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In cold subduction systems, the downgoing plate is thought to mostly dehydrate (≥90% water) beneath 
the arc front. However, the composition of aqueous fluids released from the shallow subducting slab is 
poorly constrained because the occurrence of melt inclusions is rare in forearcs. The Southeast Mariana 
Forearc Rift (SEMFR) is a recently discovered site where extensionally induced magmatism occurred in 
Pliocene time unusually close to the trench. SEMFR basalts sampled fluids derived from the subducted 
plate at ∼30 to 100 km deep. Here, we use SEMFR basalts to obtain new insights into the composition of 
shallow slab-derived fluids by evaluating major element, trace element and volatile contents of olivine-
hosted melt inclusions and glassy rinds. Olivine-hosted melt inclusions and their host glassy rinds 
both contain at least ∼2 wt% H2O, representing minimum estimates for magmatic water content. Melt 
inclusions have the highest volatile and alkali ratios (i.e., H2O/Ce = 6000–19000; Rb/Th = 200–2600; 
Cs/Th = 0.4–20) yet recorded in glasses from subduction zones (arc magmas have mean H2O/Ce < 2700; 
Rb/Th < 40; Cs/Th < 2). Our results indicate that shallow slab-derived fluids are water- and alkali-rich 
as compared to the deeper fluids released beneath the arc system. Shallow subduction outfluxes peak at 
∼70–80 km slab depth, demonstrating that significant slab dehydration occurs beneath the forearc.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Subducting oceanic lithosphere and sediments (slab) carry flu-
ids and volatiles from the Earth surface down into the man-
tle and recycle most of them back to the surface through arc 
magmatism. Aqueous fluids released from the breakdown of hy-
drous minerals from subducting slabs play a key role in subduc-
tion recycling. Fluids released from the slab at shallow depths 
promote serpentinization of the forearc mantle, but typically do 
not trigger melting due to low temperatures (Fryer et al., 1995;
Hyndman and Peacock, 2003; Schmidt and Poli, 1998; Tatsumi, 
1989). In contrast, deeper slab fluids interact with hot astheno-
spheric mantle to generate magmas beneath active arc volcanoes 
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and backarc basin spreading centers (Gill, 1981; Grove et al., 2012;
Schmidt and Poli, 1998).

Convergent margin magmas capture slab-derived fluids and re-
tain these geochemical signatures better than serpentinites be-
cause magma can be trapped as olivine-hosted melt inclusions 
and as quenched rims on pillow basalts. Quenched, glassy melt in-
clusions in particular may preserve the chemical imprint of their 
subduction components (e.g., Kent, 2008; Ruscitto et al., 2012;
Shaw et al., 2008), as their host mineral can protect them from 
alteration and low pressure degassing (e.g., Schiano, 2003). Melt 
inclusions also provide snapshots of the melt evolution during 
crystallization; and because olivine fractionates early in basaltic 
systems, their melt inclusions can record early stages of magmatic 
processes (e.g., Kelley et al., 2010).

Recent thermal models along with estimates of the dehydration 
efficiency of global subduction zones suggest that the downgo-
ing plate in cold subduction systems such as the Mariana system 
can retain mineral bound-water to depths >80 km before mostly 
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Fig. 1. Locality maps and sketch showing the plate tectonic setting of samples in this study. a) Location of the Mariana intraoceanic arc system in the Western Pacific. The 
arrow represents convergence direction and rate (Kato et al., 2003). The blue box shows the area of b. b) Detailed bathymetric map of the Southeast Mariana Forearc Rift 
(SEMFR) in the southeastern Mariana arc. SEMFR is divided into SE and NW sectors, separated by a thick white dashed line. Numbers with D indicate TN273 dredging sites; 
other numbers represent sampling sites for JAMSTEC Yokosuka (YK08-08 Leg 2 and YK10-12) and Kairei (KR00-03 Leg 2) cruises. Large yellow numbers are 40Ar–39Ar ages 
(Ribeiro et al., 2013b). Toto: Toto caldera, FNVC: Fina Nagu volcanic chain, WSRBF: West Santa Rosa Bank Fault, MGR: Malaguana-Gadao Ridge. The thin red dashed lines 
with numbers denote approximate depths to the subducted Pacific plate (Becker, 2005). Map generated with GMT (Smith and Wessel, 1990; Wessel and Smith, 1995, 1998) 
using a compilation from the University of New Hampshire/Center for Coastal and Ocean Mapping/Joint Hydrographic Center. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.)
dehydrating beneath the arc volcanoes (Van Keken et al., 2011;
Wada et al., 2008). Mass balance calculations indicate that less 
than 10% of subducted water is available to be recycled deeper into 
the lower mantle (Shaw et al., 2012, 2008; Van Keken et al., 2011). 
Shallow dehydration of the subducting plate is central in assessing 
the fluid budget; yet, we can rarely sample such shallow subduc-
tion fluids released beneath forearcs despite their importance.

Forearc rifts can provide critical insights into shallow subduc-
tion processes because they may erupt basalts unusually close to 
the trench (Ribeiro et al., 2013b). Such basalts form by decompres-
sion melting of the asthenospheric mantle wedge fluxed by shal-
low slab-derived fluids (Ribeiro et al., 2013a). Identifying and ex-
amining forearc rift basalts and their olivine-hosted melt inclusions 
thus provides a unique opportunity to investigate the composition 
of shallow slab-derived fluids. Here, we report results from study-
ing olivine-hosted melt inclusions and glassy rims from young 
basalts erupted from a forearc rift in the southern Mariana conver-
gent margin and use these results to advance our understanding 
of shallow slab-derived fluid compositions. We present major el-
ement, volatile (H2O, CO2, S, Cl, F) and trace element contents of 
their olivine-hosted melt inclusions and glassy pillow rinds. We 
use this new dataset to constrain the composition of aqueous fluids 
released from the shallow subducted slab and explore how such 
fluids have triggered flux melting of shallow hot mantle unusually 
close to the trench. We show that the shallow subduction compo-
nent is enriched in water and alkalis relative to the fluids released 
deeper. We find that the contribution of shallow water-rich fluids 
becomes most important when the slab is ∼70–80 km depth, in-
dicating that the downgoing plate significantly dehydrates beneath 
the forearc.

2. Geological setting

The Mariana convergent margin results from subduction of the 
Pacific Plate beneath the Philippine Sea Plate (Fig. 1a; Meijer and 
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Reagan, 1981). To the south, the Mariana Trench curves from 
N–S to E–W to accommodate collision with the Caroline Ridge 
(Fujioka et al., 2002), where it reaches the deepest point on Earth’s 
surface at the Challenger Deep (10 994 m; Gardner and Arm-
strong, 2011). Most of the Mariana forearc formed when sub-
duction began in the Eocene ∼52 Ma ago (Ishizuka et al., 2011;
Reagan et al., 2013), but collision of the Caroline Ridge has re-
quired the southernmost Mariana forearc to stretch since ∼5 Ma 
to accommodate opening of the Mariana Trough backarc basin (the 
Malaguana-Gadao Ridge, MGR; Fig. 1), opening a forearc rift named 
the SE Mariana forearc rift (SEMFR). Forearc extension was ac-
companied by eruption of basalts, probably accompanying seafloor 
spreading 2.7–3.7 Ma ago (Ribeiro et al., 2013b) that have rapidly 
become a diffuse magmatic system (Martinez et al., 2014). SEMFR 
is now broadly deformed by post-magmatic extension character-
ized by NNW-trending rifts and grabens. Today, the forearc rift 
extends from the trench to the Fina–Nagu Volcanic Chain (i.e., 30 
to 80 km from the trench), and it is ∼40 km wide and at least 
60 km long (Fig. 1b). Geology and morphology of the forearc rift 
vary along it. Relief near the trench is rugged and affected by nor-
mal faulting and landsliding, whereas near the arc, the forearc rift 
has smoother relief with better-preserved pillow outcrops (Ribeiro 
et al., 2013b). Details for the analytical methods are reported in 
Appendix Tables A1 and A2.

