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1. Introduction

ABSTRACT

The last 15 yr have seen an explosion of data on the volatile contents of magmas parental to arc
volcanoes. This has occurred due to the intense study of melt inclusions trapped in volcanic
phenocrysts, aliquots of magma that have presumably escaped degassing during eruption.
The surprising first-order result is the narrow range in H,O concentrations in the least degassed melt
inclusions from each volcano. Nearly all arc volcanoes are sourced with mafic magmas that contain
2-6 wt% H,0. The average for each arc varies even less, from 3.2 (for the Cascades) to 4.5 (for the
Marianas), with a global average of 3.9 + 0.4 wt% H,0. Significant variations occur from volcano to
volcano within each arc, but the means are indistinguishable within one s.d. The narrow range and
common average value for H,O are in stark contrast to the concentrations of most other subduction
tracers, such as Nb or Ba, which vary by orders of magnitude. A modulating process, either in the crust
or mantle, is likely responsible for the restricted range in the H,O contents of arc melt inclusions.
One possibility is that melt inclusion H,O values reflect vapor saturation at the last storage depth in the
crust prior to eruption. In this scenario, magmas rise from the mantle with variable H,O contents
(>4 wt%), become vapor-saturated and start degassing, and continue to degas up until the depth at
which they stall. If the stalling depths are ~6 km, which is common for storage depths beneath
volcanoes, magmas would be saturated at ~4 wt% H,0, and melt inclusions, most of which become
closed during further ascent, would thus record <4 wt% H,0. Another possibility is that the mantle
melting process modulates water content in the melt such that magmas rise out of the mantle with
~4 wt% H,0. A strong relationship between the water content of the source, H,0(,) and the degree of
melting (F) maintains nearly constant water contents in the melt for a restricted range in mantle
temperature. Magmas with 3-4 wt% H,0 can be generated at ~50° below the dry solidus for a wide
range in F and H,O(). The narrow range in wedge temperatures may be another manifestation of a
planet with average upper mantle of 1400 °C potential temperature. The characteristic mean and range
of H,0 contents of arc magmas has implications for both the volatile fuel for explosive eruptions and
the mass balance of H,O recycled through subduction zones.

© 2012 Elsevier B.V. All rights reserved.

hydrosphere, mantle, and crust at subduction zones (e.g., Wallace,
2005; Ruscitto et al., 2012). Magmas crystallize and differentiate in

Water affects every part of a magma’s history, from its origins in
the mantle to its eruption from a volcano. Water dramatically lowers
the solidus temperature of the mantle, and so drives melting
(e.g, Katz et al, 2003). It has a major effect on the rheological
properties of both magmas and crystals, depolymerizing melt and
weakening olivine (e.g., Gonnermann and Manga, 2007; Hirth and
Kohlstedt, 1996). Water cycles chemical components between the
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unique ways when water is a major dissolved component (e.g., Grove
et al,, 2003; Zimmer et al,, 2010). And water exsolves dramatically
from melt at low pressure, causing the vesiculation which fuels
explosive eruptions (e.g., Cashman, 2004).

Despite these critical phenomena, the quantitative measure-
ment of the concentration of water in magmas has been an
on-going challenge in igneous petrology. The primary difficulty
stems from the near complete degassing of magmas during
ascent, eruption and cooling. The only bits of magma that escape
such near-complete degassing at the surface of the earth are
trapped inside crystals. Roberto Clocchiatti, Alfred Anderson and
Alexander Sobolev pioneered the petrological utility of such melt
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inclusions (e.g., Clocchiatti, 1968; Clocchiatti et al., 1975; Anderson
1973, 1976; Sobolev et al., 1983) and this, together with experi-
mental phase equilibrium (see Grove et al. (2012)), are the
primary approaches used today for determining pre-eruptive
volatile contents of magmas. Another hurdle is in the quantitative
measurement of H,O or H species in such inclusions. Early
inferences were based on the absence of measurement—the
deficit from 100% on the sum of the oxides measured by electron
microprobe. Such sum deficits were not very precise, but they
turned out to provide an accurate view of the water-rich nature of
arc magmas. FTIR and SIMS ion microprobe techniques now
provide higher precision and information on H speciation.

In the mid-90s, a series of seminal papers brought these new
analytical methods to melt inclusion and submarine glass studies
of subduction zone magmas (Danyushevsky et al., 1993; Sisson
and Layne, 1993; Stolper and Newman, 1994; Sobolev and
Chaussidon, 1996; Roggensack et al., 1997). Together, this work
demonstrated unequivocally that subduction zone magmas are
initially wet, with primary water concentrations being at least
2 wt%, and more evolved basalts containing up to 6 wt% H,O.
The new techniques developed in these papers spawned a flurry
of studies on magmatic water, leading to a wave of new under-
standing on subduction water fluxes (Sadofsky et al., 2008;
Ruscitto et al., 2012), wet melting in the mantle (Kelley et al.,
2006, 2010; Langmuir et al., 2006; Portnyagin et al., 2007;
Johnson et al, 2009; Ruscitto et al., 2010), cross-arc water
variations (Walker et al., 2003) the ascent of arc magmas
(Blundy and Cashman, 2005), their differentiation (Zimmer
et al, 2010) and eruption (Blundy et al., 2006; Metrich et al.,
2010; Spilliaert et al.,, 2006). Complementary phase equilibria
studies also supported very high water contents in some parental
arc magmas (6-16 wt% H,O; Grove et al., 2005; Carmichael,
2002). The future will see further development of Raman spectro-
scopy, with single micron spatial resolution on unexposed inclu-
sions (Mercier et al., 2010), and nanoSIMS, with the potential for
single micron spatial resolution and single ppm detection limits
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Approximately 15 yr later, focused efforts by many groups
have now provided baseline data for a number of volcanic arcs.
The surprising result is how little the H,O concentration varies in
the least degassed mafic melts from each volcano. The purpose of
this paper is to present this observation, and then explore
mechanisms that could lead to similar average water contents
for different arcs.

2. The data

Magmas lose their dissolved H,0 as a natural consequence of
ascent and eruption. A magma with 7 wt% H,O (the maximum
observed in olivine-hosted inclusions, from Klyuchevskoy, Kam-
chatka; Auer et al.,, 2009 and Augustine, Alaska; Zimmer et al.,
2010) will reach pure H,O-vapor saturation at ~400 MPa, or
~15-16 km in the crust (assuming an upper crustal density of
2.6 g/cc, and using the solution models of Newman and
Lowenstern (2002) and Witham et al. (2012)). As magmas ascend
to depths shallower than their point of H,O-saturation, they will
continually degas H,O to vapor, striving to reach equilibrium
during decompression, eruption, and cooling. At the earth’s
surface (1 atm pressure), mafic melts can hold ~0.1 wt% H5O.
Thus, all wet magmas lose H,O to vapor upon ascent; only melt
inclusions trapped in early formed crystals that are brought to the
surface and cooled rapidly stand some chance of preserving
original H,O concentrations. Olivine is the vessel of choice, as it
is one of the first minerals to crystallize in arc basaltic magma,
and contains minor concentrations of incompatible elements that
can exchange with melt inclusions. Clinopyroxene-hosted melt
inclusions or phenocrysts themselves may also preserve informa-
tion about undegassed water concentrations (Zimmer et al., 2010;
Wade et al.,, 2008). Tephra clasts >3 cm in diameter cool slowly
enough (~10 min) that a significant fraction of H,O (~1 wt%)
may be lost by diffusion through the olivine (Lloyd et al., 2013),
and so only melt inclusions in small diameter scoria lapilli or ash

