18). The total water fluxes released from slab dehydration solely (in %) are estimated using Eq. (1), and they do 
not include the water fluxes released from the dragged-down fore-arc mantle (i.e., Fxdr = 0 in Eq. (7)–(9)). See text for details. (For interpretation of the references to color 
in this figure, the reader is referred to the web version of this article.)
our mass balance calculations use the most recent estimates of 
the amount of water input at the trenches (see Table S1 for de-
tails). Even if a greater amount of water is entering at the Cascadia 
trench, the slab is thought to mostly dehydrate beneath the fore-
arc (Van Keken et al., 2011), so that an additional source of water 
to the slab is required to sustain water contents of arc magmas in 
hot subduction zones. Finally, we need to reconcile the observa-
tions that the slab-fluid proxies display similar averaged values in 
hot and cold subduction zone arc lavas (Fig. 2); and these proxies 
are not correlated with the slab thermal parameter φ (Fig. 3). For 
these reasons, we have explored here the possibility of the fore-arc 
mantle being dragged down with the subducting plate.

Our 2D fluid dynamic model suggests that the dragged-down 
fore-arc mantle can provide enough water to account for the wa-
ter imbalance observed in the Mariana and Cascadia arcs (Fig. 8A, 
D). Although not necessary, the dragged-down fore-arc mantle can 
provide an additional source of water for the Alaska–Aleutians and 
Tonga convergent margins (Fig. 8B, C). Water can be carried by the 
fore-arc mantle within a 2 to 10-km thick channel, serpentinized 
to 50 to 100%, with a viscosity of 10+20 Pa·s (Fig. 5A–B and 6). Our 
model further shows that the dragged-down fore-arc mantle can 
transport up to 5.6 × 10+10 g/yr/km (∼23% of intra-slab water) 
of water beneath the arc front of cold subduction zones (i.e., Mari-
anas, Tonga, Alaska–Aleutians; Fig. 8A–C). This contribution is more 
important for the Cascadia arc, where the dragged-down fore-arc 
mantle can transport up to 6.5 × 10+10 g/yr/km of serpentinite-
bounded water (∼78% intra-slab water; Fig. 8D).

On average, the dragged-down fore-arc mantle can carry ∼3.1 
× 10+10 g/yr/km of water downward (∼15% of averaged intra-
slab water). The minimum of serpentinite-bounded water is 
transported to depth with the Mariana fore-arc mantle (1.1 ×
10+10 g/yr/km; Table 1); while the maximum serpentinite-water 
flux is observed for the Cascadia fore-arc mantle (6.5 × 10+10
g/yr/km). This is a consequence of the mass balance limitations 
set by Eq. (19). Without any such limitations, the Cascadia fore-arc 
mantle delivers the minimum water flux into the subarc mantle 
(∼1.1 × 10+10 to 6.5 × 10+10 g/yr/km), while the Tonga fore-arc 
mantle can release up to 30 × 10+10 g/yr/km of serpentinite-
bounder water. This result mainly reflects the importance of the 
convergence rate on the flux of fore-arc serpentinites dragged 
down to depth (Fig. 6, 7).

7. Conclusions and future directions

Our new mass balance calculations coupled with simple fluid 
dynamic equations suggest a potential role of the serpentinized 
fore-arc mantle in the deep volatile cycle. An additional source of 
water to the slab is essential to account for the water outfluxes re-
leased beneath the Mariana and Cascadia arcs. The dragged-down 
fore-arc mantle can provide enough water to compensate for this 
water imbalance. We thus show that the fore-arc mantle is a tem-
porary sink for water, but if it gets dragged down into the mantle, 
it can become an additional source for water (and other volatiles) 
that can contribute to the arc and back-arc magmatism. If the 
dragged-down fore-arc serpentinites contribute to the arc water 
budget, the residual slab can carry enough intra-slab water to de-
hydrate beneath the back-arc basin spreading center and recycle 
water in the lower mantle. In addition, this simple mechanism 
could explain why arc lavas display similar averaged water content 
and similar ratios in slab fluid proxies in hot and cold subduction 
zones.

Our study emphasizes the need to better constrain and quan-
tify the contribution of the dragged-down fore-arc mantle in the 
generation of arc magmas and in the deep volatile cycle. We rec-
ognize that our hypothesis is speculative and there are undoubt-
edly many uncertainties and factors that still need to be consid-
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ered. For example, we have not modeled the efficiency by which 
dragged down fore-arc serpentinites dehydrate. In addition, the 
ability for fore-arc serpentinites to be dragged down, as noted 
above, depends significantly on the rheology of the serpentinite. 
There is also the issue of how representative water contents in 
melt inclusions are of the actual flux of water through arc mag-
mas. Future avenues of research could include 1) more sophisti-
cated fluid dynamic modeling, which includes thermal evolution, 
metamorphism, and better rheological constraints; 2) slab dehy-
dration experiments at shallow slab depths (i.e., beneath the fore-
arc); 3) better quantification of slab water influxes injected at the 
trenches and water outfluxes released beneath the fore-arc man-
tle; and 4) development of new chemical proxies that discriminate 
slab fluids from the fluids released from the dragged-down fore-arc 
mantle. Additional ways of testing our hypothesis might be to ex-
tend our approach to estimating inputs and outputs of fluid mobile 
elements as possible proxies for water or serpentinized fore-arc 
mantle.
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