3. Methods

Major elements, trace elements and major volatile concentra-
tions (H2O, CO2, F, S, Cl) of 20 naturally glassy olivine-hosted 
melt inclusions were analyzed along with the volatile composi-
tions of 13 naturally-quenched pillow rinds from SEMFR basalts. 
We also report the volatile contents of one sample collected along 
the Malaguana-Gadao Ridge during JAMSTEC Kairei cruise KR00-03 
Leg 2, Kaiko dive 164. Details for the major element and trace ele-
ment analyses of the glassy rinds were previously reported (Ribeiro 
et al., 2013a). Details for the analytical methods are reported in 
Appendix Tables A1 and A2.

3.1. Analytical methods

Samples were crushed and sieved with 2 mm, 1 mm, 0.5 mm 
mesh screens. Fresh, brown and translucent glass chips from pillow 
rinds and fully enclosed olivine-hosted melt inclusions were hand-
picked and examined under a microscope to ensure that translu-
cent, brown or clear crystal-free glass was available for analysis 
(Fig. 2a). Glasses were mounted in indium metal and polished on 
a single side (Fig. 2b) for ion- and electron-probe analyses. Ana-
lyzed melt inclusions are sub-rounded (diameter >20 μm), fully 
enclosed by their olivine host and generally associated with a gas 
bubble. Volatiles were measured using the CAMECA Secondary Ion 
Mass Spectrometer 1280 at Woods Hole Oceanographic Institution, 
with a 1.28 nA and 30 μm beam of Cs+, following the technique 
outlined in Hauri et al. (2002). Melt inclusions <30 μm were 
measured using a 500 pA and 20 μm beam. Calibration curves 
of 10 glass standards (519-4-1, 51-3, 46D, 1649-3, D20-3, JD17H, 
1654-3, 6001, D52-5, NS-1; see Appendix Table A2 for details) yield 
r2 ≥ 0.99 for all volatiles, but for CO2 (r2 > 0.92). Sample repli-
cates yield one standard deviation (1σ) ≤ 0.2 wt% for water and 
≤300 ppm for the other volatiles, and a reproducibility ≤10% rsd. 
Details and tables for major and trace elements of the glassy rinds 
were previously reported by Ribeiro et al. (2013a).

Major element compositions of the olivine-hosted melt in-
clusions were measured using the JEOL JXA-8200 Superprobe at 
the Massachusetts Institute of Technology, using a 10 μm defo-
cused beam to minimize alkali loss, a 15 kV accelerating volt-
age and a 10 nA beam current. The glass standard ALV-1690-20 
Fig. 2. a), b) Microphotographs of olivine-hosted melt inclusions. a) Unpolished 
olivine in a 70% propanol bath. This method allows us to see through the olivine 
and to look at the melt inclusion. The dark circle inside the melt inclusion is a 
shrinkage bubble formed in reason of the greater expansion of the silicate melt than 
the olivine host during cooling (Schiano and Bourdon, 1999). Olivine also encloses 
some chromium spinel (sp) inclusions. No secondary melt inclusions occurring as 
trails along cracks were observed, demonstrating that SEMFR olivine xenocrysts 
are neoblasts that trapped the melt inclusions during olivine growth (Andersen 
and Neumann, 2001). b) Polished olivine with melt inclusion pushed into indium 
(grey material surrounding the olivine) for SIMS analyses. c) Microphotograph of the 
larger olivine xenocrysts (1–2 mm), with their reaction rim, surrounded by smaller 
groundmass olivines (Ribeiro et al., 2013b). Microphotograph (a) was taken with a 
binocular microscope and microphotographs (b) and (c) were taken under a polar-
ized microscope.

and olivine standard P140 of Grove et al. (1992) were analyzed 
daily for calibrations. Precision is ≤0.3% and the standard de-
viations (1σ ) of repeated analyses of the unknowns are ≤0.5% 
for the melt inclusions and ≤1.1% for the olivine. Repeated anal-
yses of the glass standard gave a mean CaO = 10.85 wt%, 
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Al2O3 = 15.51 wt%, K2O = 0.15 wt%, MnO = 0.19 wt%, Na2O =
3.13 wt%, TiO2 = 1.71 wt%, SiO2 = 49.90 wt%, P2O5 = 0.18 wt%, 
FeO = 9.91 wt%, MgO = 7.68 wt%. Olivine hosts were analyzed 3–4 
times from the core to the rim to ensure that no reverse zoning 
occurred.

Trace element analyses were carried out at the University of 
Rhode Island with a UP-213 Nd-YAG Laser Ablation System coupled 
to a Thermo X-series II quadrupole Inductively Coupled Plasma 
Mass Spectrometer. Melt inclusions were ablated using a 5 Hz re-
peat rate, 60% pulse beam energy and 20–80 μm spot size (Kelley 
et al., 2003). Spectra were normalized to 43Ca as the internal 
standard. Calibration curves use 8 standards (BHVO-2G, BCR-2G, 
BIR-1G, GOR 132, StHIs, T1, ML-3B, KL2; Jochum et al., 2006;
Kelley et al., 2003) analyzed under the same conditions as the 
unknowns and using an 80 μm spot size. Calibration curves yield 
r2 ≥ 0.999 relative to the reported standard values, but for Zn, 
Co, Tb, Yb, U and Lu (r2 ≥ 0.996). Reproducibility of replicate 
analyses are ≤3% rsd for Sr, Nb, Rb, Ba, K2O, ≤5% rsd for Y, Li, 
U, and ≤11% rsd for Th and Ni. Rare Earth element (REE) pat-
terns of the melt inclusions are smooth and their Heavy REE 
(HREE) patterns are subparallel to their host glass (Appendix 
Fig. A1).