in nominally anhydrous phenocrysts (Hauri et al., 2011; retain pre-eruptive H,O contents. CO, and S generally have a
Mosenfelder et al., 2011). lower solubility in arc magmas than H,O (Wallace, 2005;
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Fig. 1. (a) Water concentration in melt inclusions from 7 volcanic arcs (data and references in Table 1 and Appendix). Each point plotted is the maximum water
concentration measured in mafic melt inclusions from a single volcano or cinder cone. Most inclusions are hosted in olivine; symbols reflect forsterite (Fo) content and
non-olivine hosts (clinopyroxene and plagioclase). Blue boxes are averages of volcanoes within each arc (error bars are one standard deviation). Grey vertical bar reflects
average of all arcs (dark grey is one s.d.; light grey is two). Heavy black lines are global averages ( + 1 s.d.) calculated using two other approaches: averaging the top 25% of
the water contents within a given melt inclusion population, and selecting the maximum H,0 content within the highest Fo olivines (top 2 Fo units) in a given population.
(b) Histogram of maximum water concentrations in each volcano or cinder cone. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)



Table 1

Maximum H,O concentrations measured in melt inclusions from arc volcanoes.

Arc Volcano H,0-max* Fo H,0-25%°> n H,0-Fo°  Fo range H,0-90¢ n-Total® Nb’ Ba Sample References
Aleutians Augustine 7.15 804 6.71 9 6.32 86-84 6.16 38 0.883 134 NY-17 Zimmer et al. (2010); Zimmer (2008)
Aleutians Emmons 2.50 81 2.31 10 2.02 85-83 2.08 42 3.81 365 G-1 Zimmer et al. (2010); Zimmer (2008)
Aleutians Shishaldin 2.43 69.1 2.24 5 2.38 72-70 Fo70 22 6.17 310 SPS-31B Zimmer et al. (2010); Zimmer (2008)
Aleutians Akutan 3.88 74.7 3.88 1 3.88 74.6-72.6 Fo75 6 1.18 224 RKAK1 Zimmer et al. (2010); Zimmer (2008)
Aleutians Unalaska 3.54 84.7 cpx  2.89 6 3.21 88.7-86.7 3.07 26 117 195 ave MI Zimmer et al. (2010); Zimmer (2008)
Aleutians Okmok 2.68 80.6 cpx  2.50 3 2.46 85-83 cpx  2.21 14 2.97 255 01NY-010 Zimmer et al. (2010); Zimmer (2008)
Aleutians Korovin 4.66 80 4.30 3 4.59 82.3-80.3 3.85 14 3.24 422 404T5 Zimmer et al. (2010); Zimmer (2008)
Aleutians Seguam 3.75 83.5 3.37 5 3.75 85.4-834 3.32 22 1.02 173 SEG07-05 Zimmer et al. (2010); Zimmer (2008)
Aleutians Average 3.82 3.53 3.58 3.45 2.55 260

StDev 1.6 1.5 14 1.5 1.9 99
Centam Fuego 4.35 76.3 414 5 4.35 76.2-74.2 Fo73 22 1.62 320 VF74-169 Lloyd et al. (2013); Plank (2005)
Centam Cerro Negro 5.08 81.1 5.07 2 5.07 82.6-80.6 4.25 10 1.32 391 CN-92-2 Sadofsky et al. (2008)
Centam Arenal 3.70 76 3.65 4 3.56 79-77 Fo76 18 2.77 325 AR0302 Wade et al. (2006)
Centam Irazu 3.20 87 3.18 1 3.18 85-87 3.05 6 23.0 857 1203-17a Benjamin et al. (2007)
Centam Santa Maria 3.31 79 3.31 1 3.31 79.5-77.5 Fo79 6 3.50 410 GU-19d-s1 Sadofsky et al. (2008)
Centam Atitlan 3.20 75.4 3.20 1 3.20 75.4-73.4 Fo75 6 3.80 460 GU-25b-s1 Sadofsky et al. (2008)
Centam Agua 3.43 81.1 3.43 1 3.43 81.1-79.1 2.99 6 2.40 369 GU-11d-s1 Sadofsky et al. (2008)
Centam Telica 2.93 80.2 2.93 1 2.93 80 242 6 1.20 680 P2-16-9 Sadofsky et al. (2008)
Centam Nejapa 2.01 83 2.02 1 2.02 83.1-81.1 1.71 6 3.20 89 ave MI Sadofsky et al. (2008)
Centam Granada 5.04 78.8 5.04 1 3.59 87.3-85.3 3.67 6 2.00 302 P2-58-2-7 Sadofsky et al. (2008)
Centam Average 3.63 3.60 3.46 3.02 448 420

StDev 0.96 0.94 0.81 0.90 6.6 212
Marianas Agrigan 5.40 80 5.29 2 5.40 81.6-79.6 4.38 10 1.19 220 AGR19 Shaw et al. (2008); Kelley et al. (2010)
Marianas Pagan 3.45 80 2.95 2 3.45 80.5-78.5 2.99 10 0.95 214 PB64 Shaw et al. (2008); Kelley et al. (2010)
Marianas Sarigan 6.13 825 5.56 2 4.99 86.1-84.1 5.20 10 1.64 235 SA-93, Sari-15-02  Shaw et al. (2008); Kelley et al. (2010)
Marianas Guguan 4.49 75 3.85 4 3.11 81.2-79.2 3.32 18 0.52 106 GUG-79-1 Shaw et al. (2008); Kelley et al. (2010)
Marianas Asuncion 4.45 82 4.34 2 4.45 81.9-79.9 3.77 10 0.95 193 Asun-20-01 Shaw et al. (2008)
Marianas Alamagan 4.45 83.7 4.45 1 4.45 85.6-83.6 3.97 6 1.06 195 ALA-01 Shaw et al. (2008)
Marianas Anatahan 3.13 68.3 3.13 1 3.13 68.5-66.5 Fo68 6 1.20 210 Anat-4 Shaw et al. (2008)
Marianas Average 4.50 4.22 4.14 3.94 1.07 196

StDev 1.04 1.00 092 0.79 0.34 42
Tonga Volcano L (N) 3.60 85 3.24 4 3.11 90.1-88.1 3.32 18 0876 117 VLND7101 Cooper (2009)
Tonga Volcano D 2.90 72 2.90 1 0.93 77.4-75.4 Fo72 6 0.198 91 VDND2301 Cooper (2009)
Tonga Tofua 4.20 90.3 cpx  3.51 3 4.16 90.3-88.3 3.61 14 0.211 128 06TF70 Cooper (2009); Caulfield et al. (2012)
Tonga Volcano A 4.90 88.9 4.62 4 3.92 92.2-90.2 417 18 0.100 101 VANDO0401 Cooper et al. (2010)
Tonga Volcano 7 3.62 An 95 3.25 2 3.30 76.3-74.3 2.86 10 0.450 120 V7TD5801 Cooper (2009)
Tonga Volcano 19 (S) 3.34 70 3.27 2 1.60 81.0-79.0 Fo70 10 0427 94 V19T0301 Cooper (2009)
Tonga Average 3.76 3.47 2.84 3.49 0.377 108

