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Water can be present in the mantle in the form of hydrous melts, hydrous phases,
or incorporated into the crystal structure of nominatly anhydrous minerals of the
major mantle mineralogy, The first two forms are likely in the uppermost mantle,
where water solubility in major mantle minerals is low, whercas the latter form may
be more important deeper in the upper mantle and transition zone. Seismological
data contain unigue and valuable information on the amount and distribution of
water in the Earth's mantle, It is, however, challenging to extract this information
because of limitations in the amount and density of available seismic data, multiple
interpretations of similar observations, and limited quantification of the effects of
water and other parameters on the seismic properties, While increased water content
and elevated temperatures both lower seismic velocities, they have opposing effects
on the depths of the discontinuities that bound the transition zone. And, while they
both increase attenuation, they have opposing effects on the sharpness of these
discontinuitics. Independent geophysical observations, such a gravity, elecirical
conductivity, and surface heat fiow, can further heip to discriminate between tem-
perature, water, and other compositional anomalies as the cause of observed seismic
heterogeneity. Various types of observations have been combined fo infer water
content in the mantle, ranging from a few hundredths of weight percent to several
weight percent. Altogether, the seismological literatare suggests that the mantle is
heterogeneously hydrated. However, with the limited studies available, there does
not appear to be an obvious correlation between present tectonic environment and
water content, though the literature shows a tendency to interpret inferred anoma-
lously hydrous regions in the mid mantle as being related in one way or another to
past subduction of oceanic lithosphere.

1. INTRODUCTION fairly well understood from cosmo- and geochemistry, as

well as geophysics. The Earth’s mantle consists primarily of

The Earth’s bulk composition of lithophile, siderophile, magnesiom and iron silicates, with the olivine-wadsleyite-

and chalcophile elements and its state of differentiation are ringwoodite mineralogy comprising about half of the mantle
assemblage in the top 660 km.

Farth's Deep Water Cycle In contrast, the bulk water content of and its distribu-
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ocedrn masses of water resides within mantie minerals, most
prominently in the transition zone [e.g. Smyth and Jacobsen,
this volume), though some argue that the solid Earth has
effectively differentiated its water fo the crust, hydro- and
atmosphere [e.g. Riipke e al., this volume].

If an amount of water equal to that in the Pacific Ocean
were homogeneously distributed over lattice defects in tran-
sition zone minerals wadsleyite and ringwoodite, the transi-
tion zone's water content would be around 0.2 wi % (i.e. 2000
ppm HLO by weight). As shown by numerous papers in this
volume, an amount of water as siall as a few tenths of wt
% in the Earth’s mantle can significantly affect the buik and
shear moduli, density, electrical and thermal conductivity,
anclasticity, anisotropy, and phase/state of mantle minerals,
With the exception of thermal and electrical conductivity, all
of these properties are most directly and aceurately assessed
through studies of seismic wave propagation.

Seismic wave propagation, however, is also affected by
temperature, pressure, composifion, struciure, and mineral-
ogy. In the apper third of Earth’s mantle, first-order changes
in seismic velocities are a gradual increase of seismic veloc-
ity with increasing pressure {depth), and sudden increases
at the top and botton: of the transition zone near depths of
about 410 and 660 km, which resuit from phase transitions
in the olivine component of mantle mineralogy. Near 410
km, oliving transforms into wadsleyite, which transitions to
ringwoodite over & broader depth range in the mid transition
zone. Near 660 km ringwoodite transforms into the lower-
mantle assemblage of perovskite and ferropericlase. Second
order changes in seismic veloeity and atteriuation also occur
laterally, under the predominant influence of lateral varia-
tions in mantle temperature, phase transitions in sccondary
mantle minerals such as garnet and pyroxene, variations in
grain size, and compositional heterogeneity. Hydrogen from
water is thus far the most important compositional factor
governing the seismic and rheologica! properties of its host
material [Karato, this volume; Skito ef al., this volume;
Jacobsen and Smyth, this volume].

Water has a profound influence on the rheclogy of the
upper mantle [Hirth and Rohlstedt, 1996, Karato and Jung,
1998, Me! and Kohlstedt, 2000a, 2000b, Karato, this vol-
urne]. Thus, the amount of water that resides in or cycles
through the Earth's interfor is an fmportant consideration
for understanding Earth's early evolution, the initiation and
longevity of plate tectonics, low-velocily zones beneath
oceans, and the lithospheric roots of Precambrian cratons,
for exampie. In this chapter we review the ways in which
seismology can constrain the water contents of the Earth’s
mantle. Two of the largest challenges that seismologists face
are 1} extracting robust inferences from limited amounts of
data, and 2) to discruminate the effects of water from the

effects that temperature, composition, and mineralogy have
on these properties.

Lateral temperature variations arc widely thought to pro-
vide the largest contribution to upper mantle seismic velocity
and attenuation variations. as the temperature derivatives
of these quantities are non-linear and become large at high
temperatures and jow (uppermost mantle) pressures [Jackson
et al., 2002; Cammarons et al., 2003]. Observational studies
typically confirns this thesma! dominance on seismic het-
crogeneity [e.g. Goes and Van der Lee, 2002; Priestley and
MeKenzie, 2006; Wiens er af, 2006b]. Water may provide the
next-fargest contribution, In this paper we discuss the effects
of water on deep seismic structure.

