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Water, water everywhere, except the 
lower mantle





Water in the early solar system

Sean Raymond



Accretion leads to volatile 
depletion

S. Day, Geology Today, 2015



Accretion leads to volatile 
depletion

Y. Wang+, Icarus, 2018



Yet, the solar system is full 
of water

S. Vance



And others likely are too..

Unterborn+, Nat. Astronomy, 2018
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Upper Mantle

• Have natural samples.


• Have more experiments.



Need TZ topography and velocity to 
distinguish between  

temperature and water



Combine TZ 
topography with 

shear velocity
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Only 105 out of 1300 bins (8%) 
are consistent with water.



Very few locations where 
grouping is greater than 

random
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core-mantle boundary

surface

Fast
Slow

?????

What is ambient mantle?
red=slow, blue=fast 
clear=average=???
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At least 400 K temperature 
uncertainty in lower mantle



Today’s BEAMS: 
The ambient lower mantle
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Geochemistry argues for 
ancient-primordial reservoirs
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Primordial helium entrained by the hottest mantle 
plumes
M. G. Jackson1, J. G. Konter2 & T.W. Becker3

Helium isotopes provide an important tool for tracing early-Earth, 
primordial reservoirs that have survived in the planet’s interior1–3 . 
Volcanic hotspot lavas, like those erupted at Hawaii and Iceland, 
can host rare, high 3 He/4He isotopic ratios (up to 50 times4 the 
present atmospheric ratio, Ra) compared to the lower 3 He/4He ratios 
identified in mid-ocean-ridge basalts that form by melting the upper 
mantle (about 8Ra; ref. 5). A long-standing hypothesis maintains 
that the high-3 He/4He domain resides in the deep mantle6–8, 
beneath the upper mantle sampled by mid-ocean-ridge basalts, and 
that buoyantly upwelling plumes from the deep mantle transport  
high-3 He/4He material to the shallow mantle beneath plume-fed 
hotspots. One problem with this hypothesis is that, while some 
hotspots have 3 He/4He values ranging from low to high, other 
hotspots exhibit only low 3 He/4He ratios. Here we show that, 
among hotspots suggested to overlie mantle plumes9 ,10, those with 
the highest maximum 3 He/4He ratios have high hotspot buoyancy 
fluxes and overlie regions with seismic low-velocity anomalies 
in the upper mantle11, unlike plume-fed hotspots with only low 
maximum 3 He/4He ratios. We interpret the relationships between 
3 He/4He values, hotspot buoyancy flux, and upper-mantle shear 
wave velocity to mean that hot plumes—which exhibit seismic 
low-velocity anomalies at depths of 200 kilometres—are more 
buoyant and entrain both high-3 He/4He and low-3 He/4He material. 
In contrast, cooler, less buoyant plumes do not entrain this high-
3 He/4He material. This can be explained if the high-3 He/4He domain 
is denser than low-3 He/4He mantle components hosted in plumes, 
and if high-3 He/4He material is entrained from the deep mantle only 
by the hottest, most buoyant plumes12. Such a dense, deep-mantle 
high-3 He/4He domain could remain isolated from the convecting 
mantle13 ,14, which may help to explain the preservation of early 
Hadean (>4.5 billion years ago) geochemical anomalies in lavas 
sampling this reservoir1–3 .

The Earth’s mantle is chemically and isotopically heterogeneous15–17 , 
but the depth distribution and thermochemical dynamics governing 
the composition of the mantle are not well known. Basalts erupted at 
mid-ocean ridges, called MORB, are melts of the shallow upper mantle, 
and their geochemistry indicates that the upper mantle has experienced 
long-term stirring and geochemical depletion by melt extraction1,15,16. 
Additionally, MORB erupted far from hotspots exhibit relatively  
uniform 3He/4He values—with a median5 of 8Ra ±  1Ra—that reflect the 
upper mantle’s composition. In contrast, ocean island basalts erupted 
at many intraplate volcanic hotspots, thought to be melts of buoyantly 
upwelling mantle plumes originating in the deep mantle18, erupt lavas 
with 3He/4He values that range4,5,19  between about 5Ra and 50Ra. 
Whereas MORB results from passive melting of the shallow upper  
mantle, mantle plumes convey material from the deep mantle, 
and plume-fed hotspot volcanoes provide information about the  
composition of deep-mantle reservoirs sampled by plumes15–17 . Indeed, 
hotspot lavas display more geochemically diverse compositions than 