StDev 0.70 0.60 1.3 0.55 0.28 15
Kamchatka Ksudach 3.55 76.6 3.55 1 3.16 81-79 2.58 6 0902 62 Inc 47-1 Portnyagin et al. (2008)
Kamchatka Chikurachki 3.53 74.2 3.45 3 3.53 75.1-73.1 Fo74 14 134 194 CHK13-1, 1-2 Portnyagin et al. (2008)
Kamchatka Karymsky 3.58 72 3.58 1 3.25 81.8-79.8 2.75 6 2.89 316 5MPKB106 Portnyagin et al. (2008)
Kamchatka Tolbachik 2.91 88 2.88 2 2.81 90.8-88.8 2.81 10 1.70 270 TOL-30-9 Portnyagin et al. (2008)
Kamchatka Kliuchevskoy 7.10 80 5.16 5 1.64 88.3-86.3 2.69 22 1.30 241 s300/63 Auer et al. (2009)
Kamchatka Average 413 3.72 2.88 2.71 1.63 217

StDev 1.7 0.85 0.74 0.10 0.76 97
Mexico Paricutin 4.90 86.1 4.80 2 4.90 87.4-85.4 4.50 10 4.90 254 incl P506-10 Johnson et al. (2009)
Mexico Popo 5.10 88.3 5.00 2 5.10 89.8-87.8 4.95 10 7.24 241 M28-2 gr5 incl Roberge et al. (2009)
Mexico Jorullo 5.70 90.1 4.50 4 5.40 91.1-89.1 5.70 18 3.00 222 WR-early Johnson et al. (2008)
Mexico Jumiltepec 3.00 88.2 3.00 1 3.00 88.2 2.97 6 4.00 444 MI Cervantes and Wallace (2003)
Mexico Las Tetillas 3.60 87.8 3.60 1 3.60 87.8 3.53 6 3.00 169 MI Cervantes and Wallace (2003)
Mexico Tuxtepec 5.20 89.6 5.20 1 5.20 89.6 5.20 6 4.00 1453 Ml Cervantes and Wallace (2003)

0Ll

621-891 (£10Z) p9E S12119T 20UAIS AIDIAUD]J PuD Y34pg / Ib 32 Yubld ‘L



Cervantes and Wallace (2003)

Vigouroux et al. (2008)
Johnson et al. (2009)
Johnson et al. (2009)

305

16.00
7.70

3.13
6.08
2.40
3.80
3.80
4.19
1.2

5.60

87.5

3.20
6.20
2.90
3.90
4.00
4.31

3.20
4.28
2.88
3.90
4.00
4.03
0.80
4.02

87.5

3.20
6.20
2.90
3.90
4.00
4.34

Tepetlapa
Colima

Mexico
Mexico
Mexico
Mexico
Mexico
Mexico

AP-01-Bas-WR
Bulk tephra
Bulk tephra
Bulk tephra

1548
2

22

90.9-88.9
83-85

89.3

91

10.90
3.95
3.30
6.18
4.1

84.6
87

San Juan
Hungaro
Asterillo

255

88.2-86.2
89.4-87.4

Johnson et al. (2009)

88.6

489
506

average
StDev

Ruscitto et al. (2011); Anderson (1974a,b, 1979)

Sisson and Layne (1993)
Sisson and Layne (1993)

Anderson (1974b)

94-92

5.60
2.60
1.30

4.50

94

5.60
3.2

Whaleback (SH)

Cascades
Cascades
Cascades
Cascades
Cascades
Cascades
Cascades
Cascades

6

Fo78
1.16
4.33

81-79

78.4

0

Goosenest (SH)
Copco (SH)

85.5-86.3

88

85.9
88

1.30
4.50

4.50

Sargent (SH)
TwinCraters
SandMnt

P
coocooo
o
So00000
[SESERRSAS A
THw® R T ©
PR
Vv VvV VUV LV L
o O O O O O
282888
2ERaa2248
VULV VU U VY
23333 3
333333
[ " A A "
E 0
g £
£ - Ex
2 .32
s su?
=

02032
SIESLE
O=F2x9
Hwvn—=>mm
N =N =
— 00 N T ON
TN T ANMA
o ®

o=RNogooO
ne==m-<m
cowxo
.- —— = O ~
nwnmooa
naNN©Mo
— ANANANANM

84.8-82.8
83.2-81.2
84.0-82.0
84.6-82.6
84.2-82.2

84-82

81
2.56
2.66
3.08
2.70
3.54

1.76
2.37
244
3.05
2.70
3.53

83.7
84.02
82.2
823
83.2
82

1.81
6
66

2.5

3.08
2.70
3.59

Island Fissure

Yapoah
BlueLake
Average

StDev

Collier
Global averages

Cascades
Cascades

T. Plank et al. / Earth and Planetary Science Letters 364 (2013) 168-179 171

332
87

6.60
4.1

3.03
14
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0.53

3.11
13

3.47
0.58

3.45
0.9

3.72
0.30

3.19
1.2
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2 Hp,0-max is the highest H,O concentration (wt%) in each volcano; corresponding forsterite (Fo) of olivine host (or Mg# of host cpx or An of host plag) also given.

b H,0-25% is the average H,O (with n analyses in the average) for the top quartile of H,O concentrations, in melt inclusions screened first for > 500 ppm S.

€ H,0-Fo is the average H,O for melt inclusions hosted in the top 2 Fo units for the population from each volcano; actual range given.

4 H,0-90 is the H,0 concentration in melt in equilibrium with Fogy (mantle); calculated from H,0 max and adding equilibrium olivine incrementally until Fogo. Inclusions in Fo < 80 excluded.

€ n-total is total number of melt inclusions from each volcano.

fNb and Ba (ppm) concentration, generally as measured in whole rock (WR) hosts (sample names given), but in some cases (as noted) as measured in melt inclusions (MI).

Benjamin et al.,, 2007), and so melt inclusions with finite CO,
(10’s to 1000 ppm) and high S (1000’s ppm) are minimally degassed
and generally preserve the highest H,O contents. Even so, melt
inclusion populations at best record the degassing process, and the
maximum H,O concentration measured is generally taken as a
minimum for the primary H,O content for the magma.

Taking into account these considerations, various approaches
have been adopted to infer primary H,O contents of magmas.
Some studies screen melt inclusions based on CO, or S thresholds
(Kelley et al., 2010), while others backtrack to asymptotic por-
tions of the degassing trends (Benjamin et al., 2007). The simplest
approach, however, is to select the maximum H,O concentration
or H,0/K;0 ratio recorded within a melt inclusion population as
representative of the parental magma (Johnson et al., 2009, 2010;
Cooper et al., 2012; Ruscitto et al., 2010, 2012), because virtually
all processes result in H,O-loss. This is the approach we have
adopted here, employing a few different methods to obtain the
highest H,O contents recorded within a melt inclusion popula-
tion. The details of these methods are given in Fig. 1, Table 1, and
Electronic Supplement. In the compilation, we excluded melt
inclusions from lava or bomb samples, as these have generally
cooled too slowly to prevent diffusive loss of H,O, and we
excluded volcanoes beyond the main arc volcanic front. The full
melt inclusion database represents almost 60 volcanoes, 600-700
individual basaltic or basaltic andesite inclusions, hosted predo-
minantly in olivine.