3.2. Melt inclusion composition corrections

Melt inclusion compositions were corrected for post-entrap-
ment crystallization (PEC). Olivine can crystallize on melt inclu-
sion walls after entrapment, depleting the inclusion in Mg and 
enriching it in Fe, volatiles, and other incompatible elements 
(Kent, 2008). Post-entrapment crystallization can be accounted for 
by calculating the Fo content of the olivine that should be in 
equilibrium with the melt inclusion using a partition coefficient 
(K D

ol-liq[Fe/Mg]) of 0.3 (Roeder and Emslie, 1970), and by com-
paring the Fo equilibrium to the measured Fo content of the host 
olivine near the melt inclusion (Appendix Fig. A2). PEC is charac-
terized by Fo-equilibrium < Fo-measured and can be corrected by 
adding back equilibrium olivine to the melt inclusion composition 
in 0.1% increments until the host olivine composition is reached. 
This correction is sensitive to the ratio Fe3+/FeT in the melt in-
clusions. While this ratio is not known for SEMFR lavas, we pre-
viously used Fe3+/FeT = 0.17 (Kelley and Cottrell, 2009) because 
SEMFR lavas have a backarc-like geochemical imprint (Ribeiro et 
al., 2013a, 2013b). For consistency, we used similar ratios for the 
olivine-hosted melt inclusions and the glassy rinds. The effect of 
varying the Fe3+/FeT from 0.17 (average BABB value) to 0.25 (av-
erage arc value) on the PEC correction is minor for most of the 
major elements (1σ < 0.5 wt%). Such variation decreases the per-
centage of olivine added by 5% (see Appendix B for details) and it 
increases Mg# of the melt inclusion (1σ < 2%). Major element and 
volatile contents in all the melt inclusions were PEC corrected (Ap-
pendix Fig. A2); and less than 20% equilibrium olivine was added 
back to the composition of the melt inclusion (mean = 13.0 ±5.7%; 
Appendix Table A4). To ensure that the melt inclusion composi-
tions faithfully represent the original composition of the primary 
melt, we investigated the effect of PEC over-correction on the 
composition of the melt inclusions. The lack of relationship be-
tween the percentage of olivine added and the composition of the 
melt inclusion in Fe8, Mg#, MgO content and H2O/Ce ratio (Ap-
pendix Figs. B1, B2) indicates that the compositions of the melt 
inclusions are not over-corrected for olivine PEC. Details are re-
ported in Appendix B. Uncorrected and corrected major element, 
trace element and volatile contents of the olivine-hosted melt 
inclusions and glassy rinds are reported in Appendix Tables A3 
and A4.
4. Results

4.1. Volatile contents

Volatile contents of SEMFR glassy rinds show a wide range in 
CO2 (16–132 ppm), F (90–276 ppm), S (138–1127 ppm) and Cl 
(299–1401 ppm) concentrations. Water contents of SEMFR glassy 
rinds are more homogeneous, from 1.2 to 2.4 wt%. PEC-corrected 
melt inclusions have a wider range of CO2 (27–539 ppm) and 
H2O (0. 37–2.3 wt%) concentrations (Fig. 3; Appendix Table A4). 
In contrast, F (38–136 ppm), S (36–963 ppm) and Cl contents 
(76–637 ppm) show a smaller compositional range as compared 
to the glassy rims (Fig. 3). Averaged water content of SEMFR 
glassy rinds (1.96 ± 0.30 (1σ) wt% H2O) and melt inclusions 
(1.76 ± 0.42 (1σ) wt% H2O) are similar within their one stan-
dard deviation error, although the melt inclusions contain higher 
CO2 contents. The MGR glassy rind sample has volatile contents 
(CO2 = 17 ppm; H2O = 2.14 wt%, S = 274 ppm, Cl = 971 ppm) 
that fall within the compositional range of the SEMFR glass, with 
the exception of F (368 ppm).

4.2. Major element composition of glass and host olivine

SEMFR glassy rinds are low-K basalts to basaltic andesites 
(51.17–56.75 wt% SiO2; Fig. 4a; Ribeiro et al., 2013a). PEC-corrected 
SEMFR melt inclusions are less evolved than their host glassy 
rinds, ranging from low-K basalts to low-K basaltic andesites 
(48.94–53.11 wt% SiO2). The less fractionated nature of SEMFR melt 
inclusions is also seen in Mg# (= 100 × Mg/[Mg + FeT]), with Mg# 
= 70.6–79.6 for melt inclusions and Mg# = 38.0–61.4 for the 
glassy rinds (Fig. 4b). These results indicate that the melt inclu-
sions trapped more primitive melts than the associated host glassy 
rinds.

Major element contents of PEC-corrected SEMFR melt inclusions 
and glassy rinds plotted against MgO do not overlap (Fig. 4c–d). 
Plots of CaO against MgO show that SEMFR melt inclusions plot 
on the high-MgO side of plagioclase fractionation-controlled kinks 
in the compositional trends, at MgO ∼7 wt% and CaO ≥11 wt% 
(Fig. 4c), demonstrating that the melts sampled by the melt inclu-
sions have only crystallized olivine.

The compositional variations of the olivine-hosted melt inclu-
sions cannot be solely explained by olivine fractionation. Indeed, 
the melt inclusions have silica contents ranging from 49 to 53 wt% 
and MgO contents varying from 9 to 14 wt% with the lack of 
corresponding variations in Mg# (70–80) and TiO2 (Fig. 4b, d), sug-
gesting that the melt inclusions trapped different primary melts 
produced from various degrees of mantle melting. In addition, the 
CaO-rich and high-Mg# nature of the melt inclusions suggest that 
the melt inclusions were in equilibrium with depleted harzburgitic 
residues.

4.3. Trace elements

Rare Earth Element (REE) patterns of olivine-hosted melt in-
clusions for NW and SE SEMFR are MORB-like, depleted in Light 
REE (LREE; [La/Yb]N < 1; [La/Sm]N < 1; [Gd/Yb]N = 1) with no eu-
ropium anomaly ([Eu/Eu∗]N = 1; Fig. 5a). Trace element patterns 
of the melt inclusions have positive anomalies in fluid-mobile el-
ements (Ba, Cs, Rb, K, Sr, U, Pb) and negative anomalies in High 
Field Strength Elements (HFSE: Nb, Zr, Ti, La, Ce, Th; Fig. 5b). Glassy 
rim compositions are generally enriched in LREE relative to olivine-
hosted melt inclusions, but the least LREE-depleted REE patterns 
and the least HFSE-depleted trace element patterns of NW SEMFR 
melt inclusions overlap the most LREE- and HFSE-depleted pat-
terns of host lava glassy rims. All spider diagrams for NW SEMFR 
melt inclusions have fluid-mobile element contents that are similar 
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Fig. 3. Volatile contents of SEMFR glassy rinds and melt inclusions. a) H2O vs. CO2 diagram. The yellow field identifies samples with CO2 < 50 ppm, which are likely to 
have degassed some H2O. Isobars were calculated using the VolatileCalc vapor solubility model for basalt compositions (Newman and Lowenstern, 2002). The blue saturation 
curve shows the approximate depth of SEMFR seafloor. b) H2O vs. S diagram. The yellow field identifies the likely degassed samples with S < 500 ppm. c) Effect of crystal 
fractionation on the water contents of the SEMFR glasses. As fractionation occurs, the melt become enriched in silica and water. d) Cl/K vs. Ba/Nb diagram of Kent et al.
(2002) used to discriminate the effect of seawater alteration vs. slab-derived fluids in SEMFR glasses. The lack of clear positive correlation of Cl/K with the subduction proxy 
suggests that the composition of SEMFR glasses may be affected by assimilation of Cl-rich material. We also report the compositional field (in grey) of the Lau Basin glasses 
(Kent et al., 2002) for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Major element variation diagrams (all data recalculated to 100% anhydrous) for SEMFR glassy rinds and melt inclusions. Melt inclusion data are corrected for post-
entrapment olivine crystallization. a) K2O vs. SiO2 diagram, with fields after Peccerillo and Taylor (1976). b) Mg# vs SiO2 (Mg# = 100 × Mg/[Mg + Fe]) showing that the 
melt inclusions are more primitive (Mg# > 70) than glassy rinds (Mg# < 70). c) CaO, d) TiO2 vs. MgO diagrams for SEMFR glassy rinds and olivine-hosted melt inclusions, 
and MGR glassy rind (black triangles). Arrows represents fractionation trends. The grey dashed line highlights the hinge in CaO, resulting from plagioclase and clinopyroxene 
crystallization starting at MgO = 7 wt%. Melt inclusions have MgO > 7 wt% demonstrating that they crystallized olivine only. Cpx: clinopyroxene, pl: plagioclase. The field for 
boninites is from Le Bas (2000).
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Fig. 5. (a) Chondrite-normalized (Sun and McDonough, 1989) rare earth element 
(REE) patterns and (b) N-MORB normalized (Sun and McDonough, 1989) trace ele-
ment patterns of SEMFR lavas from the NW and the SE sectors. REE patterns of the 
host glass are flat to slightly depleted in LREE (blue compositional field). SE SEMFR 
melt inclusions are more depleted in LREE and in HFSE than their host glass. NW 
SEMFR melt inclusions are as depleted as to more depleted in HFSE and in LREE 
than their host glassy rinds. See text for details.