do MORBs, and these compositions are grouped into several endmem-
ber compositions with different isotopic compositions (for example, 
87 Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb)15–17 . The generation of these 
endmembers is attributed to subduction of oceanic and continental 
lithosphere into the mantle, a process that contributes substantial 
chemical heterogeneity to the mantle over time16,17 . These subducted 
materials are then sampled by buoyantly upwelling mantle plumes that 
melt beneath hotspots.

Hotspot lavas erupted at the Earth’s surface also record the pres-
ence of a mantle plume component with primordial, high 3He/4He 
values7 ,20,21 (Fig. 1 and Extended Data Fig. 1). Unlike the other mantle 
components, which are formed by subducted materials, this primor-
dial component is ‘least modified’ by subducted materials over geo-
logic time17 , and is thus a relatively pristine reservoir in the mantle. 
Geochemical signatures associated with the earliest history of the 
planet—including anomalous 129 Xe/130Xe (ref. 1) and 182W/184W  
(ref. 2)—are identified in lavas with primitive, high 3He/4He values, 
which is consistent with the model that the mantle domain sampled 
by high-3He/4He lavas is early-formed and has preserved primordial  
geochemical characteristics for over 4.5 billion years3. An important 
question is where the early-formed high-3He/4He reservoir is located 
in the Earth’s interior, given that the long-term preservation of this 
primordial geochemical signature requires isolation from mantle 
convection.

A long-standing hypothesis maintains that the high-3He/4He domain 
is located in the lower mantle, and volcanic hotspots that erupt lavas 
with high 3He/4He values are sourced by upwelling plumes6–8. Seismic 
techniques have identified plume conduits beneath hotspots9 ,10,22, and 
this allows us to test for a relationship between high 3He/4He values 
and the presence of plumes beneath hotspots. Figures 1 and 2 show  
the maximum 3He/4He values for the 38 hotspots with available 
3He/4He data. Figures 1 and 2 also indicate whether a plume9 ,10 has 
been identified under each hotspot (Methods). It is important to note 
that lower 3He/4He values have also been measured at most of the 
hotspots shown in Fig. 1. For example, the hotspots with the highest 
maximum 3He/4He values (> 30Ra)—Hawaii, Iceland, the Galapagos 
and Samoa—also have lavas with low 3He/4He values that overlap with, 
or extend below, the 3He/4He range in MORB (Methods). Thus, many 
hotspots that sample the primitive high-3He/4He domain also sample 
low-3He/4He mantle domains composed of recycled lithosphere and 
depleted MORB mantle.

However, only the highest 3He/4He value identified at each hotspot 
is shown in the figures. This is because the primary goal of this study is 
to evaluate the most primitive, highest-3He/4He component sampled at 
each hotspot, not to determine the distribution of low 3He/4He values, 
which reflect contributions from non-primordial recycled lithosphere 
and depleted MORB mantle components (Methods). However, in 
two cases the highest 3He/4He value occurs early in the history of the 
hotspot during the flood basalt stage (that is, the Afar–Ethiopian Rift 

1University of California Santa Barbara, Department of Earth Science, Santa Barbara, California 93106-9630, USA. 2Department of Geology and Geophysics, School of Ocean and Earth Science 
and Technology, University of Hawaii, Manoa, 1680 East-West Road, Honolulu, Hawaii 96822, USA. 3Jackson School of Geosciences, University of Texas at Austin, 1 University Station, C1160, 
Austin, Texas 78712-0254, USA.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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system; the Iceland–Baffin Island–West Greenland system), a more 
recently erupted lava with a somewhat lower 3 He/4 He value is used  
(as explained in the Methods and Supplementary Table 1, which  
contains the source data for all figures).