3. Results

The surprising result is the narrow range and similar averages
for the water content of mafic melts from each arc (Fig. 1a). All arc
volcanoes have 2-6 wt% H,0, with few exceptions. There is no
simple relationship between H,0 in the melt inclusion, Fo content
of the olivine host, nor SiO, content of the inferred parental
magma (i.e., Sirogo); although some relationships may exist
within given arcs, Ruscitto et al., 2010; Ruscitto et al., 2012).
Nonetheless, arcs which otherwise share no commonality in their
tectonic setting or geochemistry (e.g., Tonga and Central America)
possess a similar range and average in their inferred H,O contents.
Virtually every arc volcano has a higher H,O content than any
mid-ocean ridge basalt, back-arc basin basalt or ocean island
basalt (which have generally <2 wt% H,0; Zimmer et al., 2010).
But the range is surprisingly narrow (2-6 wt% H50).

A simple average of the water contents within each arc reveals
an even narrower range, from 3.2 (Cascades) to 4.5 (Marianas),
and averaging 3.9 + 0.4 wt% H,0 (1 s.d.) worldwide. This average
is based on the maximum H,O concentration found from each
volcano, then averaged within each arc. A similar result is found
using the upper quartile of water contents and only the highest Fo
hosts in a given population (Fig. 1a and Table 1). The similarity in
these different averaging approaches provides support for the
maximum H;0 values being representative of the population, and
not being strongly affected by either crystal fractionation or
degassing. The average of ~4 wt% is not an artifact resulting
from averaging of end-members between 2 and 6 wt%, but
reflects a strong peak at 3-4 wt% in the histogram of individual
values for each volcano (Fig. 1b).

This common range (2-6 wt%) and average (~4 wt%) in H,0
contents for mafic arc melts is in stark contrast to most other
minor or trace element variations. Fig. 2 plots the Nb and Ba
concentrations in the same volcano and arc population as
assessed for H,O. In the case of Ba, which is commonly thought
to largely derive from subducted sediments and basaltic oceanic
crust, several arcs show non-overlapping means (Tonga, Marianas,
Cascades) that vary by more than a factor of four (i.e., from
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rich magma rises from > 15 km, following a closed-system degassing path (green curve), initially exolving CO,-rich vapor, then H,O-rich vapor. The transition to major
H,0 loss occurs when the magma reaches the depth of ~pure H,0 saturation (~12 km). If magma then stalls at 6 km (orange box) for a period of time greater than a few
days, melt inclusions that might have formed earlier (grey circles) will re-equilibrate to the vapor-saturated H,O content of the ambient magma ( ~4 wt%), due to the rapid
diffusivity of H (but not CO,) through olivine. Hence, magma storage regions that occur shallower than the point of H,O saturation will tend to reset melt inclusions to
the H,0 content of the host magma, and information about the primary water contents will be lost. (b) The same melt inclusion array could be generated from a magma
that had 4% H,O initially, stalled in a deep magma chamber (10 km), and then ascended rapidly (<1 day) to the surface during eruption. Stalling under H,O-
undersaturated conditions does not lead to a change in H,0, since there is no difference between the H,O concentration inside and outside the inclusion. In this case, melt
inclusions might faithfully record primary H,0 contents. This will be true for any magma storage regions that form at depths greater than 6 km, including those that form
very near 6 km. In fact, there may be a natural tendency for magma to stall at the point of H,O-saturation, due to the increase in viscosity that occur as H,0O exsolves from
the melt and also drives crystallization. These scenarios can be tested by comparing melt inclusion H,0-CO, data to the depths of magma storage constrained from
geodetic and seismic observations. Vapor-saturated isobars are from the SolEx model in Witham et al. (2012), and converted to depth assuming 2.6 g/cc upper crustal
density. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

108 + 15 ppm Ba for Tonga to 420 +212 ppm Ba for Central
America), and individual volcanoes vary by more than an order
of magnitude (from 62 ppm for Ksudach, Kamchatka to
> 1500 ppm for shoshonites from Colima, Mexico). Even larger
variations are observed for Nb, typically considered a conserva-
tive element in subduction zones (i.e., minimal inputs from the
subducting slab). Even Ce, which has a similar mantle-melt
partition coefficient to H,O, varies an order of magnitude more
than H,0 (Cooper et al., 2012). The large variations in these slab
and mantle tracers are not found in H,0, which instead varies by
only a factor of three for 90% of the volcanoes (2-6 wt% H,0), and
< 20% for the average arc values (3.9 + 0.4 wt% H,0).

So what processes are responsible for the restricted water
variation observed in mafic arc magmas? It seems unlikely that
the H,O0 input from the subduction zone is the same everywhere,
given the strong variations in other tracers, which point to a great
variety in composition (e.g., Th/La, Plank, 2005) and flux (e.g., Ba
flux; Plank and Langmuir, 1993) that recycle from the subducted
slab at different convergent margins. The order of magnitude

variation in H,0/Ce also points to very different fluid composi-
tions, likely equilibrated at different slab surface temperatures,
supplying different arcs (Plank et al., 2009; Cooper et al., 2012;
Ruscitto et al., 2012). Instead, we look here at two processes that
may drive water concentrations in magmas to a narrow range of
values: (1) the depth of stalling in the crust, and (2) the extent of
melting in the mantle. There is merit to both hypotheses, and
future work may provide better tests of them.