to or higher than their host basalt glassy rims (Fig. 5b). In contrast, 
the REE and trace element patterns of SE SEMFR melt inclusions do 
not overlap those of their host glass (Fig. 5a).

The lower LREE abundances and the greater HFSE depletions 
also suggest that NW and SE SEMFR melt inclusions were produced 
from a more depleted mantle source than were their host basalts. 
Variations in SEMFR melt inclusion REE patterns (Fig. 5), ranging 
from LREE-depleted to nearly flat, and their moderate to strong Nb 
depletions, suggest that the melt inclusions reflect magma batches 
formed from different degrees of mantle depletion and/or various 
extents of melting, as also shown by their major element contents. 
Chemical differences between SE and NW SEMFR lavas (Ribeiro et 
al., 2013a) are also observed in the trace element patterns of their 
melt inclusions. SE and NW SEMFR melt inclusions show similar 
HSFE depletions and their trace element patterns mostly overlap, 
but NW SEMFR inclusions are more enriched in Cs, as also ob-
served for their glassy rinds (Fig. 5).

5. Discussion

SEMFR melt inclusions and their host glassy rinds have distinc-
tive major and trace element compositions with both MORB-like 
(e.g., major element compositions and REE patterns) and arc-like 
(e.g., water and fluid-mobile element contents) geochemical fea-
tures. SEMFR melt inclusions have the lowest TiO2, FeO∗ and Na2O 
contents and the highest MgO and CaO contents recorded in the 
Mariana intraoceanic arc-backarc basin system (Fig. 4), along with 
a strong depletion in HFSE and LREE relative to their associated 
glassy rinds (Fig. 5). These results suggest that, compared to host 
basalts, SEMFR melt inclusions sampled more depleted melts that 
formed from higher degrees of melting of a mantle source fluxed 
by subduction components.

In the following discussion, we use our SEMFR glassy dataset 
to characterize shallow subduction inputs. First, we address 3 key 
questions to ensure the robustness of our measurements: (i) have 
these volatile concentrations been affected by degassing and re-
equilibration processes?; (ii) have chlorine contents been affected 
by assimilation processes?; and (iii) what are the least-degassed 
volatile contents of SEMFR magmas? Then, we interpret the signifi-
cance of our dataset by discussing the genesis of the olivine-hosted 
melt inclusions and constraining the composition of shallow slab-
derived fluids.

5.1. Magmatic degassing, water re-equilibration and assimilation 
effects on volatile contents in SEMFR glasses

An important question is whether the volatile contents of 
the melts faithfully record the volatile contents of their sources 
(mantle and subduction inputs), or whether volatile contents of 
the melts have been compromised by degassing, re-equilibration 
and/or assimilation processes of chlorine-rich material (i.e., seawa-
ter, seawater-altered crust or brines) during magma ascent, storage 
or eruption (Kent et al., 2002).

5.1.1. Magmatic degassing
While melt inclusions are fully enclosed by their olivine 

hosts, preventing post-entrapment degassing, olivines might have 
trapped melt that had already degassed. The effects of degassing 
is assessed by examining co-variations of volatiles with differing 
melt-vapor solubility, such as H2O, S and CO2 contents of the 
melt inclusions and host glassy rinds. CO2 solubility is pressure-
dependent and in basaltic magmas it drastically decreases with de-
creasing pressure relative to water (e.g., Dixon and Stolper, 1995), 
so that CO2 will exsolve first from the melt upon decompression. 
The vapor–melt partitioning of sulfur is complex and strongly de-
pendent of temperature, pressure, oxygen fugacity, sulfur fugacity 
and melt composition. Experiments on mafic melts show that sul-
fur is preferentially incorporated into the vapor phase (Scaillet and 
Pichavant, 2003; Webster and Botcharnikov, 2011). Such results 
are consistent with the empirical covariations of water and sulfur 
suggesting that sulfur solubility in basaltic magmas is intermedi-
ate between water and CO2 solubilities (Sisson and Layne, 1993;
Wade et al., 2006). Our dataset was thus screened for minimally 
degassed volatile contents, following the approach of Kelley et al.
(2010) and Shaw et al. (2008), (i) using CO2 and S thresholds and 
(ii) comparing melt–vapor saturation and eruption pressures. For 
the first evaluation, glassy rinds and PEC-corrected melt inclu-
sions with CO2 > 50 ppm and S ≥ 500 ppm are considered to have 
retained enough CO2 and S so that H2O was not significantly de-
gassed. Based on this filter, most of the glassy rinds may have lost 
magmatic water by degassing (Fig. 3a–b), whereas most melt in-
clusions did not (Appendix Table A4).