Hotspots with high maximum 3 He/4 He values tend to be associated 
with plumes (Fig. 1 and Methods). For example, the five hotspots with 
the highest 3 He/4 He values—Iceland, Hawaii, Samoa, the Galapagos, 
and Easter—are associated with plumes in at least two of the three 
different plume catalogues9 ,10. However, a key observation is that not 
all hotspots overlying plumes have high 3 He/4 He. Three hotspots—
Cameroon, Comores and Tristan-Gough—which are associated with 
plumes in all the plume catalogues, each have a maximum 3 He/4 He 
value that overlaps with that of MORB (Fig. 1), indicating that these 
plume-fed hotspots sample only low-3 He/4 He recycled lithosphere 
or depleted MORB mantle. An important question is why this is  
the case.

One hypothesis is that higher-3 He/4 He material is sampled by hot-
ter plumes because hotter, more thermally buoyant plumes entrain 
a greater fraction of high-3 He/4 He material from the deep mantle 
than cooler plumes, which exhibit only low 3 He/4 He values23 . Indeed, 
petrological thermometers suggest that hotter hotspots have higher 
maximum 3 He/4 He values23 , and that these high-3 He/4 He hotspots 
are associated with higher hotspot buoyancy fluxes5 ,12,23 . Additionally, 
hotspots with Sr, Nd and Pb radiogenic isotopic compositions 
most similar to the mantle C (“Common”)21 component—the one  
presumed to host material with elevated 3 He/4 He values—overlie 
regions of mantle with anomalously slow seismic shear-wave velocity 
(attributed to higher mantle temperatures) at a depth of 200 km com-
pared to hotspot compositions with a weaker C contribution11. Konter 
and Becker11 proposed that direct comparison of hotspot 3 He/4 He 
and shear-wave anomalies should be used to evaluate this observation  
further. Therefore, we here provide comparison of maximum 3 He/4 He 
and shear-wave anomalies in the shallow upper mantle beneath hotspots.  
Additionally, comparison of maximum 3 He/4 He values with recent  
hotspot buoyancy flux estimates24  provides an additional constraint 
on the origin of the high-3 He/4 He component sampled at hotspots.

We compare the maximum 3 He/4 He value at each plume-related hot-
spot with shear-wave velocity anomalies in the upper mantle (at 200 km 
depth) to test whether hotter mantle plumes, which are expected to 
have lower seismic velocities at depth, have higher maximum 3 He/4 He 
values (Fig. 3  and Extended Data Fig. 2; Methods). We use an updated 
variant of a global composite shear-wave model (SMEAN25 ) for our 
analysis because it captures the most common, robust, long-wavelength  
structure across different models (Methods). We also explore whether 
maximum 3 He/4 He values relate to seismic velocities by using a suite of 
individual seismic models (Methods). Using three previously published 

plume catalogues9 ,10 (Fig. 1 and Methods), we evaluate the correla-
tion of maximum 3 He/4 He values with seismic velocity anomalies for 
plume-fed hotspots, those inferred to not be related to plumes, and the 
complete catalogue (Fig. 3  and Extended Data Fig. 2). We also com-
pare maximum 3 He/4 He values at each hotspot with buoyancy flux 
estimates24  (Fig. 3  and Extended Data Fig. 3 ). Although the relation-
ship between 3 He/4 He and hotspot buoyancy flux has been explored 
before5 , Fig. 3  and Extended Data Fig. 3  evaluate this relationship in 
the light of expanded 3 He/4 He datasets (Supplementary Table 1) and 
new buoyancy flux estimates24 . Compared to plume-fed hotspots with 
lower maximum 3 He/4 He values, plume-fed hotspots with higher  
maximum 3 He/4 He values tend to have higher hotspot buoyancy fluxes 
and lower shear-wave velocities at 200 km depth (Fig. 3 ). This relationship  
holds for different definitions of plumes9 ,10 and for most global seismic 
models (Fig. 3  and Extended Data Figs 2 and 3 ; Methods). Note that the 
Pearson correlation coefficients for these relationships (that is, between 
3 He/4 He, SMEAN2 seismic shear-wave velocities, and buoyancy flux) 
vary slightly depending on the plume catalogue used. For example, if the 
Boschi-1 plume catalogue10 is used (see Fig. 1 for definition of plume  
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Figure 1  | The maximum 3He/4 He values at 
38 hotspots organized in order of decreasing 
maximum 3He/4 He. See Supplementary Table 1. 
Three plume catalogues are shown here—the French 
and Romanowicz9  model (‘F&R’), Boschi et al.’s10 
seismology-based plume extent using SMEAN25  
(‘Boschi-1’), and the average plume extent of 
five different models (‘Boschi-2’). If a plume has 
been identified under a hotspot from one of these 
catalogues, a plus symbol is shown at the top of the 
figure (see Methods); if no plume is identified, a 
minus symbol is shown; if the presence of a plume 
was not evaluated, no symbol is shown. Plumes 
corresponding to the Boschi-1 catalogue are shown 
in Figs 2 and 3 ; the Boschi-2 catalogue is also used 
in Fig. 3 . The three plume catalogues are used to 
identify plume-related and non-plume hotspots in 
Extended Data Figs 1–3 . Higher 3He/4He values  
(in parentheses) are associated with the earliest 
stages of volcanism at the Iceland and Afar hotspots, 
but are not used in the analysis (see Methods).