4. Crustal control on magmatic water

One possible control on the water content of arc melt inclu-
sions is equilibration within crustal storage regions. For example,
magmas could rise from the mantle with variable water contents
(>4 wt%), start degassing at the depth of vapor-saturation, and
continue to degas up until the depth at which they stall
(Figs. 3 and 4). If the stalling depth is shallower than the depth
of HyO-saturation (Fig. 3a), then melt inclusions formed at greater
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Fig. 4. Crust vs. mantle control on the water concentration in magmas, as recorded in melt inclusions. Panel A gives water solubility in basalt (1100 °C) as a function of
pressure (converted to depth assuming 2.6 g/cc upper crustal density), calculated from SolEx (Witham et al, 2012). Panel B is a phase diagram for wet basalt, based on
experiments and pMELTS, as in Johnson et al. (2009), Weaver et al. (2011), and Grove et al. (2003). The blue curve is water-saturated and the grey lines are under-saturated
liquidi (wt% H,O labeled). Dashed lines are labeled with water solubility in melt at vapor saturation. Green paths are possible adiabats. Pink lines are plagioclase,
clinopyroxene, and amphibole-in crystallization. Initial melt with 4 wt% H,O begins at orange box, ascends along green adiabat, exsolves bubbles at vapor-saturation
(intersecting 4% dashed line), and continues to vesiculate and crystallize to the surface (as for E). Panels C-E illustrate different scenarios by which melt inclusions may
record a maximum of 4 wt% H,0. Magmas ascend from the mantle with dissolved water (vertical lines in panel A) that exsolves at the depth of vapor saturation (bubbles in
panels C-E). In the crust control scenario, magmas may originate in the mantle with H,O >4 wt%, and start to vesiculate at various depths depending on the initial H,O
content (i.e., C vs. D). Crustal structure (a change in the density, rheology or stress state of the crust) then leads to magma stalling at ~6 km, where magma and melt
inclusions equilibrate to 4 wt% H,O (vapor saturation at this point). Rapid ascent and eruption above this depth leads to melt inclusions that record a maximum of 4 wt%
H,O0. In the mantle control scenario, magmas originate in the mantle with ~4 wt% H,0, and stall at 6 km because they reach vapor saturation there. The increase in
viscosity of the magma due to water exsolution from the melt, and accompanying crystallization, leads to stalling at this depth. Crystallization here and during further
ascent leads to melt inclusion entrapment with 4 wt% H,O maximum. [llustrations are schematic; real magma plumbing systems are likely highly complex. The presence of
other volatiles (e.g., CO, and S) will increase vapor saturation pressures; these examples only consider H,O for simplicity. Ponding at the Moho or in the lower crust may
lead to cooling and crystallization of olivine, omitted here for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

depths could re-equilibrate H,O with the ambient magma in the cinder cones vs. large edifices with a long history). Some variation
matter of days, given the rapid equilibration times between melt is permissible, given the range of water contents typical of most
inclusions and exterior melt through olivine indicated by labora- arc magmas: 2-6 wt% H,0 corresponds to 1.5-12 km depth, or
tory and natural experiments (Massare et al., 2002; Portnyagin 40-300 MPa vapor saturation pressure (for pure H,O; CO, will
et al., 2008; Chen et al., 2011; Lloyd et al., 2013; Gaetani et al., increase these pressures). Certainly most magma storage regions
2012). A stalling depth of ~6 km would cause inclusions to reset beneath active arc volcanoes occur in this ~2-12 km range, based
to ~4 wt% H,0 (i.e.,, HyO-saturation at 6 km, or 150-160 MPa; on geodetic and seismic observations (e.g., Lu et al., 2010; Cervelli

Witham et al., 2012; Newman and Lowenstern, 2002; Fig. 3(a)). et al., 2010; Scandone et al., 2007). There is also strong evidence
Inclusions might still contain variable CO,, which due to its lower that the maximum H,O content of melt inclusions correlates with
presumed diffusivity in olivine, is unlikely to re-equilibrate. Melt geophysically-determined storage depth (Zimmer et al.,, 2007).
inclusions that formed during subsequent ascent in the volcanic With this perspective, an average stalling depth of 6 km (resulting in

conduit prior to eruption would only record degassing at < 6 km ~4 wt% H,0) is consistent with observed magma storage depths.

depth, trapping melts with lower H,O contents and little or no On the other hand, magmas may stall in the upper crust for
CO,, whereas inclusions that ascended most rapidly from the reasons intrinsic to the magma, indeed as a consequence of their
storage region would preserve the 4 wt% maximum. Such a initial water contents and hence magma viscosity. Wetter mag-
scenario, a variation on the crustal filter concept, would impose mas that rise from the mantle reach water saturation at greater
a common H,0 content to melt inclusions (Fig. 4c and d). depths (Fig. 4a), where the exsolution of water would increase

The requirement of this process, however, is that an external viscosity in the melt (which increases with decreasing dissolved
driver causes H,O-saturated magmas to stall at ~6km on water content), and also raise liquidus temperatures and so drive
average. Such a control could arise from several transitions in crystallization (Fig. 4b), further increasing magma viscosity. Such
the upper crust, such as a ductile to brittle transition. Magmas an increase in magma viscosity could lead to a decrease in ascent
could also stall due to a change in stress state, favoring sill over velocity (for a given over-pressure) in a scenario that is similar to,
dike propagation, or the density structure of the crust could vary but less lethal than, the viscous death envisioned for silicic
such that magmas lose buoyancy. These are all reasonable plutons by Annen et al. (2006). Magmas with less initial water

expectations, and yet it is not entirely clear how these transitions may rise to shallower depths before reaching H,O-saturation and
would be so similar in depth for such different volcanic arcs, given viscous stalling. Thus, there could be an intrinsic control on
different crustal thicknesses (e.g., <20 km for Tonga vs. ~45 km magma storage depth, driven by inherent variations in magma
for parts of Mexico; Contreras-Reyes et al., 2011; Johnson H,O contents that arise from the mantle, independent of crustal
et al., 2009), stress states (arcs in extension like Nicaragua vs. structure and stress state. The implication of this scenario is that

compression like segments of the Aleutians) and brittle-ductile the narrow range of water contents observed reflects a narrow
transitions (possibly quite different beneath low magma flux range generated in the mantle (Fig. 4e).
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Fig. 5. H,0/Ce vs. Nb/Ce in melt inclusions from Aleutian volcanoes (Augustine,
Seguam, Akutan, Korovin, Okmok, Pakushin, Emmon, and Shishaldin). Large circles
are averages of individual melt inclusions (small symbols). Only the inclusions
with the highest H,O contents (least degassed) from each volcano are plotted (H,0
from Zimmer et al. (2010)). Nb and Ce are laser ablation ICPMS analyses of
individual melt inclusions (Zimmer, 2008). The strong linear trend is consistent
with addition of high H,0/Ce slab fluid/melt addition to the Aleutian mantle
wedge (after Cooper et al. (2012)).

4.1. Testing the crustal control

So do water contents of magmas control the depth of magma
storage, or do magma storage depths control water contents?
How do we test if the water contents we measure are intrinsic to
the primary magma or imposed by stalling depths? One test
might involve the degassing paths followed by magmas. Coupled
H,0-CO, systematics are useful in constraining the depth of melt
inclusion entrapment, and when combined with geodetic or
seismic constraints on magma storage depths, have potential to
discriminate different degassing and resetting scenarios that may
occur in the crust (as outlined in Figs. 3 and 4). Some examples
from the Aleutians are given in Electronic Supplement.

Another test involves consideration of the most primitive
olivine hosts. Loss of H,O from melt has a large effect on the
olivine liquidus, and inevitably drives crystallization. If magmas
originate in the mantle in equilibrium with ~Fogg olivine, and
degas and crystallize in the crust until they stall, then a decrease
in H,O should be accompanied by a decrease in Fo. Thus melt
inclusions trapped in the highest Fo olivines should be minimally
affected by the crustal filter. Indeed, melt inclusions in > Fogg
olivines average a bit higher H,0 (4.6 wt%, n=11) than the global
value (3.9 wt%), but not substantially (Fig. 1 and Table 1).
A similar mean and range (3-6 wt% H,0) to the global population
exists for melt inclusions in these most primitive olivines, and so
water concentrations may be set prior to the crustal filter.