2. THE EFFECTS OF WATER AND OTHER
VARIABLES ON SEISMIC PROPERTIES

2.1 The Effects of Composition Other Than Water

Early research focused on the influence of iron because of
its relative abundance in the mantie’s magnesium silicates.
In a solid-molten mantle mixture iron readily partitions inte
the melt [Jordan, 1988] and lateral variations in mantle iron
content should be & fairly straightforward phenomenon if
the mantle underwent varying degrees of partizl melting.
Initially, the effects of fron on the seismic velocity of shear
waves (S velocityy were thought to be considerable [Jordan,
1988]. A survey of the seismic properties of upper mantle
xenoliths shows a small dependence of the S velocity on
iron content (0.3% per Mg number in olivine} [Lee, 20031,
Recent calculations suggest that the effects of melt depletion
on S velocity are even smaller and negligible for realistic
degrees of iron depletion compared to the effects of realistic
variations in femperature [Cammarano ef al., 2003; Schurt
and Lesher, 2006; Maisukage ef ol., 2005), especially in the
garnet lherzolite stability field. This is mostly because melt-
ing-related iron depletion in mantle olivine is accompanied
by a loss of relatively Si-poor garnet, which is seismically
fast {Schuet and Lesher, 2006]. Even the S-velocity depen-
dence found by Lee [2003] suggests that realistic changes in
iron for upper mantle rocks can produce only a 1-2% change
in S-velocity, much smaller than expected from temperature
variations.

For deeper levels in the upper mantie, data on the effects of
Fe content exist for only the olivine component. These effects
are considerable at transition zone depths [Sinogeikin et al,
2001}, but not quite as dramatic as the effects of hydrogen
content Jacobsen and Smyth, this volome; Shito et al., this
volume]. However, if ferric fron (Fe™) is abundant at such
depths, Fe might have more dramatic effects on seismic
properties, comparable to those of H [Frost, 2003].




[ittle is known ebout the influence of other minor ele-
ments in the mantie such as Al, Ca, and Na. Recent experi-
mental work shows that the presence of ~5 wt % ALG, in
perovskite reduces the shear modulus by about & %, but has
no discernable effect on the bulk modulus [Jackson et al,
2004]. The presence of Al might also affect the solubility
of water in mantle phases fe.g. Rauch and Keppier, 2002;
Bolfan-Casanova ef of., this volume]. Furthermore, calcium-
silicate perovsiite (CaSi0,) probably exists in the lower
mantle as a minor but separate phase, with a shear modulus
25 to 40 % below that of (Mg,Fe)SiO, perovskite fe.g. Li et
al., 2006; Sinefnikov et al,, 19981, Carbon, like H, is a volatile
element whose presanee in the upper mantle is evidenced by
CO, degassing at mid-ocean ridges, CO,-rich magmas such
as carbonatites and kimberlites, and diamond-bearing xeno-
liths, Recent experimental work supports carbon recyeling to
as deep as 300 km [(Hammouda, 20037 or deeper [Dasgupra
et al,, 20041, though the solubility of C into major mantle
minerals such as olivine is exceptionally low {about I ppm)
[Keppler et al., 2003]. Thus, H-zccommodating minerals
appear more stable in the upper mantle than C-accommodat-
ing minerais, 2llowing a water cycle in the mantle to extend
much deeper than a carben cycle.

2.2 The Effects of Water

Hydrogen, or water, has emerged as one of the meost infiu-
ential mantle elements in terms of seismic properties. While
the major-element (Si, Mg, Fe, Q) composifion of the mantle
is relatively well constrained, its hydrogen content is much
more speculative. The presence of hydrogen in mantle min-
crals directly affects seismic propertics, as discussed, but
also affects these properties indirectly by catalyzing mantle
meiting under particular pressure-temperature and kine-
matic conditions [Eiler, 2004; Karato ef uf., this volume;
Revenaugh and Sipkin, 1994]. In some regions of the mantle,
such as the wedges between subducting eceanic plates and
the lithosphere of the overriding plate, the presence of water
has been corroborated through the analysis of rock samples
erupted from arc volcanoes [Morris et al., 1990; Gaetani and
Grove, 1998; Dixon et al,, 20041,

Small amounts of water in mid-ocean ridge magmas sug-
gest a modest water content of about 0.005-6.02 wt % for
the MORB source [Saa! er af.. 2002]; levels as high as 0.17
wt % are inferred for magmas erupted at back-are spreading
centers near slabs [Kelley er al, 2006]. For deeper levels in
the mantle we do not have such corroborating material and
¢laims of water in the mantle from seilsmic data are mostly
arrived at by excluding other known factors that influence
seismiic propertics, such as temperature or Fe heterogeneity
{e.g. Nolet and Zielhuis, 19941,
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The effects of water content and possibly associated fhuid-
rich melfs on seismic observables in the upper mantle are
incompletely understood. Free water may be present in a
few extremely hydrous regions of the upper mantle such as
the mantle wedge immediately above a slaly [wamors, 1998:
Cagriocle et al., 20061, In this case the effect of free water
can be calculated using a similar poroelastic caleulation,
which depends on the geometry of the fluid pores [Tuker,
2002]. However, in most cases the large water contenis in
excess of the water solubility in upper mantle minerals will
instead produce a fluid-rich melt [Hirschmann ef al., 2003],
The effect of meilt can result from both a poroelastic effeet
[Mavko, 1980, Hammond and Humphreys, 2000; Takei,
2002] and a grain-boundary shiding mechanism [Faul et af.,
2004} The effects of melt are difficult to constrain since
the poroelastic effect depends en the melt geometry and the
effect of the grain-boundary sliding mechanism on the shear
madulus is incompletely characterized at the present time.