Boschi-1 plume catalogue

Max 3 He/4He (Ra) 

5
15
25

–4  –2     0    2    4
δv (%) SMEAN2 at 200 km

Figure 2  | Map showing the maximum 3He/4 He values at global 
hotspots. 3 He/4 He data are from Fig. 1. The magnitude of maximum 
3 He/4 He data from plume-fed (red circles) and non-plume-fed (cyan 
diamonds) hotspots are shown; hotspots not evaluated for the presence 
of a plume are also shown (orange squares) (see Supplementary Table 1). 
The Boschi-1 plume catalogue10 (Fig. 1) is used to determine whether a 
hotspot is associated with a plume; see Extended Data Fig. 1 for equivalent 
figures that use different plume catalogues (that is, the F&R and Boschi-2 
catalogues from Fig. 1). The background of the map is contoured 
(greyscale) for seismic shear-wave velocity anomalies at 200 km using the 
SMEAN225  model (Methods).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Let’s look at fluxes.
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Fig. 7. Phase relations for subducting serpentinite with an average mantle (Ito and Katsura, 1989) and hypothetical subducting P–T paths. Colored area shows hydrous minerals are stable. Numbers
denote water contents in solid phase assemblages in the subducting slabs. Red lines are dehydration reactions, and thin black lines are fluid-absent solid–solid reactions. Thin broken line denotes the
water-bearing reaction which does not occur in the subduction process. Note that free fluids generated by the dehydration reactions are assumed to escape from the system, such that no hydration
reaction occurs in the slabs.
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Aluminum increases water 
storage potential

Figure 3 | Selected X-ray di�raction patterns of in situ observations
(M1372). PhH, phase H; St, stishovite; Br, brucite; Pe, periclase; D, phase D;
*, characteristic lines of Au, gold (67.0 and 68.9 keV) and La, lanthanum
(33.0, 33.4 and 37.8 keV). Di�ractions from the (Mg,Cr)O pressure
medium (Pe, periclase) and capsule (Gr, graphite) overlap with those from
the sample.

orthorhombic phase. Nevertheless, the observed cell parameters
are close to those of the theoretically predicted cell parameters
(space group P2/m with a=4.534 Å, b=4.068 Å, c=2.691 Å and
� = 91.43� at 40GPa), which implies that the present phase H
and the theoretically predicted DHMS have very similar crystal
structures and stability fields.

Figure 4 illustrates the hydrous phases that are expected to
be major inventories of water in subducting slabs based on the
phase relations in a pyrolite + a small amount of H2O system
(for example, 2 wt%; refs 7,8) combined with the results of the
present study (Supplementary Notes). Phase H in this composition
is formed by the reaction of phase D and periclase, which is assumed
to occur at the same pressure as the reaction of phase D and brucite
(D+Br$H), although this boundary could be shifted towards
higher pressures defined by the reaction from phase D to phase H
plus stishovite (D$H+St).

Recent high-resolution seismic tomography imaging suggests
that some of the subducting slabs penetrate directly into the deep
lower mantle 18, in which the temperatures may be around or less
than 1,000 �C (ref. 19) at depths of the upper parts of the lower
mantle. Thus, water can be retained as superhydrous phase B and
phase D in descending cold slabs at depths of 660–1,000 km in the
uppermost lower mantle. Phase H should replace these phases and
play amajor role in the transportation of water deeper into the lower
mantle to depths of at least 1,250 km (>50GPa).