Finally, the greatest insights might come from relationships
between H,0 and source characteristics of the magma. For
example, ratios of incompatible elements in arc magmas gener-
ally reflect sources in the subduction zone, the ultimate source of
H,0 as well. Degassing in the crust drives H,O loss, with little
effect on trace element ratios, and so would decouple any primary
relationships. Such a process may explain why good correlations
between H,O and other slab tracers have been elusive for some
arcs, such as the Marianas (Hauri et al., 2007). On the other hand,
H,0 contents do appear to correlate with subduction tracers (i.e.,
Ba/La, Pb/Ce) in Kamchatka, Central America, Mexico and the
Cascades (Portnyagin et al., 2007; Sadofsky et al., 2008; Cervantes
and Wallace, 2003; Johnson et al., 2009; Ruscitto et al., 2010).
Fig. 5 shows a strong relationship between H,0/Ce and Nb/Ce in
Aleutian melt inclusions, consistent with mixing between low
H,0/Ce-high Nb/Ce mantle and a high H,O0/Ce-low Nb/Ce slab

melt (Cooper et al., 2012). These correlations are difficult to
explain if H,O is controlled by degassing. Thus, while it is difficult
to conceive how the crust would not affect the volatile history of
ascending magma, correlations with slab proxies point to primary
water information stored at some volcanoes, and a deeper control
on water.

5. Mantle control on magmatic water

It is also possible that magmas emerge from the mantle with
similar water contents. To evaluate this, melt inclusions are
restored to primary compositions by adding olivine incrementally
until melts are in equilibrium with mantle olivine of ~Fogg. Melt
inclusions in hosts < Fogy are excluded from this treatment,
because they likely have experienced fractionation of substantial
amounts of other phases in addition to olivine. For those inclu-
sions hosted in > Fogg, the range of olivine addition is 0-20%
(Table 1). The H,O concentrations in the melt inclusions are then
diluted by this amount of olivine addition, leading to
a small correction (0-20%) to obtain H;O(ro90). The range in
H;O0(ro90) from arc to arc is 2.7 wt% (Kamchatka) to 4.2 wt%
(Marianas), with the average of arcs being 3.4 4+ 0.5 wt%. This
average is shifted to lower concentrations than the original
(3.9+ 0.5 wts H,0) by about 15%, within the range of olivine
added to calculate primary values. But importantly, the standard
deviation remains the same, implying a similarly narrow range
of H,0 values generated in the mantle. Why is the variation
so small?

One possibility for the small variation in water content is the
effect of water itself on the melting process. Water is a major
element in arc magmas, and because of its low solubility in
mantle minerals, it has a major effect on melting energetics.
Tenths of a percent water in the mantle lowers the solidus by
hundreds of degrees and can increase melt fraction by 10% (e.g.,
Katz et al., 2003). Moreover, there is a negative feedback in the
wet melting process. At constant temperature and pressure, water
contents in the source (H,O(,)) scale with melt fraction (F) such
that the water contents of the melt (H,O(rog0)) vary little. That is,
higher H,0(,) drives higher F, keeping H2O(ro90y similar to what
would result from lower H,O() at low F. Although the relation-
ship between F and H;O( is not strictly linear, but curved
(Asimow and Langmuir, 2003; Langmuir et al., 2006), the general-
ity above holds. The negative feedback of H,O on its concentration
in mantle melts provides one explanation for the narrow range in
arc magmas.

The relationship between H,O and F is illustrated in Fig. 6,
with model curves for wet partial melting at constant P and T
(following equations in Kelley et al. (2010), which are based on
the approach in Langmuir et al. (2006)). Each curve shows
increasing F with increasing H;O(,). On a diagram such as this
one, which plots H,O,) vs. F, the concentration of an incompatible
element in the liquid (with partition coefficient, D~0) is approxi-
mated by a line of constant slope that intersects the origin.
H,O0 satisfies this condition, with a D (mantle/liquid) that varies
from 0.006 to 0.01 (Hirschmann et al., 2009). Thus, the batch
melting equation, C;/C,=1/[F(1—-D)+D], reduces to C;/C,~1/F,
and the slope C,/F~ (i, or the liquid concentration. Dashed lines in
Fig. 6 are lines of constant water content in the melt. This also
illustrates how a compensatory relationship between H,O(,y and F
may lead to a narrow range of water contents of melts. In practice,
this may occur during melting at nearly constant P and T, within a
narrow range of melting curves. H,0,) may vary widely along one
of these curves while the water content of the melt less so.
For example, melts with 1.5-4.5 wt% H,0 (a factor of three) are
generated from sources with 0.1-1.0 wt% H,O (an order of
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Fig. 6. Mantle melt fraction (F) vs. mantle water concentration, H,O,). Curved
lines are calculated for wet melting at a single pressure (1.5 GPa) and temperature
(as labeled) from equations in Kelley et al (2010). Dashed lines are constant water
concentration in the melt (H,Op), which is approximately equal to the slope on
this diagram (i.e., the batch melting equation, H,0;/H,0,=1/[F(1 — D)+ D] reduces
to H,0,/F~H,0, for D~0). Data points for different arcs are as given in Johnson
et al. (2009), Kelley et al. (2010), Portnyagin et al. (2007), Sadofsky et al. (2008)
and Ruscitto et al. (2010). In other cases, F is calculated from TiO, concentration,
after correcting to Fogo compositions, and assuming 0.133 wt% TiO, in the mantle
source and D=0.04, as in Kelley et al. (2006). H,O(o) is calculated from F and
H,0(1). The anhydrous solidus at this pressure is 1308 °C (Hirschmann, 2000), and
so all almost all the arc data plotted here require a major component of water-
fluxed melting. The Tonga arc is not included here, as there is strong evidence for
highly refractory (harzburgite) mantle beneath some regions of the arc (Cooper
et al.,, 2010) , which leads to different wet melting curves than those shown here,
and large variation in the inferred TiO, in the source, which makes F difficult to
calculate. Consideration of the Tonga arc melting systematics will be explored in a
future publication, after Cooper (2009).

magnitude) along the 1260 °C curve in Fig. 6. Thus, wet melting
can generate melts with a limited range of water concentrations,
even if the water concentration of the source and F vary
substantially.

5.1. Testing the mantle control

This melting scenario can be tested by comparing H,0,) and F
calculated for different arc volcanoes. One common procedure is
to calculate F from the concentration of an incompatible, con-
servative element, like TiO, (which derives predominantly from
the mantle and not the slab), and then calculate H,0,) from F and
H>0(ro90) (Kelley et al., 2006; Portnyagin et al., 2007). Calculated
in this way, arc data fall on a wide band across the melting
diagram (Fig. 6), along lines with slopes that conform to the arc-
averaged H,Orog0) (3.4 £ 0.5 wt%). The data also lie within a
narrow range of melting conditions, equivalent to mantle tem-
peratures of 1230-1280 °C at 1.5 GPa. Other pressures and tem-
peratures are possible, but all will show a narrow range of
temperatures at constant pressure to produce the array. Although
there is a pressure dependence to the melting systematics (Kelley
et al., 2010; Hirschmann, 2010), the primary control is not
absolute temperature, but the distance to the anhydrous solidus
(Langmuir et al., 2006; Portnyagin et al., 2007). In units relative to
the dry peridotite solidus (ATgp), the model curves here represent
melting at ATgpy of —30 to —80°C (the H referring to the
anhydrous solidus of Hirschmann (2000)).