Olivine-hosted melt inclusions can re-equilibrate to the vapor-
saturated water content of their host magma at crustal depth 
(Plank et al., 2013). Indeed, hydration–dehydration experiments on 
olivine-hosted melt inclusions show that they can gain or lose wa-
ter via rapid diffusive re-equilibration of H+ (protons) and metal 
vacancies through the host olivine upon ascent (e.g., Bucholz et al., 
2013; Gaetani et al., 2012; Hauri, 2002). Re-equilibration will re-
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Ba/Th Slab 
depth 
(km)

H2O-max 
(wt%) 
Plank et al. 
(2013)

1σ H2O-25% 
(wt%) 
Plank et al. 
(2013)

1σ

576 118 3.63 0.11 3.60 0.09
447 44 0.96 0.94
103 141

32 1
296 85
135 28
298 90 3.19 0.96 3.45 1.15

77 10 1.20 0.90
177 95 3.82 0.35 3.53 0.14

34 10 1.60 1.50
705 94 3.76 3.47
154 10 0.70 0.60
142 111 4.13 0.69 3.72 0.40
118 34 1.70 0.85
293 169 4.50 0.72 4.22 0.52
193 6 1.04 1.00

89
209

208 45
58 8

314 75
100 6
581 45
126 8
509 75
222 6

c volcanoes (Fig. 1B).

the worldwide arc glasses are similar to the water estimates 
Table 1
Averages of minimally degassed, PEC-corrected volatile and trace element abundances in worldwide arc samples, SEMFR glassy rinds and SEMFR olivine-hosted melt incl

Samples Number 
of 
samples 
(n)

H2O 
(wt%)

CO2

(ppm)
F 
(ppm)

S 
(ppm)

Cl 
(ppm)

Rb 
(ppm)

Nb 
(ppm)

Cs 
(ppm)

Ba 
(ppm)

Ce 
(ppm)

Th 
(ppm)

H2O/Ce Cl/Nb Rb/Th Cs/Th

Central America arc n = 87 3.47 300 486 1743 1202 16.7 4.8 0.4 451 26 1.56 2524 437 12 0.5
1σ 0.70 159 406 693 424 14.5 6.7 0.2 228 33 2.42 2168 265 4 0.1
Antilles arc n = 116 1.81 374 1212 1389 9.9 4.2 0.3 130 16 1.04 1672 486 11 0.4
1σ 1.28 246 628 566 3.3 4.5 0.2 72 9 0.55 1349 305 4 0.2
Mexico arc n = 168 2.58 1049 1438 970 11.6 8.7 0.3 279 31 1.19 1150 218 12 0.3
1σ 1.26 836 553 274 4.9 10.8 0.1 194 22 0.93 834 178 4 0.1
Cascades arc n = 129 1.83 625 469 1508 637 10.4 6.4 283 33 1.14 696 218 10
1σ 0.88 280 393 900 281 3.5 4.2 133 11 0.37 449 409 3
Aleutians–Alaska arc n = 181 3.33 208 373 2787 1968 17.0 2.3 0.7 296 18 1.68 1808 845 11 0.5
1σ 1.54 158 163 1577 1220 7.9 1.7 0.4 130 6 0.66 1032 800 2 0.3
Tonga arc n = 57 6.4 0.3 0.3 119 6 0.17 37 1.6
1σ 1.7 0.1 0.2 22 3 0.05 11 1.0
Kamchatka arc n = 51 3.16 906 611 1815 676 11.9 1.5 266 14 2.55 2623 380 5
1σ 1.10 354 385 449 213 2.1 0.4 69 3 0.87 535 132 1
Mariana arc n = 170 3.48 500 485 1265 678 10.7 1.1 0.3 156 13 0.66 2650 595 15 0.4
1σ 1.20 541 500 446 367 5.7 0.6 0.2 79 6 0.38 1446 445 4 0.2

MORB n = 678 0.16 547 128 1077 56 3.66 8.5 0.0 39 10.0 0.44 160 7 8 0.1
1σ 0.03 301 44 151 29 6.32 5.1 0.1 66 6.2 0.72 104 5 20 0.2

SE SEMFR glassy rinds n = 6 2.04 51 186 898 447 3.7 1.9 0.1 47 9 0.24 2366 239 17 0.4
1σ 0.8 0.6 0.0 12 2 0.07 n = 1 n = 1 5 0.2
NW SEMFR glassy rinds n = 7 4.3 1.0 0.1 40 5 0.14 35 1.2
1σ 1.5 0.8 0.0 13 2 0.07 14 0.7
SE SEMFR MI n = 4 1.86 127 115 640 427 1.0 0.1 0.1 9 2 0.02 5980 1012 70 4.4
1σ 0.12 96 22 43 278 0.5 0.0 0.0 1 2 0.01 53 3.9
NW SEMFR MI n = 16 1.83 158 81 773 304 2.4 0.3 0.3 17 2 0.05 11956 1462 82 6.8
1σ 0.29 153 14 101 144 1.1 0.2 0.2 11 1 0.04 4184 622 38 5.6

Grey numbers in italic are one standard deviations. Averaged slab depth for arc volcanoes is from Ruscitto et al. (2012).
MI: melt inclusions. See text and Appendix Tables A3 and A4 for details about composition of SEMFR glasses. SE SEMFR is near the trench and NW SEMFR is near the ar
SEMFR slab depth was extrapolated by using the South Mariana slab depth (Becker, 2005) reported in Fig. 1B.
H2O-max corresponds to the averaged water content calculated by Plank et al. (2013) using the maximum water content in each volcano.
H2O-25% represents the averaged water content for the top quartile of the water contents, screened for S > 500 ppm (Plank et al., 2013). Our averaged water contents of 
of Plank et al. (2013) with 1σ ≤ 1 wt%.
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set the water content of the melt inclusion to the water content of 
the ambient magma, but not the CO2 content. The matching water 
concentrations of the melt inclusions in olivine crystals and host 
pillow-rind glasses suggests that re-equilibration occurred and the 
analyzed water contents represent minimum estimates (Bucholz 
et al., 2013; Gaetani et al., 2012). However, re-equilibration will 
drive water loss without any effect on the major and trace el-
ement contents. Thereby, covariation of the water content with 
major elements (Fig. 3c) suggests that water is controlled by crys-
tal fractionation. Also, the relationship between H2O/Ce and the 
subduction proxies (e.g., Rb/Th, Cs/Th; see Section 5.3) is difficult 
to be explained by re-equilibration processes and suggests that 
slab fluxes drives the water content of the SEMFR melt inclusions 
(Plank et al., 2013).

We also calculated the melt-vapor saturation pressure of 
each sample by using the mixed phase vapor saturation model 
VolatileCalc of Newman and Lowenstern (2002) for the system 
basalt–H2O–CO2. Because the solubility of volatiles in silicate 
melts decreases with decreasing pressure, low-pressure melts be-
come oversaturated in volatiles and degas upon eruption. Thus, 
glasses with calculated saturation pressures lower than or equal 
to their collection (eruption) depths likely degassed CO2 and pos-
sibly some H2O. Most SEMFR glassy rinds give saturation pres-
sures (225–806 bars; mean = 475 ± 136 (1σ) bars; Appendix 
Table A4) that approximate their collection depth 3090–5737 m 
(303–563 bars; mean = 388 ± 73 (1σ) bars) and thus were vapor-
saturated when they erupted (Fig. 3a). In contrast, SEMFR melt 
inclusions are mostly vapor-oversaturated at the depth of col-
lection, as they record saturation pressures from 255–1389 bars 
(mean = 607 ± 266 (1σ) bars; Appendix Table A4) that are mostly 
greater than those expected from their collection depths. These re-
sults are consistent with the trapping of melt inclusions at higher 
pressures (e.g., within a crustal magma chamber) relative to the 
matrix glasses.