Theoretical calculations predicted that the new phase closely
related to the present phase H would dissociate to MgSiO3

perovskite plus an H2O phase ice X at ⇠52 GP (ref. 16). However,
in the actual multicomponent systems of the mantle, phase H is
expected to form solid solutions with �-AlOOH by the substitutions
of Mg2+ +Si4+ $2Al3+. In fact, we confirmed that phase H can
accommodate at least up to ⇠70% of the AlOOH component at
50GPa (Supplementary Fig. 3). It has been found that �-AlOOH is
stable over the entire range of conditions of the lower mantle 20,21

and is predicted to remain stable up to about 170GPa, where it
transforms to a pyrite-type structure 22. Thus, the stability field
of phase H should substantially expand towards higher pressure

Figure 4 | Stability fields of major hydrous phases in the subducted slabs
in a pyrolite +⇠2 wt% H2O system. Those of �-AlOOH (ref. 20) and
aluminous phase H (H) are shown by a green dashed line and light blue
region, respectively, for comparison. Coloured areas represent the regions
where water is retained in the high-pressure phases. Typical temperatures
in cold slabs 19 in the mantle geotherm27 are shown by thick solid curves.
Atg, antigorite; A, phase A; Wd, wadsleyite; Rw, ringwoodite; sB,
superhydrous phase B; D, phase D.

and temperature by the dissolution of the �-AlOOH component
(Fig. 4). Aluminous phase H was actually confirmed to be stable at
40GPa and 1,080 �C (Supplementary Table 2), where alumina-free
phase H dissociates to perovskite + fluid (Fig. 2b). Moreover, we
observed that alumina is strongly partitioned into phase H relative
to coexistingMgSiO3 perovskite and phase D (Supplementary Table
2), which indicates that phase H should have high aluminium
contents in hydrous peridotitic compositions in the deep lower
mantle and be stabilized at the expense of phase D and magnesium
silicate perovskite. Therefore, we suggest that phase H is the
dominant DHMS in descending slabs at pressures far higher than
50GPa and at temperatures substantially higher than 1,000 �C.
Thus, phase H can deliver significant amounts of water to deeper
regions of the lower mantle and probably to the core–mantle
boundary. The deep-seated phase H should eventually release
free water when the slabs warm up at the bottom region of the
mantle, which has some important implications for the formation
and dynamics of ultralow-velocity regions 23 and large low-shear-
velocity provinces 24 observed in this region, as the presence of free
water is known to substantially decrease the melting temperatures
of mantle minerals and rocks.

Methods
Quench experiments were conducted using a 1,500-ton multi-anvil apparatus
(MADONNA-II) at Ehime University (Supplementary Table 1). We used sintered
diamond anvils with a truncated edge length of 1.5mm as the second-stage
anvils. The sample assemblies are shown in Supplementary Fig. 4. Pressure was
calibrated at room temperature on the basis of the phase transitions in ZnS, GaP,
Zr and Fe2O3 (ref. 25). The samples were compressed to target pressures at room
temperature. Then the temperature was increased to 920–1,250 �C and held for
0.5–9 h. Although the ideal composition of phase D is reported as MgSi2H2O6, a
phase with such a composition has never been synthesized because of the partial
substitution of Si4+ by H+. We used composition (A), which is close to the
composition of the phase D actually synthesized and used in an earlier study to
evaluate its stability field 10.