For most of the upper mantle, water concentrations are low
enough or pressure high enough that the water is accommo-
dated in the mineral structure of nominally anhydrous major
mantle minerals, primarily olivine and pyroxene {Hirschimann
et al., 2005] or, in particulerly cool regions such as subduct-
ing lithespheric plates, in dense hydrous magnesium sili-
cates {Komabayashi, this volume]. Although little known, the
effects of water incorporated in the olivine crystal structure
at uppermost mantle depths are likely reduction of elastic
moduli. Recent compressibility studies show that the bulk
modulus of forsterite is reduced by about 6% in the presence
of 0.8 wtte H,0 [Smyth et af, 2005; Smyth and Jacobsen,
this volume]. Kararo [2003] estimated the indirect velocity
reduction induced by water using the assumption that water
towers the selsmic velocity through the dispersion effect of
attenuation, and that the micro-creep associated with anelas-
ticity ig proportional to the macroscopic creep inferred from
rheological experiments. This result suggests that water should
lower the S velocity {Vs), and quality factor {Q), more than
the P velacity (Vp. Using the relationships in Kararo [2003],
increasing the upper mantle water content from normal MORB
{3,005 wt %) to 0.15 wit % will reduce the shear velocity by
about 1.5 % in the absence of melting, However, typical mantle
temperatures at shallow depths are above the wet solidus and
the melt triggered by (.15 wt% of water could further Jower
the S veloeity significantly. This suggests that variations in
the water dissolved in nomirally anhydrous minerals probably
produce less heterogeneity than variations in temperature for
the uppermost mantle, but may be more significant than other
types of compositional variations. However, the refationships
proposed by Rarato [2603] rely on a number of assumptions
and extrapolations, and additional relaxation mechanisms
associated with water may be possible,
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For the transition zone, ultrasonic experiments [Jacobsen
and Smyth, this velume] on ringwoodite show that the unre-
laxed seismic velocities can also be lowered by the incorpo-
ration of [ from water into the mineral structure. Jacobsen
and Smyth [this volume] report that 1 wt % of water in ving-
woodite would reduce its Vs by over 100 m/s (~ 2 %) while
having a negligible effect on Vp at transition zone pressures,
Water thus has an clevating effect on the ratio of P velocity
over S velocity, and thus on Peisson’s ratio, of ringwoodite.

Hydrogen also has important effects on the properties of
the upper mantle discontinuities, which may allow recogni-
tion of the presence of water. Thermedynamic calculations
TiVood. 1995, Helffrich and Wood, 1996} as well as labora-
tory experiments [Smyth and Frosz, 2002] show that under
hydrous conditions, the thickness of the 410-lom discontinu-
ity can expand from the expected ~10 km for dry conditions
to as much as 40 km, if water from olivine partitions tenfold
into wadsleyite. However, 40 ki may be an overestimate of
the maximum thickness of the 410-lom discontinaity because
the hydrogen storage capacity of olivine relative to that of
wadsleyite has probably been underestimated [Hirschmann
et al., 2005]. If the water content near 410 km exceeds the
storage capacities of olivine and wadsleyite, the 410-km
discontinuity would sharpen and carry a fluid or melt atop
it [Hirschmann et al., 2005, Chen e af,, 2002], The thick-
ness of the 660-km discontinuity would also increase under
hydrous conditions [Hige ef al., 2001}, but the thickening is
only about & fragtion of that for the 410-km discontinuity.
contrast, the 520-km discontinuity is expected to sharpen
under hydrous conditions {fnoue ef al., 1998].

2.3 Discriminating Between the Effects of Water and
Temperature

Since the first-order effects of water and temperature on
seismic velocity and attenuation are of the same sign, it is
necessary to discuss possible ways to discriminate between
these possibilities, In principle, such discrimination is possible
if the ratios of partial derivatives of the observables to their
causes are not alike. For exampie, if the observables are Vs and
Vp, we must have (BVp/aTH/(GVs/dT) = (aVp/awy{oVs/ow)
to aow discrimination between water content w, and tem-
perature T. Here we consider the effects of temperature and
water confent anommalies on the mid and upper mantle. The
dependence of seismic velocities on water and temperature 1s
non-linear because at high water content or high temperature,
attenuation is stronger, which amplifies the effects of small
perturbations in femperature and water content on seismic
veloeities relative to their effects at lower temperature and
lower water content [ Kararo, 2003, 20006; Jackson er af., 19921,
Thus while the values of the partial derivatives, and thus the

contrast between them, depends on the actual temperature
and water content, the following examples arc nonctheless
representative, in terms of their potential for discrimination,
for a fair range of temperatures and water content.