5.1.2. Assimilation of Cl-rich material
Assimilation of seawater or seawater-altered crust by magma 

can affect volatile contents, especially Cl, as seawater has high 
Cl and low F contents (Cl = 19 500 ppm, F = 1.3 ppm). However, 
chlorine enrichment by this mechanism in the glassy rinds and 
melt inclusions can be ruled out, because the Cl and F contents 
of the SEMFR glasses (Cl = 76–1401 ppm, F = 38–276 ppm) dif-
fer strongly from that of seawater (Straub and Layne, 2003). As-
similation of chlorine-rich material prior to melt entrapment and 
quenching can also modify the chlorine content. To ensure that the 
chlorine content of the glasses faithfully reflects the addition of 
the subducted component, we compare the Cl/K and Cl/Ti ratios of 
the glasses to non-volatile subduction proxies (e.g., Rb/Th, Ba/Nb) 
of the glasses. Kent et al. (2002) showed that arc lavas unaffected 
by assimilation of Cl-rich material have Cl/K ratios that correlate 
with subduction proxies; and such trends represent the addition 
of subduction components to the melt (Fig. 3d). Any deviation 
from that trend is related to assimilation of seawater-derived or 
chlorine-rich brines. The lack of clear positive correlation between 
Cl/K and Ba/Nb ratios (Fig. 3d) and Cl/Ti and Rb/Th (Appendix C) 
in the melt inclusions and glassy rinds suggest that SEMFR glasses 
may have been affected by assimilation of Cl-rich material. In ad-
dition, the Cl–K2O–H2O systematics (Appendix Fig. C1b) suggests 
that the contaminant was altered basaltic crust or seawater (Kent 
et al., 2002).

5.1.3. Least degassed volatile contents
SEMFR glassy rinds and melt inclusions show variable volatile 

compositions. Olivine-hosted melt inclusions span a wide range in 
contents of CO2 (54 to 539 ppm), Cl (111 to 636 ppm), S (601 to 
963 ppm), and F (58 to 136 ppm). Probably CO2 and S contents 
have been affected by degassing and Cl contents by assimilation. 
Water contents in the melt inclusions range from 1.33 to 2.32 wt%. 
Minimally degassed volatile contents of the SEMFR glassy rind falls 
within this range (CO2 = 51 ppm, Cl = 447 ppm, S = 898 ppm, 
H2O = 2.04 wt%), although F content (186 ppm) is higher than that 
in associated melt inclusions (Fig. 3a–b). These water estimates 
represent minimum water content for SEMFR, as wet magma loses 
their dissolved water upon ascent.

Water contents of the SEMFR melt inclusions and glassy 
rinds fall within the compositional range of water observed in 
other arc systems, filtered for degassing using the same ap-
proach as for SEMFR glasses for consistency: 1.57–5.00 wt% H2O 
in Central America, 0.15–5.97 wt% H2O in Antilles, 0.40–5.70 wt% 
H2O in Mexico, 0.03–3.59 wt% H2O in Cascades, 0.91–6.46 wt% 
H2O in Aleutians–Alaska, 1.00–5.32 wt% H2O in Kamchatka and 
0.19–6.14 wt% H2O in Marianas (details and references for the arc 
glasses are reported in Appendix D). In terms of averages, wa-
ter contents of SEMFR glassy rinds and melt inclusions (1.85 ±
0.26 wt% H2O) fall at the low end of the range of other arc glasses 
(Table 1; Plank et al., 2013), within one standard deviation error 
(1σ ), except for the glasses from the Kamchatka arc with the high-
est mean water content. They also have similar water contents to 
those of the Mariana Trough backarc basin basaltic (BABB) glass 
(H2O = 0.20–2.78 wt%).

5.2. Genesis of SEMFR olivine-hosted melt inclusions

SEMFR melt inclusions are fully enclosed by large (>1 mm) 
Mg-rich olivines (Fo90–93; Ribeiro et al., 2013b) that have a Fe-
rich reaction rim indicating disequilibrium with their host melt 
(Figs. 2c, 6a). They also hosts chromian spinel (Cr# ≥ 50; Ribeiro 
et al., 2013b; Fig. 2a) and the Fo and CaO contents of their 
disequilibrium rim overlap the contents of the groundmass phe-
nocrysts (<1 mm; Figs. 2c, 6a), suggesting that the olivine hosts 
are xenocrysts (Ribeiro et al., 2013b). Olivine – spinel assemblages 
plot in the mantle array (Arai, 1994) and in the compositional field 
of Mariana forearc mantle peridotites (Ohara and Ishii, 1998), sug-
gesting that the olivine xenocrysts are derived from harzburgitic 
forearc mantle (Ribeiro et al., 2013b). The contrasting composi-
tions of major and trace elements between the melt inclusions and 
their host glasses suggest that they record different magmatic and 
subduction processes. Here, we discuss the magma genesis of the 
SEMFR melt inclusions by using trace element ratios, melt thermo-
barometry (Lee et al., 2009) and Fe8 content.

We can evaluate the nature of the mantle source of the melt 
inclusions by using ratios of elements with contrasting incom-
patibility for the melt. Ratios of a high field strength element 
(e.g., Nb, Ta, Ti, Zr, Hf), strongly mobilized with the melt, over 
Yb and Y, that have slightly higher mantle–melt partition coeffi-
cient, represent good proxies to track the mantle source compo-
sition (Elliott et al., 1997; Gill, 1981; Hawkesworth et al., 1991;
McCulloch and Gamble, 1991; Pearce et al., 2005). For example, 
Nb/Yb ∼ 0.6–0.7 reflects a moderately depleted mantle source like 
that beneath mid-ocean ridges, while Nb/Yb >> 1 defines an en-
riched mantle source like that of hot spots and Nb/Yb << 1 reflects 
a depleted mantle source (e.g., Escrig et al., 2009; Pearce et al., 
2005), such as forearc mantle. SEMFR basaltic glasses have Nb/Yb 
ratios (0.3–1.0) that plot within the compositional field of the 
Mariana backarc basalts (Nb/Yb = 0.4–2.5), suggesting that they 
formed by melting of a BABB-like, moderately depleted astheno-
spheric mantle (Ribeiro et al., 2013a). In contrast, SEMFR melt 
inclusions, with the exception of one melt inclusion (Nb/Yb = 0.7), 
record the lowest Nb/Yb (0.1–0.2) yet documented for the Mar-
iana arc-backarc basin system (Fig. 6b), demonstrating that they 
formed from a more depleted mantle source. In addition, the melt 
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Fig. 6. a) Fo-CaO trend used to discriminate the composition of the groundmass 
olivines from the mantle olivine xenocrysts. Core composition of the olivine phe-
nocrysts (Fo86–88; CaO > 0. 15 wt%) and xenocrysts (Fo90–93; CaO < 0.20 wt%; 
denoted as filled stars) do not overlap. Overlapping between the composition of the 
xenocrysts rims (empty stars) and the olivine groundmass suggests that the man-
tle olivines are in disequilibrium with their host melt. Compositions of the olivine 
are averaged for each grain (n ≥ 2). Data are from (Ribeiro et al., 2013b). b–c) Con-
ditions of formation of the SEMFR olivine-hosted melt inclusions. b) SEMFR melt 
inclusions have the lowest Nb/Yb and Fe8 ever recorded in the Mariana intraoceanic 
arc, demonstrating that the SEMFR melt inclusions (MI) formed from forearc mantle 
melting at shallow depth. c) SEMFR melt inclusions have similar P –T conditions of 
mantle–melt equilibration (Lee et al., 2009) to those of the Mariana backarc basin 
(BAB) lavas, demonstrating that SEMFR melt inclusions formed at ∼22 ± 6.6 km
depth (mean 1258 ± 40 ◦C; 0.67 ± 0.2 GPa) by adiabatic decompression melting of 
the forearc mantle fluxed by slab fluids. The lherzolite solidus is from Katz et al.
(2003). We used Fe3+/FeT = 0.17 for the Mariana Trough basalts and SEMFR lavas 
as they have a BABB-like geochemical signature (Ribeiro et al., 2013a, 2013b), and 
0.25 for Mariana arc basalts (Kelley and Cottrell, 2009). WR: whole rock.