In situ X-ray di�raction measurements were perfumed using a multi-anvil
apparatus (SPEED-Mk.II) at BL04B1, SPring-8. We used the starting material of
only composition (B) to evaluate the stability field of phase H. A small amount
of gold powder was used to determine the pressure and was mixed with the
starting material. Pressure was calculated from the unit-cell volume of gold 26.
Graphite was used as the capsule for the X-ray beam paths. Other parts of the
sample assembly and the second-stage anvils were the same as those used in
the quench experiments. A white X-ray beam from synchrotron radiation was
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Slab temperature models

82 E.M. Syracuse et al. / Physics of the Earth and Planetary Interiors 183 (2010) 73–90

Fig. 5. A comparison of thermal models for the Alaskan Peninsula and central Honshu from each case. (A) D80; (B) X25; (C) W1300; (D) T550 for the Alaska Peninsula. (E)
D80; (F) X25; (G) W1300; (H) T550 for central Honshu. The volcanic front is denoted by the orange triangle. Solid black lines are temperature contours at 100 ◦C interval,
black dotted lines indicate the slab surface and the slab Moho, assumed to be 7 km below the slab surface, orange triangles show the location of the arc. Inset maps show
location of cross section (black line), trench (black toothed line), and volcanoes (orange triangles). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

approach leads to a range in transition depths from 51 km (1.5 GPa)
in the Cascades to 129 km (4.2 GPa) in Tonga, with a mean of 72 km.
However for Tonga, the coupling transition occurs beneath the back
arc, resulting in the arc being located above the cold nose. This case
seems unrealistic, as all seismic attenuation and heat flow stud-
ies thus far have shown the cold nose being localized trenchward
of the arc. Reducing the slab temperature at which the transition
occurs to 500 ◦C and adding a reasonable amount of shear heating
(30 mW/m2) to the to upper 50 km of the slab interface reduces the
depth of the coupling transition only 3 km, not enough to bring it
into the fore-arc (Fig. 10). Additionally, if the same 500 ◦C temper-
ature limit and shear heating is extended to other arcs, the cold
nose is virtually eliminated in some arcs where attenuation mea-
surements image a cold nose. While an element of temperature
dependence in determining the depth of the coupling transition
may be a reasonable assumption, it not likely to be the only con-
trolling factor.

3.2. Slab surface temperature

3.2.1. Coupling transition
Despite the various assumptions about partial coupling depth,

some features of the resulting models are consistent among differ-

ent cases. The average temperature for all arc segments at the end
of partial coupling is similar between the three cases in which it is
a free variable, ranging from 502 ◦C to 676 ◦C. This shows that the
use of 550 ◦C as the slab temperature at the end of partial coupling
in the T550 case is consistent with other tests; the temperature is
well within the range of slab surface temperatures at the end of
coupling found in other models.

3.2.2. Thrust zone temperature and temperature at depth
While the temperature of the slab beneath the arc and

at the coupling transition varies some between cases, the
temperature of the slab surface at shallower depths is con-
sistent between cases. Fig. 11 compares the temperatures of
the slab surface at 30 km depth among cases D80, X25, and
W1300 for each arc section, and shows that the assumptions
about the coupling transition depth do not affect slab surface
temperatures in the thrust zone. This is expected, since the
coupling transition is always deeper than 30 km and the advec-
tive heat transport of subduction dominates conductive heat
loss.

The temperature far below the coupling transition is also largely
independent of the coupling transition depth. At 240 km depth, all
cases show similar temperatures at every subduction zone (Fig. 11).
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Fig. 13. Pressure–temperature paths of the slab Moho (7 km beneath the slab surface) for all arc segments in each case, with P–T beneath the arc highlighted. (A) D80; (B)
X25; (C) W1300; (D) T550. The colors of the P–T paths and symbols are shown in Fig. 1. Black lines show major dehydration reactions for hydrated harzburgite (Hacker
et al., 2003a): (1) dehydration of serpentine/chlorite/brucite (14.8 wt% water; lowest temperature), (2) serpentine/chlorite/dunite (6.2 wt% water), (3) chlorite/harzburgite
(1.4 wt% water; highest temperature), and (4) phase A (6.8 wt% water, above 6 GPa).

values for the melting of hydrated mantle (e.g., Kushiro et al., 1968;
Kushiro, 1970; Green, 1973; Milhollen et al., 1974; Mysen and
Boettcher, 1975; Kinzler and Grove, 1992; Hirth and Kohlstedt,
1996; Grove et al., 2006).