If the mantle temperature at a depth of 600 km is clevated
by 400 °C, the 8- and P-velocities would be lowered by
approximately 2.8 and 1.8 %, respectively [Cammarano er
al., 2003], which includes the effects of thermal expansion
(anharmonic term) and increased attenuation {anejastic
term}. Water content elevated by [ wt % m ringwooedite
lowers ultrasonic S- and P-velocities by about 2.4 % and
a negligible amount, respectively [acobsen et al., 2004,
Jacobsen and Smyth, this volume]. Actual 8- and P-veloci-
ties {at seismic frequencies) would be further lowered by
an anelastic effect of roughly 3 and 1.3 %, respectively
[Karato, 2006]. Thus, the ratio of the P to S-velocity of a
wet transition zone mentle would increase by several percent
more than that for & hot transition-zone mantie. However, a
temperature anomaly of 400 *C would depress the 410-km
discontinuity by 30 to 50 km [Litasov er al., this volume],
elevate the 660-km discontinuity by an amount between
7 and 40 km [Litasov ef of., this volume], and thus reduce
the transition thickness. In contrast, the wel mantle would
thicken the transition-zone through clevation of the 410 km
discontinuity up to anywhere from 10 to 30 km [Smyrh and
Frost, 2002; Hirschmann ef al., 2005] and depression of
the 660-km discontinuity by up to 4 km {Higo et al., 2001].
Fyrthermore, in & wet mantle these discontinuities would
broaden, with widths of up o 40 km for the 410 km [Srpth
and Frost, 2002; Hirschmann et al., 20057 and up to 8 km
for the 660 km discontinuity [Hige ef al., 2001], while in a
hot mantle these discontinuities, in particular the 410-km
discontinuity, would sharpen by around 5 km [Helffrich and
Bina, 1994]. Thus it appears that for the transition zone, the
effects of temperature and water can be distinguished by the
different Vp/Vs ratios of the anomalies and by their differing
effects on the mantle discontinuities.

At a depth of 100 km and 1250 °C, a 400 °C temperature
increase would lower the 8- and P-velocity by about 9 and
6 %, respectively [Jackson er al., 2002; Faul and Jackson,
2003]. The effect of water on upper mantle velocities has not
been fully established. Because water significantly lowers
the bulk modulus of forsterite [Smpth et al., 2005; Snivth and
Jacobsen, this volume], we expect its shear modulus fo be
fowered as well, Temporarily assuming the effect of water
on ringwoodite velocities at room pressure [Jacobsen et al.,
2004] for olivine yields S and P velocities that are 1.8 and
1% lower, respectively, in the presence of (1.2 wt % of water,
Karato {2003] estimated the additional effects of water on
seismic velocities through shear modulus anelasticity, which
suggests changes of 1.7% and 0.8% for Vs and Vp respec-




tively for a water content of (.2 wt % in the mantle, which
is about the maximum water content that could be incorpo-
rated without producing hydrous melting [Hirschmann et
al., 2005]. Altogether 0.2 wt % of water might lower Vs and
Vi by 3.5 and 1.8 %, respectively. Thus, for the uppermost
mantle, imitations on the amount of water that can be taken
up ia mantle minerals suggest that the effects of water het-
grogeneity on seismic velocities and attenuation will be less
than the effects of temperature variations, unless hydrous
minerals or a hydrous mett is produced.

It may be possible fo use the reiationship between Vp, Vs,
and anelasticity (1/Q) to distinguish temperature and water
cffects in the upper mantle, since atfenuation depends lin-
early on water content but exponentialiy on the temperature
anomaly [Karato, 2006]. The effect of water on olivine will
produce a larger percentage change in Vs than in Vp when
compared to the temperature effect, particularly at fower
temperatures where the anelastic effect of temperature is
rinor. This suggests that the relationship between Vp, Vs,
and €) can be used io distinguish water from temperatiire in
the upper mantle [Kararo, 2003; Shito ef al, this volume].
However, the differences between {aVp/dT)AdVse/aT)y and
(oVp/awy/(dVs/ow) arc probably reduced at high tempera-
tures in the upper mantle, where the temperature effects also
reflect a large anelastic effect.

To discriminate seismologically between water content
and temperature it thus appears most instructive in general
to study 8 velocities along with P velocities and Q, as weli
as properties of mantle discontinuities. For the uppermost
mantle, additional data such as surface heat flow, gravity,
and the water content of erupted mantle basalts and xenoliths
may be heipful in diseriminating between different effects.
Surface heat flow would be elevated for a thermal anomaly
but not for a hydration anomaly, Likewise, gravity may
provide constraints since a 400 °C thermal anomaly would
lower the density by 1.8%, whereas a few tenths of wt %
water taken up in the ¢rystal structure of mantle minerals
will have a negligible effect on gravity.

A definitive interpretation of tomographic images alone
in terms of temperature, water content, and, in the shallow
mantie, melt, are limited by incemplete data and under-
standing of the effects of melt and water, and fo some extent
temperature on seismic velocities and aftenuation. Another
limiting factor is the low resolution of and non-uniqueness
in the seismic images or differences in resolution between
Vs, Vp, and Q images. However, spatial coherence, depths
and sharpness of seismic discontinuities, surface heat flow,
density, and estimates of clectrical conductivity can help
favor one interpretation over another. Interpreting the scis-
mie results in the context of known and publicly available
surface heat flow and gravity data, as well as published
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xenolith analyses, would greatly enhance the potential of
the seismological data for assessing the hydration state of
the mantle.