inclusions cannot represent the primary magma of the host basalt 
because they are too depleted in Nb and too enriched in Large-Ion 
Lithophile Elements (LILE: Ba, Sr, Rb, Cs, Sr, K, Pb) relative to their 
host glass. Fig. 5b shows that the least Nb-depleted melt inclusion 
is too enriched in LILE to account for the composition of its host 
glass.

P –T conditions of the primary melt in equilibrium with the 
mantle wedge can be constrained for primitive glasses (MgO ≥
7 wt%; Fig. 4) by using the water-sensitive geothermobarometer of 
Lee et al. (2009). Estimated P –T conditions are those of the last 
melt in equilibrium with the mantle or mean P –T conditions of 
polybaric, fractional pooled melts recorded along a melting column 
(Kelley et al., 2010). To assess the P –T conditions of mantle–melt 
equilibrium of SEMFR glasses, we used Fe3+/FeT = 0.17 (Kelley and 
Cottrell, 2009) along with a BABB-like, moderately depleted man-
tle source (Fo90) for the host basaltic glasses (Ribeiro et al., 2013b)
and a depleted forearc mantle source (Fo92) for the olivine-hosted 
melt inclusions. It is reasonable to set the Fo content of the mantle 
source to the maximum Fo content of the SEMFR olivine man-
tle xenocrysts, since peridotites sampled in the southern Mariana 
forearc have olivine crystals with Fo90–92 (Ohara and Ishii, 1998). 
Varying the Fo content in the mantle source from Fo90 to Fo92 af-
fects the temperature by less than 90 ◦C (1σ) and the pressure 
by less than 0.5 GPa (1σ ). Also, the effect of varying Fe3+/FeT

from 0.17 to 0.25 is minor on the P –T conditions (1σ ≤ 25 ◦C
for the temperature and 1σ ≤ 0.1 GPa for the pressure). Our P –T
estimates show that SEMFR olivine-hosted melt inclusions record 
slightly shallower and cooler P –T conditions of mantle–melt equi-
libration (mean 1258 ± 40 ◦C, 0.67 ± 0.2 GPa) than do their host 
lavas (mean 1287 ±40 ◦C; 0.88 ±0.2 GPa). Such P –T conditions are 
similar to those recorded by Mariana Trough glassy rinds (mean 
1272 ± 40 ◦C, 0.96 ± 0.2 GPa; Fig. 6c). In contrast, arc lavas (mean 
1339 ± 40 ◦C, 1.65 ± 0.2 GPa) record deeper and warmer P –T con-
ditions of hydrous mantle melting (Kelley et al., 2010).

We can also track the depth of mantle melting by using the 
Fe8 content of the least fractionated SEMFR rocks (MgO ≥ 7 wt%; 
Fig. 4), calculated with the equations of Klein and Langmuir (1987). 
The effect of PEC correction on Fe8 is evaluated in Appendix 
Fig. B2c. Because Mariana arc and backarc lavas started crystalliz-
ing plagioclase and clinopyroxene at MgO = 5–6 wt% (e.g., Kelley 
et al., 2010; Langmuir et al., 2006; Taylor and Martinez, 2003), we 
are confident that lavas filtered for MgO ≥ 7 wt% for consistency 
have only crystallized olivine. The shallow melting depth of SEMFR 
melt inclusions is also illustrated by their lower Fe8 relative to 
their host lavas and to the Mariana arc-backarc lavas (Fig. 6b), sug-
gesting that the melt inclusions are shallow mantle melts formed 
by adiabatic decompression melting of hot asthenospheric mantle 
wedge fluxed by slab-derived fluids (Fig. 6c).

Composition of the melt inclusions along with melt thermo-
barometry suggests that SEMFR melt inclusions and their host 
lavas recorded different magmatic events. Melt inclusions formed 
by shallow decompression and hydrous melting of a depleted fore-
arc mantle source, while the host lavas formed slightly deeper 
from a moderately depleted mantle source fluxed by subduc-
tion components. Such isolated melt inclusions may have formed 
when forearc mantle olivine neoblasts captured hydrous melts 
that metasomatized the forearc mantle (Schiano et al., 1995) at 
∼22.0 ± 6.6 km depth. To account for our observations, we pro-
pose that Late Neogene stretching of the Eocene forearc litho-
sphere allowed depleted subforearc asthenosphere to melt by adi-
abatic decompression accompanied by flux mantle melting trig-
gered by dehydration of the shallow Pacific slab (Fig. 7). As the 
forearc lithosphere continued to stretch 3.7–2.7 Ma ago, less de-
pleted BABB-like asthenospheric mantle flowed beneath the fore-
arc, resulting in formation of the SEMFR basaltic melts (Ribeiro et 
al., 2013a, 2013b). Basalts captured the forearc mantle xenocrysts 
upon ascent (Fig. 7b). Previous work on mantle olivines has also 
shown that their melt inclusions trapped hydrous melts in equi-
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Fig. 7. Magma genesis of SEMFR olivine-hosted melt inclusions. a) Stretching of the Eocene forearc lithosphere triggers melting of the depleted subforearc mantle. Melts 
captured the shallow, slab-derived fluids (thick blue arrows) before rising into the upper mantle wedge (black curved arrows), forming mantle olivine neoblasts (yellow 
ellipsoids) that trapped the melt inclusions (brown circle inside the olivine) at ∼22 ± 6.6 km depth (see Fig. 6c). b) Further stretching of the forearc lithosphere opens SEMFR 
and allows less depleted BABB-like mantle to flow beneath SEMFR (Ribeiro et al., 2013a, 2013b). BABB-like asthenospheric mantle is fluxed by the slab-derived fluids and 
melts by adiabatic decompression to form new oceanic crust in the South Mariana forearc. SEMFR melts captured some forearc mantle olivine neoblasts hosting the melt 
inclusions during their ascent. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
librium with the mantle wedge (Ertan and Leeman, 1999; Schiano 
et al., 1995). However, it is worth noting that olivine xenocrysts 
from the forearc mantle hosting melt inclusions have not previ-
ously been reported (e.g., Kelley et al., 2010; Shaw et al., 2008;
Tamura et al., 2014).