4. Discussion

4.1. Controls on slab-mantle decoupling

The effect of the location of the transition between partial and
full coupling between the slab and the mantle wedge was tested
in each of the four cases. The temperature of the slab surface at
the transition has a range of over 600 ◦C among different models,
strongly suggesting that this transition is not based on tempera-
ture alone, and therefore does not follow a simple flow law. The
unrealistic models in the T550 case where the coupling transi-
tion is beneath the back arc further emphasizes this point due
to their inconsistencies with seismic attenuation, heat flow, and
temperatures necessary for mantle melting. Shear heating was not
considered in this work, so it is possible that slab temperatures
have been slightly underestimated. For these arcs, its inclusion
would reduce transition depth, possibly to more realistic values.
The amount of shear heating cannot be large given the constraints
from heat flow and the existence of the cold corner. In general it
is found that the shear heating along the seismogenic zone cannot

exceed 30 mW/m2 (Peacock and Wang, 1999). In all cases, how-
ever, subarc temperatures exceed 1200 ◦C indicating that very low
temperature (800 ◦C) water-saturated melting does not control the
location of the volcanic front.

4.2. Subarc wedge temperature

In case X25, the location of the coupling transition is based
on the location of the arc. Of the three cases where mantle
wedge temperature is a free parameter (D80, X25, and T550),
the maximum mantle wedge temperature beneath the arc has
the smallest standard deviation for the X25 case, though the
distribution of maximum mantle wedge temperature is also sim-
ilar for the D80 and T550 cases. This suggests that there is a
range of maximum subarc wedge temperatures, as other geo-
physical and geochemical studies have suggested (Leeman et al.,
2005; Wiens et al., 2006; Rychert et al., 2008; Cooper et al., in
revision) as opposed to a single critical mantle wedge tempera-
ture above which the arc forms (Schmidt and Poli, 1998; Peacock,
1996).

4.3. Slab crust and sediment dehydration

Insight to the role of water in subduction zones can be gained by
comparing P–T paths to models of slab petrology. Slab surface tem-

Slab Moho: harzburgite
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Fig. 6. Pressure–temperature paths of the slab surface for all arc segments in each case, with P–T beneath the arc highlighted. (A) D80; (B) X25; (C) W1300; (D) T550. The
colors of the P–T paths and symbols are shown in Fig. 1. Phase diagram for hydrated MORB (Hacker, 2008) is shown beneath, with shade indicating maximum wt% water
bound in minerals. The water-saturated solidus for MORB to ∼3 GPa is shown as the solid white line and the water-saturated solidus for oceanic sediments is shown as the
dashed white line (Vielzeuf and Schmidt, 2001; Schmidt et al., 2004).

The Pierson’s correlation coefficient, or R value, shows good corre-
lation between the slab surface temperatures at 240 km for models
from D80 to the X25 case (0.99) and the W1300 case (0.97).

The temperature of slab interior is often described by the
thermal parameter, ˚, which is the product of plate age (A), conver-
gence velocity (V), and the sine of the slab dip angle (ı) (Kirby et al.,
1996). Comparing thermal parameter to the slab surface tempera-
ture at 30 km and 240 km depth shows that this can also be used
to predict the temperature of the slab surface, but is a poor of slab
temperature directly beneath the arc, due to the global variability
in slab depth beneath arcs (Fig. 12) (Syracuse and Abers, 2006). A
more accurate predictor of the slab surface temperature at a given
depth than ˚, however, is a closely related value which is based
on the balance between the cooling of the slab as it ages and its
conductive heating from the overlying plate:

Tslab surface∼ 1!
1 + (˚/z)

,

where z is the depth of the slab at which temperature is calcu-
lated (Molnar and England, 1995). A comparison to slab surface
temperature at 30 km depth yields an R value of 0.89 (Fig. 11).

At greater depth, plate reheating must be taken into account.
The equation:

Tinterior
Ta

= 1 − 2
!

e−((!/2.32)2z/˚),

where Ta is the temperature of the asthenosphere and z is depth,
describes the coldest part of the slab interior as it is heated by
the overlying wedge (McKenzie, 1969). We compare the tempera-
ture of coldest part of the slab interior (Tinterior) at 240 km depth
to the right-hand side of the equation (Fig. 12E); this relation
has an R value of 0.94 and a slope of 1245 ◦C as the estimated
asthenospheric temperature at 240 km depth. Two important
end-members are Cascadia, where the thermal parameter is one
quarter that of the next smallest value due to the extremely
young age of the slab, and Tonga, where the thermal parame-
ter is more than twice that of the next largest value due to the
extremely fast convergence rate. If we exclude these two subduc-
tion zones we find Ta = 1338 ◦C, since both Cascadia and Tonga have
anomalously cool slab interiors in comparison to their thermal
parameters.