3. SEISMOLOGICAL CONSTRAINTS ON MANTLE
WATER CONTENT

Seismic chics that could peint to the presence of water in
the mantle include lowered seismic velocities, elevated or
depressed discontinuities, broadened or sharpened disconti-
nuities, enhanced attenuation, and unconventional anisotropy
patterns. On their own, cach of these clues can be explained
with alternatives to hydrogen, such as heightened or lowered
temperatures, but in combination with cach other and/or
in a context provided by non-seismic data the clues can
make a strong case for the presence of hydrogen/water in
the mantie.

3.1 The Mantle Wedge

The mantle wedge, lying above the partially-hydrated
oceanic crust of the downgoing slaly, undoubtably receives
the largest water input of any mantle region, and probabiy
represents the most hydrated part of the upper mantle. This is
perhaps the only part of the mantle in which substantial water
may be present in three fundamental forms: as a free fhuid
[fwermori, 1998], incorporated in hydrous minerals {Davies
and Stevenson, 19921, and dissolved in nominally anhydrous
rinerals like olivine and pyroxene [Kohisted: ef al., 1996].
Dehydration of the slab and fluxing of the mantle wedge is
responsible for most island arc voleanism, as demonstrated
by the predominance of fluid mobile elements in island arc
volcanics [Morris et af., 1990, Plank and Langmuir, 1993,
Tatsumi and Eggins, 1995].

The distribution of water within the mantle wedge is highly
uncertain, It 15 well established that the downgoing slab
releases water into the wedge beneath the island arc, which
generally oceurs where the siab depth is between 90130 km
[England er al., 2004], but several different mineralogical
reactions are involved in the dehydration [Schmidr and Poli,
1998]. Several subduction zones show distinct fow velocity
crustal layers that decrease in amplitude near 120-130 km
depth, probably due to dehydration and eclogitization reac-
fions in the subducting crust [Yuan et af., 2000; Ferris et
al., 2003]. It is stili unclear how much the slab releases of
its water in the island arc region, and how much it retains
and releases deeper in the mantle, This question has major
implications for the amount and distribution of water in the
deeper mantle.

The occurrence of water and fluid-mobile elements in
various arc and backarc volcanics provide some clue about
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the distribution of water within the mantle wedge. Backare
spreading centers, which sample the mantle wedge, show
decreasing levels of water and fluid mobile elements with
increasing distance into the backarc, reaching levels typical
of nominally dry mantle {MORB) at several hundred kilo-
meters distance from the are [Pearce et al., 1995; Taylor and
Martinez, 2003; Kelley ef al., 2005]. This evidence suggests
that water is concentrated near the subducted slab and does
not permeate the entire mantle wedge into the far backarc, at
least at shatlow (< 100 km) depths. In some cases, however,
the mantle can be found hydrated many hundreds of ki
away from the slab if the slab’s dip angle recently steepened,
such as in the central Andes [Kay er al., 1999, Jumes and
Sacks, 19991,

Seismology has the potential of resolving many of the
guestions about water in the mantle wedge. Most seismic
tomographic models of arcs show an inctined region of low
Vp and Vs about 36 km above the slab, extending from the
backare to beneath the volcanic front {Zhao et al, 1992; Zhao
etal., 1995; Nakajima et al., 2001]. Larger-scale tomographic
models show low seismic velocities and high attenuation
iliroughout a large region of the mantle wedge, occasionally
extending many hundreds of kilometers mto the backarc
[Zhao et al,, 1997, Van der Lee et al., 2001, 2002; Conder and
Wiens, 2006] (Plates 1 and 2). The prominent low-velocity
anomaly in Plate ] characterizes the mantie wedge beneath
the central Andes and above the Nazca slab. The strength
and spatial isolation of the anomaly have Jead to & being
interpreted as a relatively water- and melt-rich rather thana
hot zone [Fan der Lee et al., 2601, 2002]. On the other hand,
Wiens ef al. [2006b] find that for varions backarc spread-
ing centers the lowest seismic velocities correlate well with
petrological indicators of mantle temperature and fails to
correiate with petrological estimates of mantle water content
[Keliey et al., 20606}, suggesting that the seismic anomalies in
backarcs may be largely controlled by temperature variations
and not by water content.

In the upper 100150 km beneath the arc and backarc, large
seismic veloeity and attenuation anomalies (Plate 2) have
varijously been interpreted as the effects of temperature, mett,
and water. The effect of temperature on seismic velocities and
attenuation are non-linear in the upper mantle, such that the
cffects become large at higher temperatures (1200--1400 °C)
Lackson, er al., 1992; Kararo, 1993; Jackson, et al., 2002].
Furthermore, the seismic anomalies are also & function of
grain size [Jackson, et al., 2002; Faul and Jackson, 2005],
However, the large magnrtude of the velocity and attenuation
anomalies in the mantle wedge suggests that temperature
effects alone cannot be entirely responsible, and that water
and/or melt provide an important effect [Conder and Wiens,
2006, Wiens et al., 2006a; Van der Lee eral., 2000; 20017,

3.2 Upper Manile Below the Mantle Wedge. Including the
Transition Zone

Mueh less is known about the presence. cycling, and role of
water in the mantle below the mantle wedge, This i in part
because these mantle depths are not nearly as well sampled
by magmatisim and for another part becanse typical earth-
quake-setsmometer distributions allow for higher resolution
in imaging mantle wedge structure than in imaging deeper
parts of the mantle.