These results are consistent with studies by Portnyagin et al.
(2007), Johnson et al. (2009), and Ruscitto et al. (2010), for
Kamchatka, Mexico and the Cascades, respectively, using this
same treatment to estimate ATgpy values of —35 to —85°C.
Kelley et al. (2010) estimated lower ATy, for the Marianas (—100

to —40 °C), but this is relative to a more refractory mantle solidus
(Wasylenki et al., 2003) that is 39° above the Hirschmann (2000)
solidus. The predominance of melting temperatures below the dry
solidus is evidence for water-fluxed melting beneath most arc
volcanoes. Such melting temperatures, however, fall within a
narrow range (within 50 °C), and this prevalent temperature of
the sub-arc mantle may be the ultimate cause of the limited
water variation observed in arc magmas.

Fig. 6 also shows how different arcs may reflect distinctly different
source concentrations in H,O. For example, the Marianas and
Mexican arcs both tap melts with 3.5-4.5 wt% H,O(rog0), and yet
the Marianas source appears to be uniformly wetter (> 0.6 wt%
H20,)) than the Mexican sources ( < 0.6 wt% H»0(o)). More water in
the Marianas source also apparently drives higher F (12-22%), and
correlates with uniformly higher Ba/Nb (~200) than in Mexican
magmas (<75). Thus HyOp) may reflect slab fluxes and melt
volumes better than water contents in the magma.

Lastly, an additional test of the mantle melting model may come
from independent estimates of the temperatures and pressures of
primary arc magmas. Olivine-orthopyroxene-melt thermobarom-
eters have been newly calibrated to incorporate the H,O contents
of mantle melts (e.g., Lee et al, 2009; Putirka, 2008), and recent
applications using restored melt inclusion compositions suggest P and
T conditions similar to those predicted from the H,O-F systematics
(Kelley et al., 2010; Ruscitto et al., 2010). Phase equilibrium laboratory
experiments also provide an approach to constrain the conditions of
melting. For example, Pichavant et al. (2002) concluded that primary
melts from St. Vincent, Antilles corresponds to ATy,s 0f 0 to —100 °C
(at 1.1-1.6 GPa). Other experiments on primitive arc magmas suggest
ATgpsy of —30°C at ~1.5GPa for the Aleutians and as much as
—150°C at 1.3 GPa (using the Wasylenki et al. (2003) solidus) for
Mexico (Weaver et al., 2011). It is important to note, however, that
both experimental results (Weaver et al., 2011) and melt inclusion
thermobarometry (Ruscitto et al., 2012) suggest that melts produced
in the hottest part of the wedge at least partially reequilibrate in the
shallow mantle before ascending into the crust, so the ATy, values
above are minima. The results of these models and lab experiments
suggest that even if a crustal water filter applies, mantle melting may
deliver a fairly uniform product.

6. Implications and prospects for the future

There are many important problems, from global water fluxes
to magma storage and eruption, that depend critically on whether
the mantle or crust control magmatic water contents. If the
common ~4 wt% H,0 average seen in mafic arc melt inclusions
derives from a strong crustal filter, then it may be very difficult to
ever estimate volatile fluxes from the mantle to the surface.
Magmas could rise from the mantle with widely varying H,O
contents (anything >4 wt%) and then lose water on their way to
storage at ~6 km. Any melt inclusions that were originally
trapped at higher pressures might re-equilibrate by diffusive H
loss through the olivine host at that depth, and if so, the only part
of the volatile history of the magma that is recorded would
involve the subsequent ascent, degassing and eruption above that
depth, at water contents <4 wt%. The earlier history would be
invisible, and the original water contents would be unmeasurable.
Flux estimates based on 4 wt% H,0 in the melt would potentially
grossly under-estimate the total flux of water from the mantle to
the crust and atmosphere.

6.1. Are there wetter magmas that never erupt?

A strong crustal filter could completely bias the measurements
we make. Basaltic andesite melts with very high H,O contents
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(> 10 wt%) would crystallize amphibole in the lower to middle
crust (Grove et al.,, 2003) but may also die there from viscous
death (Annen et al., 2006). The plutonic record could then be
wetter than the eruptive record we have compiled here. There is
some evidence for such a bias in the Mg#-SiO, relationships of
arc plutonic vs. volcanic rocks (Kelemen, 1995), but as yet little
quantitative data exist on the water contents of plutonic magmas.
The presence of high Mg# amphibole in eruptive rocks may be a
tell-tale sign of this missing output (Krawczynski et al., 2012), but
such phenocrysts are rare in most arc magmas. On the other hand,
Davidson et al. (2007) argue on the basis of arc REE patterns that
amphibole is a nearly ubiquitous fractionating phase in lower
crustal magmas but is nonetheless absent as a phenocryst in
many volcanic suites. Thus, future work might focus on xeno-
crysts or antecrysts from the lower crust (e.g., Streck, et al., 2002),
pyroxenes or amphiboles, that may retain in their structure
earlier magmatic volatile contents. This approach holds promise,
as pyroxenes may be more resistant to H,O-re-equilibration than
olivine-hosted melt inclusions (Wade et al., 2008; Peslier et al.,
2002; Peslier and Luhr, 2006).

6.2. What is the crustal filter and does it limit explosive potential?

If the crustal water filter hypothesis is correct, then an
important implication is that there must be a fundamental
transition in the crust around 6 km, reflecting special conditions
in crustal rheology, density and/or stress state. A related question
is whether the maximum water contents of silicic magmas also
reflect a crustal filter, resulting in similar depths of stalling for
silicic magmas as for the predominantly mafic magmas studied
here (Wallace, 2005). And if there is a crustal water filter, does
this limit the gas content and explosive potential of magmas on
our planet? Further integrated work linking different magma
types and their volatile contents, with information on the
geophysical structure of the crust and magma plumbing systems
represents a rich new avenue of research that may illuminate the
workings of a crustal water filter.

6.3. The link between H,0 content in melts and mantle P-T through
the cryoscopic effect

If the mantle is the dominant control on magmatic water
contents, then the limited range observed points to a regularity in
the melting process. We have already demonstrated how water
can modulate its concentration during H,O-undersaturated melt-
ing of mantle peridotite, and how the narrow range observed in
the water content of the melt might reflect a limited range in the
P-T conditions within the melting region beneath different arcs.
Wet melting (below the dry solidus) predominates and is
restricted to a 50° range (30-80 °C below the dry solidus, Fig. 6)
for the arcs investigated here. The underlying control is the
temperature of the mantle wedge. Mantle that is 1250-1300 °C
at 1.5 GPa (~50 km depth) will generate melts with ~3.5 wt%
H,0 given current thermodynamic models—this is inherent to the
cryoscopic effect. A given H,0 concentration in the melt will lead
to a given freezing point depression of the appropriate melting
contour (F). F in turn depends on H,0,), so there is no constant
depression, but it is limited for plausible values of F. For example,
3.5 wt% Hy0 in the melt depresses the melting temperature of
peridotite (Hirschmann, 2010) or the olivine-saturated basalt
liquidus (Medard and Grove, 2008) by ~110°C. If F is in the
range of 10-20%, this requires an increase in temperature of
40-80 °C above the dry solidus (Hirschmann, 2010), and so the
two effects together lead a net depression of —30 to —70° below
the dry solidus, or ATy, of —30 to —70 °C, very similar to the
calculations in Fig. 6. This outcome is a feature of all melting

models that exploit the cryoscopic effect (e.g., Katz et al., 2003;
Grove et al.,, 2006; Langmuir et al., 2006; Kelley et al., 2010;
Hirschmann, 2010). A fully thermodynamic approach will lead to
more accurate results over a wider range of compositions but is
unlikely to change the primary conclusion that a limited range of
H,0 concentrations in primary mantle melts requires a limited
set of P-T conditions in the mantle wedge beneath arcs.