3.3. Slab Moho temperature

Pressure–temperature profiles of the slab Moho show a much
larger range in temperatures beneath the arc than profiles of the
slab surface (Fig. 13, Supplementary Materials). The slab Moho
is taken to be 7 km beneath the slab surface, and temperatures
beneath the arc are calculated normal to the point directly beneath
the arc on the slab surface. These temperatures range from 144 ◦C
to 823 ◦C, with the middle 90% of temperatures between 230 ◦C and
734 ◦C, with a mean of 483 ◦C and a standard deviation of 157 ◦C.

Top of Slab: basalt
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Mantle rock, not crust, most 
likely to transport water past arc

the subducted materials were divided into the
following groups: pelagic sediments, terrigenous
sediments, upper volcanic crust, lower volcanic
crust, dikes, plutonic rock, mantle, continental
gneiss, continents schist, mafic forearc, and conti-
nental forearc. Data sources for oceanic subduction
zone parameters were: age of subducting plate
[Lallemand et al., 2005], length [Jarrard, 2003],
plate dip (supplemented by Jarrard [2003],
Lallemand et al. [2005], and Syracuse and Abers
[2006]), subduction erosion rate [Clift and
Vannucchi, 2004], and subduction velocity (inter-
mediate value of Jarrard [2003], Lallemand et al.
[2005], and Syracuse and Abers [2006]), neglecting
the eastern Sunda, Aegean, New Zealand, and
smaller arcs because of incomplete data sets. This
data set encompasses a global ocean floor subduc-
tion rate of!2.7 km2/a. Note that the division of the
semicontinuous arc systems into arc segments (e.g.,
splitting South America into Colombia, Peru, N
Chile, and S Chile subduction zones), although
motivated by real along-strike differences, creates
artificial subdivisions in the data set and calculation
outcomes.

[18] To calculate the postarc slab H2O flux for
individual subduction zones, the temperature at
4 GPa in the upper 20 km of the slab must be
determined for each subduction zone of interest.
To do so, thermal models calculated by P. vanKeken

(personal communication, 2007) for specific sub-
duction zones were generalized to all subduction
zones by using the slab thermal parameter of Kirby
et al. [1991]:

slab thermal parameter kmð Þ ¼ plate age

* slab descent rate

Figure 7. Variability in maximum H2O content at 4 GPa as a function of rock type in hot and cold slabs. Troctolite
and peridotite are best suited to carry H2O to postarc depths in cold slabs. K-rich continental gneisses and schists and
clay-rich pelagic sediments carry the most H2O in hot slabs.

Figure 8. Amount of H2O subducted to postarc depths
in hot slabs scales with bulk rock K2O.
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Earth’s surface water loss 
to the interior

• Low end: Parai and Mukhopadhyay, 
EPSL, 2012: ~2x10^13 mol/yr  ->  lose 
25% of Earth surface water in 1 Gyr


• High end: Rupke+, EPSL, 2004:                            
~9x10^13 mol/yr -> lose 100% in 1 Gyr



Other constraints: D/H ratio

• Find 3 scenarios to fit the 
current observations.


• Suggest observations to 
test the scenarios.


• On scenario requires 
regassing one ocean: sure, 
that’s easy.

A true ELSI 
collaboration



The Earth is not a sponge, but 
hydrogen can leak into the interior

• Cases where subduction does manage to 
shove water into its interior, the hydrogen is 
not stable at interior pressures and will likely 
return to the surface. 


• If water (i.e. H) could be stored in the lower 
mantle rocks and if it was transported to the 
lower mantle efficiently, then we would have 
no ocean.

X



What if liquid water has 
little to do with water and 

everything to do with rock?

Rockability?



The conditions for which rock can 
develop and sustain feedbacks 

between the surface and the interior 
controls the state of water at the 

surface.
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Using the Schulze+ 2018 
results

Houser, EPSL, 2016