Nevertheless, seismologists have imaged deep seismic
anomakes that are unlikely results of temperature, iron, or
grain size anomalies and thus more likely the result of water,
As the solubility of water in olivine increases strongly with
depth [Kohlstedt, et al., 1996; Chen et al., 2002; Mosenfelder
et al., this volume, Hirschmann ef al., this volume], water
at depths below the mantle wedge would likely be absorbed
into the olivine erystal structure, and would cause increased
attenuation, lower seismic velocities, thickened transition
zoneg, as well as broadened 410- and 660-km phase transi-
tions. For example, Nolet and Zielhuis [1994] argued that a
low S-velocity anomaly near depths of 300 km was caused
by walter enrichment of formerly depleted tectosphere by
raling out other known explanations for S-velocity anoma-
lies. Revenaugh and Sipkin [1994] interpreted a low-velocity
layer atop the 410-km discontinuity as an accumulation of
melt from water-triggered meliting of the deep upper mantie.
Zhao et al, [1997] suggested that low P velocities extending
1o depths of 400 km in Tonga-Fiji likely result from the pres-
ence of water. The nearby subducting sleb was implicated
as the source of the water, though it is unclear whether the
water-containing minerals in the slab would dehydrate ar
these depths or the water or water-rich mantle might have
migrated up to these depths after having formed from slab
dehydration near or in the lower mantie, A more recent analy-
sis shows that these large low-velocity anomalies extend to
only 250-300 km depth in Tonga-Fiji [Conder and Wiens,
2006] (Plate 2). However, Shito and Shibutani [2003] found
high atteruation at depths between 200-400 km beneath the
Philippine Sea and also suggested this may result from water
from the subducting Pacific slab [Shiro ef al., this volume].

Assuming that subdueting slabs remain somewhat hydrous
after passage through the mantle wedge above 150 km,
Komabayashi-[this volume] shows that dehydration reac-
tions between 150 and 600 km are atypical and occur only in
special circumstances. For example, if a siab flatrens in the
transition zone, it would eventually be warm enough for the
dense hydrous magnesium silicates it might contain to break
down and release water to the overlying upper mantle. This
intermediate-depth deliydration could explain the low-veloci-
ties imaged by Zhao [2004] in the apper 400 km beneath




China, right above the Pacific slab, which appears to lic flat
in the transition zone here. Zhao [2004] proposes that intra-
plate volcanism at the Chinese Wudalianchi and Changbai
volcanoes 15 a result of this hydrated mantle. Cold slabs ihat
do not heat up sufficiently in the transition zone would not
dehydrate until they reached depths near the bottom of the
transition zone or top of the lower mantle [Komabayashl, this
volume]. Van der Lee et al. [2006] propose that the overly-
ing mantle hvdrated by the dehydrating slab might form a
slow upwelling and eventually interact with lithosphere at
the surface. Such a deep hydrous upwelling would have low
S velocities, as imaged above the Farallon Plate beneath
the eastern US (Plate 3). Subduction-induced deep hydrous
upwellings could be related to intrapiate voleanism and at
a contineni-ocean transition it could initiate a new subduc-
tion zone [Van der Lee et al., 200061, thus implying that an
advanced subduction process can eveniually trigger a new
subduction zone because of this deep water cycle.

Most of these inferences for hydrous material in the upper
mantle are based on low seismic-velocity or low-( anoma-
lies. However, low velocities and low Q can have alternative
explanations, such as elevated femperatures, Reasons for the
mentioned studies to preferentially explain the observations
with the presence of water are based upon the exclusion of
other potential explanations and could thus change if this
potential were expanded. These reasons range from the
anomalies being close to a subducting slab and its associated
voleanism [Zhao, 2004, Shito and Shibutani, 2003; Conder
and Wiens, 2006}, mcomplete consistency of temperatures
inferred from co-located S, P and Q anomalies {Conder and
Wiens, 2006], the anomalies being so slow that only unreal-
istic temperature elevations or iron enrichment can explain
thermn [Nolet and Zielhuis, 1994; Revenaugh and Sipkin, 1994;
Van der Lee and Nolet, 19971, the absence of 2 hot source and
of elevated heat flow as well as the properties of transition
zone seismic discontinuities {Van der Lee et al., 2006}