6.4. Comparison to numerical models of wedge thermal structure

Such a limited range in mantle wedge temperatures appears
somewhat surprising, given the wide range in subduction para-
meters represented here (e.g., convergence rate, slab age). On the
other hand, the numerical models of Syracuse et al. (2010) show
that for a constant depth of slab-mantle coupling (80 km in their
model), the maximum mantle wedge temperature beneath arcs
falls within a limited range (1400 +54 °C 1 s.d.), the absolute
value of which is mainly a function of the potential temperature
assumed for mantle entering the wedge (1420 °C). Thus, it may be
that the global combination of subduction parameters has a
limited effect on maximum mantle wedge temperatures. More-
over, the ATgpy calculated from the Syracuse et al. (2010) model
(—66 +42 °C) encompasses the same range as we calculated
above, based on observed H,O contents. In a similar numerical
study, England and Katz (2010) argue that the largest melt
fractions may occur in the mantle wedge along a P-T array that
parallels the dry solidus. As our cryoscopic argument highlights,
such an array will lead to melts with a narrow range of water
contents, like those observed. Thus, there is some support for the
England and Katz (2010) model in the water contents of arc magmas,
although their predicted temperatures (ATgpsy= —100 to —150) are
much lower than those predicted here or from olivine-opx-melt
thermobarometry (Kelley et al., 2010; Ruscitto et al,, 2010). None of
these numerical models, however, predict mantle wedge tempera-
tures as low as the “cold plume” models (e.g., Vogt et al., 2012) that
generate melt at temperatures far below the ATy, values predicted
here. These comparisons highlight the importance of knowing
primary water contents in constraining the P-T path of mantle
melting above subduction zones.

If the relative constancy in the water content of average arc
magmas reflects a relative constancy in the P-T conditions within
the mantle wedge, then the ultimate modulator may then be the
average temperature of the upper mantle. Like the nearly uniform
thickness of the oceanic crust, perhaps the small range in the
water contents of arc magmas is another reflection of a planet
with a background uniform potential temperature ~ 1400 °C.

6.5. Implications for global H,0 recycling fluxes

If arc magmas rise from the mantle with ~3-4% H,O0 on
average, this makes trivial many important flux calculations. For
example, the water output flux at arcs would then simply be 3.4%
(global H20(rog0y) of the magma production rate (on a mass basis),
which is not well known, but most estimates (on a volume basis)
lie around 2-4 km3/yr (Reymer and Schubert, 1984; Crisp, 1984;
Dimalanta et al., 2002). This yields 1.9-3.8 x 10® Tg/Myr H,0
output at arcs, which agrees generally with estimates based on
gas fluxes (3 x 108 Tg/Myr, Wallace, 2005), and with the predicted
total water losses from subducting slabs by the time they reach
~100 km depth, based on coupled thermal and thermodynamic
models for slab P-T-H,0 paths (3.2 x 108 Tg/Myr; van Keken
et al,, 2011). Thus, recycling to the arc over the first 100 km of
subduction may be nearly 100% efficient, stemming the loss of the
oceans down the subduction zone through time (Rupke et al.,
2004; Parai and Mukhopodhyay, 2012). The water content of the
mantle residual to arc melting would then be ~34,000 ppm
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H,0 x Dyyo(peridotite/liq) (0.006-0.008; Hirschmann et al., 2009),
or 200-300 ppm H,0. Such mantle, even after melt removal,
would be wetter, weaker and more attenuating to seismic waves
that the average upper mantle that upwells beneath mid-ocean
ridges (Hirth and Kohlstedt, 2004).

6.6. The diversity of water contents in magmas parental to arc
volcanoes

Although we have emphasized in this paper the surprisingly
narrow range in the average H,O contents of volcanic arcs, the
variations observed from volcano to volcano are still highly signifi-
cant, and clearly give rise to a diversity of magma chemistry and
eruptive styles greater than that found in other tectonic settings.
For example, the difference between 2 and 6 wt% H,0 is very large in
terms of phase equilibria (Grove et al,, 2012), affecting amphibole,
plagioclase and spinel-phase crystallization in particular, and respon-
sible for the entire range of crystal fractionation trends from tholeiitic
to calc-alkaline (Zimmer et al. 2010). The factor of three range may
also be a primary control on the explosive potential of an eruption
(Roggensack et al., 1997). Thus, there is still immense value in
measuring water contents for different magma series and in different
eruptive products.

It is also likely that greater diversity exists in the volatile
content of magmas parental to a given volcano than we have
compiled here. We selected from each melt inclusion population
only the highest H,O content for each volcano, assuming the
lower H,0 contents have a secondary cause (usually degassing)
and not a primary one (from the mantle). It is possible, however,
that some melt inclusions with lower H,O contents reflect drier
initial magmas, and so our averaging could be biased to the
wettest magmas that feed each volcano. Such questions of initial
magma diversity can be evaluated to some degree by careful
examination of incompatible element ratios in melt inclusions,
which will not be fractionated by degassing but will potentially
vary in different primary melts. Such analysis in many cases
reveals a common parentage to all melt inclusions and bulk rocks
from a single eruption. For example, Ba/Zr in Fuego melt inclu-
sions are identical to one another, and to the bulk tephra (Lloyd
et al., 2013), thus supporting a common parental magma to all. In
this case, it is likely that the parental magma also had a single
H,O concentration, and that the H,O variations observed are
secondary in origin. The same is true for melt inclusion suites
from many other arc volcanoes (e.g., Arenal volcano; Wade et al.,
2006; Irazu volcano, Benjamin et al., 2007), which is in stark
contrast to the diversity more commonly reported in melt inclu-
sions suites from ocean islands (e.g., Sobolev et al., 2000;
Maclennan et al., 2003) and MORB (e.g., Sobolev and Shimizu,
1993; Laubier et al.,, 2012). Whether this is due to the more
efficient blending of melts in arc plumbing systems, or a lack of
data on near-primary melts or samples from isolated vents, is an
area for future effort.

Resolving the relative importance of crust and mantle control
on magmatic water contents will require new efforts in coupling
volatiles to trace element and isotopic variations, examining
H,0-CO, degassing relationships, measuring H,O and trace ele-
ments in primitive phenocrysts, and combining petrological and
geophysical studies of magma plumbing systems that extend to
mantle depths.
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