5.3. Composition of shallow slab-derived fluids

SEMFR olivine-hosted melt inclusions represent hydrous melts 
that captured the subduction outfluxes released beneath forearcs. 
Therefore, they provide unique insights into the shallowest sub-
duction processes. The composition of the shallow slab fluids were 
previously assessed based on the composition of serpentinites and 
serpentinized peridotites from the forearc (e.g., Bebout et al., 2007;
Ryan and Chauvel, 2014; Savov et al., 2007). However, the com-
position of the fluid-mobile elements (e.g., Rb, Ba, Sr, Pb, U) of 
such rocks are easily modified by alteration (Hart, 1969; Hart et 
al., 1974; Kelley et al., 2003; Staudigel and Hart, 1983). In con-
trast, SEMFR melt inclusions and glassy rinds provide a more reli-
able estimate of the composition of the shallow subduction input, 
especially as melt inclusions are protected from alteration and de-
gassing (Schiano, 2003).

To track the composition of the water-rich aqueous fluids re-
leased during subduction, volatile and fluid-mobile element (e.g., 
Rb, Cs, Ba, H2O, Cl, Th) abundances in glasses need to be cor-
rected for fractionation and melting by normalization to a much 
less fluid-mobile element with a similar mantle–melt partition 
coefficient (e.g., Nb, Yb, Ce, La; Elliott et al., 1997; Gill, 1981;
Hawkesworth et al., 1991; McCulloch and Gamble, 1991; Pearce 
et al., 2005). Because Th is also mobilized with the solute-rich flu-
ids released during sediment melting (Elliott et al., 1997; Johnson 
and Plank, 1999; Manning, 2004), the ratios of the other fluid-
mobile elements over Th are good proxies to track the shal-
low aqueous fluids only (Brenan et al., 1995; Elliott et al., 1997;
Hawkesworth et al., 1991; Pearce et al., 2005). SEMFR melt inclu-
sions record distinctly higher water and alkali ratios (i.e., H2O/Ce, 
Rb/Th, Cs/Th) relative to their host basaltic glassy rinds and to the 
averaged arc lavas (Fig. 8; Table 1), demonstrating that the melt 
inclusions captured water- and alkali-rich fluids released from the 
shallow part of the subducting plate. However, the Ba/Th composi-
tional range of the SEMFR melt inclusions overlaps the averaged 
ratios of the Mariana, Tonga, Cascades and Central America arc 
systems (Fig. 8), suggesting that Ba is decoupled from the alka-
lis during shallow subduction processes.

SEMFR olivine-hosted melt inclusions suggest a compositional 
gradient in fluid markers, increasing away from the trench
(Fig. 8b–c; Table 1). This compositional gradient is also ob-
served in Rb/Th and Cs/Th in the SEMFR host glasses (Fig. 8a; 
Ribeiro et al., 2013a). Fluid markers peak at ∼70–80 km slab 
depth, demonstrating that the subducting plate mostly dehy-
drates at depths shallower than beneath the arc magmatic front 
in cold subduction zones. Also, the high H2O/Ce ratios observed 
in SEMFR lavas indicates that the slab surface temperature be-
neath forearcs is likely sub-solidus (<700 ◦C; Cooper et al., 2012;
Plank et al., 2009), suggesting that such shallow outfluxes are 
solute-poor aqueous fluids. Our results demonstrate that the 
downgoing minerals carrying water and alkalis (i.e., serpenti-
nite, amphibole, chlorite, barite, phengite) mostly break down at 
depths of ∼70–80 km to release their water- and alkali-rich aque-
ous fluids beneath the forearc (Figs. 8c, 9; Bebout et al., 2007;
Hattori and Guillot, 2003; Schmidt and Poli, 1998; Tatsumi, 1989). 
At greater slab depths (>70–80 km), the fluids become progres-
sively more enriched in dissolved solutes beneath the arc vol-
canoes and the BAB spreading center (Johnson and Plank, 1999;
Kawamoto et al., 2012; Manning, 2004; Schmidt and Poli, 1998; 
Figs. 8c, 9).

6. Conclusions

We have documented that glassy rinds and olivine-hosted melt 
inclusions in SEMFR basalts provide an unusual opportunity to ex-
amine the composition of fluids released from the shallow part of 
the subducting slab. Our results show that cold downgoing plates 
mostly dehydrate beneath the forearc at ∼70–80 km depth. Our 
findings that subducted slabs beneath forearcs release relatively 
water- and alkali-rich aqueous fluids have important implications 
for understanding Earth’s geochemical recycling and subduction 
zone processes. In particular, they provide new constraints for our 
understanding of depths at which the downgoing plate dehydrates. 
They support the idea that the thermal state of the downgoing 
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Fig. 8. Composition of the fluids released from the downgoing plate beneath fore-
arcs, compared to the composition of the deeper fluids released beneath arcs. 
(a) Rb/Th vs Ba/Th and (b) H2O/Ce vs Cs/Th diagrams. The SEMFR melt inclu-
sions are characterized by a stronger enrichment in Rb/Th, H2O/Ce and Cs/Th 
than are their host glassy rinds and the arc lavas (white symbols) from world-
wide subduction zones. Composition of the SEMFR glasses trends towards the 
averaged composition of the South Chamorro peridotites (Kodolányi et al., 2012;
Savov et al., 2007). c) H2O/Ce plotted against slab depth show that the shallow 
fluids released beneath forearc are the most enriched in subduction-derived water 
and alkalis, as demonstrated by their highest H2O/Ce, Rb/Th, Cs/Th. Rb/Th, Ba/Th 
and Cs/Th follow the same trend as H2O/Ce with slab depth (Ribeiro et al., 2013a; 
Table 1). The shallow water- and alkali-rich fluids are mostly released towards the 
arc volcanoes at ∼75 ± 6 km depth to the slab, and the fluids become less enriched 
in water and fluid-mobile elements as slab depth increase (>80 km). Centram: Cen-
tral America arc lavas. Today slab depths beneath SEMFR were extrapolated by using 
the south Mariana slab depths (Becker, 2005; see Fig. 1b). Slab depth at 2.7–3.7 Ma 
is unknown, and the subducting plate in Miocene time is assumed to be in a sim-
ilar position as it is today. Averages for the arc volcanoes are reported with one 
standard deviation error bar. References and filtering details for the arc datasets are 
reported in Appendix D.

Fig. 9. Sketch of a typical cold subduction zone (Stern, 2002). The downgoing plate 
releases its fluids (blue arrows) into the mantle wedge as subduction proceeds. 
Shallow slab-derived fluids are enriched in water, other volatiles and alkalis beneath 
the forearc (≤80 km slab depth) and they peak at 70–80 km slab depth (1). The flu-
ids contain increasing concentrations of solutes at >80 km depth (2), to become a 
solute-rich to a supercritical fluid at depth ≥100 km (Johnson and Plank, 1999;
Manning, 2004). The shallow water- and alkali-rich fluids generally serpentinize 
the cold mantle wedge beneath forearcs but help trigger mantle melting beneath 
SEMFR; while the less water- and alkali-rich fluids trigger hydrous mantle melting 
deeper, beneath the arc volcanoes and sometimes beneath a backarc basin spread-
ing center.

plate controls the depth of mineral breakdown (Hyndman and 
Peacock, 2003; Peacock and Wang, 1999; Syracuse et al., 2010;
Van Keken et al., 2011; Wada et al., 2008) and hence, the chemical 
composition of the slab-derived fluids.
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