in fact, the properiies of transition zone discontinui-
ties themselves have been cited as primary evidence for a
wet, as wel! as for a dry mantle. For example, Courfier and
Revenaugh [this volume] infer water deep bensath the castern
US from their observing an elevated 410-km discontinuity
and anomalously strong 320-km discontinuity. This is con-
gistent with low S velocities imaged here by Van der Lee and
Noler [1997). Pan der Meljde et al.’s {2003] observations of a
broadened 410-km discontinuity imply about 0.05-0.09 wt %4
or more [Hirschmann et al., 2005} of water in olivine around
depths of 410 km beneath parts of the Mediterranean region
(Figure ). The transition zone beneath this region is densely
populated by recently subducted siab fragments [Marone
et al,, 20041, which could be a likely source for the water
but are not sufficiently cold to explain the observed broad-
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ened discontinuity, Blum and Shen [2004] also argue that
an elevated 410-km discontinuity beneath sovthern Afriea
cannot be solely explained by lowered temperatures inferred
from seismic tomography [James et al., 20017 and infer that
part of the uplift is caused by 0.3 to 0.7 wt % of water in the
transition zone. Swetsugu ¢f al. [this volume] infer about 1.2
& 0.2 wt % of water in the bottom of the transition zone from
tomographically irmaged relatively normal P velocities and a
depressed 660-km discontinuity, Song and Helmberger [this
volume] deduced a layer of Tow velocities atop the 410-km
discontinuity beneath the western US. This low-velocity
fayer might be caused by water released by the subducted
Farallon Plate, although the expected melt layer [Hirschmann
et ul., this volume] would be significantly thinner than that
inferred by Song and Helmberger [this volume].

In contrast, Gilbert et al. {20031 imply that a lack of cor-
relation between discontinuity width and uplift beneath the
western US sugaests that water does not play a dominant roie
there, A review of discontinuity widths and depths world-
wide by Helffiich [2000] suggests that the seismologically
inferred sharpness of the 410-km discontinuity precludes the
transition zone from being extensively hydrated. Tibi and
Wiens [2005] and Braunmiller ef al. {this volume] investi-
gated discontinuities in active subduction zones (Tonga and
Andes, respectively) and found that their characteristics are
congistent with a dry transition zone. Independently from the
seismological evidence, Dixon et al. [2002] use geochemical
anatyses of volcanic rocks to argue that little surface water
is subducted inte the deep upper mantle.

4, DISCUSSION

Seismic observations have inferred [Suetsugu et al.. this
volume; Song and Helmberger, this volume; Zhao et al.,
1997, Shito et al., this volume; Fan der Meijde et al., 2003]
and excluded [Tibi and Wiens, 2005, Gifbert er al., 2003]
water in the deep upper mantle next fo or near subduct-
ing slabs. Away from slabs, inferences on wateyr content
of the mantle also vary [Blum and Shen, 2004, Gaov et al.,
2002; Chambers et al., 2003; Shearer and Flanagan, 1999;
Helffrich, 2000]. Differences between these studies are in
1) the region studied, 2) the data analyzed, and 3) the way
the data were processed. It is quite possible that there are
regional differences between subducting slabs, in terms
of their level of hydration, their temperatures at depth, and
associated dehydration reactions. Some slabs may not carry
much water downwards from the mantle wedge, others could
dehydrate upon flattening and associated warming in the
transition zone, while yet others would not dehydrate until
reaching the lower mantle [Komabavashi, this volume]. It is
also possible that different data highlight different aspects
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Plate 1. Cross section through South America showing large-scale anomalous S-velocity structare and Moho depth,
Jointly inferred from regional § and surface wave forms, recetver functions, and surface wave group velocities. The
wmographic model is Trom Feny ef ol [Submitted manuseript]. The grey dots are carthquake hypoconeters.
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they are sipnificantly larger than zero with more than 93 % confidence, Black fill reaches to 2 standard deviations below
the signal. Selsmic stations are from the MIDSEA network [Fan der Lee er ol., 2001]. Multiple receiver functions for each
station represent a decreasing low-pass frequency from left to right. The positive signal (indicating 2 P to § conversion)
generated by the 410-km discontinuity gets sfronger with decreasing frequency, which is not observed to the same extent
for discontinuities at other depths. This frequency-dependence indicates that the 410-km phase transition oceurs over larger
than standard depth intervals, which in turn could point to the presence of water in this depth region, which 15 known to
significantly broaden the olivine to wadsteyite transition interval in water-undersaturated conditions [ Food, 19935; Smyth
and Frost, 2002; Hirschmann ef ol., this volume; Karato, 2006b]. The inferred widths of over 20 km could imiply between
G.05 [Wood, 19953 and 0.2 [Mirschmann ef ad., this volume] wt % of water in olivine near 416 km.

of the mantie. For example, receiver functions [Gilbert et al.,
2003] would record a water-triggered low-velocity layer on
the 410 only if its top was sharply defined, while triplicated
S waves would sense the layer no matter how sharp its top
was [Song and Helmberger, this volume]. More disconcert-
ing is that different inferences have been drawn because of
different data processing methods for the same regioas and
very similar data sets. For example 8fum and Shen [2004]
find a transition zone beneath southern Africa that 1s 25 km
thicker than a normal thickness of 245 lun found there by

Gao ef al. {20027 from virtually the same data. The differ-
ent result must be due to differences in data processing, yet
the superiority of one processing method over another 15 not
established.

Rather than inferring one type of seismic property at a
time, it seems advisable to simultaneously infer several prop-
erties from a diverse data set as such would yield more mutu-
ally congistent results and subsequently more robust models
of mantle water content. For example, ignored, underesti-
mated, or spatially unresolved velocity heterogeneity in a




mantle-digcontinuity study can bias the inferred depths of
the discontinuity. Likewise, unaccounted discontinuity relief
can bias seismic-veloity models.

Water affects many physical properties of the mantle,
including the thickness of phase transitions, Studies of long-
wavelength seigmic waves, such as 88 precursors, would
record lower impedance contrasts for thicker phase transi-
tions. On a global scale, Chambers et al. [2005] used such
waves to map the impedance contrast at the 410-km discon-
tinuity to be about 30 % lower than that found by Shearer
and Flanagan [1999] from a somewhat sparser but very
similar data set. Shorter-wavelength seismic waves, such as
P to § converted waves or PP precursors, can place bounds
on the thickness and sharpness of the 410-km discentinuity,
as reviewed by Helffrich [2000]. Felffrich [2000] quotes
maximum sharpness estimates from the literature of 4 to 5
km to support the 410-km discontinuity representing a phase
change. Such a sharp discontinuity would also imply a dry
mantle, as even a stightly wet mantie would thicken the phase
transition [Wood, 1995; Smyth and Frost, 2002; Kararo,
200601, However, the quoted 43 km are typically preseated
in the literature as the minimun thickness that would be con-
sistent with the data analyzed, For example, Senz and Vidale
[1993] analyzed data from two earthquakes, of which P4I0P
precursors of one lead fo a thickness inference of 4 km,
while the other implies a much thicker 410-km discontinuity
through the absence of P4/OP precursors. The data of Neele
and Srieder {1992] as well as of Vidale et al. [1995] imply
a thickness of 4 to 10 km, if not more, while Yemazaki and
Hirahara {1994] show that the 410-km discontinuity must
be significantly wider than § km. Globally, thicknesses of
4-5 ki for the 410-km discontinuity thus seem more of an
exception than a rule, in essence leaving i somewhat open
whether the mid upper mantle is typicaily wet or dry.

5. QUTLOOK

Seismic data analysis provides without doubt unigue and
valuable ways to constrain the water content of the solid
Earth. However, many chalienges remain for this assessment.
Some can be conquered only through collaborative cross-dis-
ciplinary research between, for example, seismologists and
mineral physicists. Other challenges must be addressed by
seismologists benchmarking their data processing methods
and reducing the non-uniqueness of their models. Based on
our review of seismologists’ attempts to infer the water con-
tent of the upper mantle, we propose two different approaches
that would contribute to the success of these attempts,

The first way is combining a variety of geophysical data
that together can distinguish between hydrogen and other
explanations. For example,  wet transition zone would be
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thicker and have low S velocities, while a cold transition
zone would be thicker and have high § velocities. Or, 2
low-velocity anomaly below a region with high surface heat
flow could be hot while a low-velocity anomaly under a
region with low surface heat flow is more likely to be wet.
Electrical conductivity provides independent information
on the hydration state of at least the uppermost mantle, A
steady-state situation requires smooth spatial changes due to
termperature, which dissipates by nature, while sbrupt spatial
change 18 more likely compositional in ongin. Rychert ef
al. [2005) used this method of discrimination to argue that
the asthenosphere beneath the northeastern US is wet, A
powerful approach is to simultaneously map heterogeneity
in P velocily, § velocity, and anelasticity with comparable
resolving power for the same region [Conder and Wiens,
2666; Shito ef al., this volume]. Water, temperature and melt
have different relative effects on these properties.

A gecond way is for seismologists to use their datz ag a
verification/falsification and correction tool for mineral
physics models rather than independently invert their data for
a regularized seismic model. For example, seismologists will
use the petrologically derived seismic velocities of Gerya
et al. [2006] as a starting mode! to cxplain their regional
travel-time data and use discrepancies to adjust the model’s
petrological parameters rather than velocities on a regular,
but non-physical grid. For another example, models for the
entire upper mantle will start from velocities based on heat-
flow derived laterally-varying geotherms, then adjust the
geotherm parameters where indicated by the data and explain
the remaining diserepancies with compositional anomalies.

6. CONCLUSIONS

For assessing the water content of the deep Earth seis-
mologists have some of the most powerful tools, but also face
considerable challenge in 1) extracting robust inferences from
Hmited amounts of data and 2) diseriminating the effects of
water from those of other mantie propertiss. The first chal-
lenge can be lessened by more extensive benchmarking of
data processing techniques, and simultanecus rather than
independent inference of various mutually consistent seismic
properties. Perhaps even more important is to expand seismic
data sets, in particular by acquiring data in unexplored terrain,
including aseismic regions, seas, and oceans, and by widening
and densifying existing seismic arrays. The second challenge
can be lessened by simultancously interpreting different types
of seismic data and combining them with cross-disciplinary
inferences from mineral physics and other branches of geo-
physics. This task is greatly facilitated when seismologists
and mincral physicists communicate, as this book ntends
to encourage. Scismological mferences on the Earth’s deep
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water content and cycle depend completely on mineral physi-
cists characterizing the seismic properties of hydrated mantle
minerals and assessing the impact of compositional anomalies
other than hydration on those seismic properties, Lastly, we
encourage mineral physicists to construct physically plansible
hypothetical seismic models for the Earth’s mantle that seis-
mologists can test against seismic data.
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