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Abstract Three parameters: temperature, hydrogen content, and the presence of partial melt, are the
dominant controls on the rheology of the convecting upper mantle. As such, they determine the dynamics
that control plate tectonics and continental evolution. Since hydrogen depresses the peridotite solidus
temperature, these parameters are strongly linked petrologically. We have developed a genetic algorithm
code to statistically assess the likelihood that a section of upper mantle contains partial melt. This code uses
magnetotelluric observations and petrological constraints on composition and solidus temperatures and
allows for uncertainties in the geotherm and the electrical conductivity structure. We have applied this code
to the convecting upper mantle beneath (1) a stable continent (the Superior Craton); (2) a hot spot (Tristan
da Cunha); (3) stable, old oceanic lithosphere (the northwest Pacific Ocean); and (4) young oceanic
lithosphere (adjacent to the East Pacific Rise). Results show that the volume of melt in the convecting upper
mantle is heterogeneous. The highest melt proportions are beneath the hot spot while little to no melt is
required in the other regions. All regions show low water contents (generally <50 wt ppm in olivine) in the
shallow convecting upper mantle, making it unlikely that water causes a large or sharp viscosity contrast
between the lithosphere and the convecting mantle. Results differ significantly for different experimental
olivine hydrogen conductivity models, highlighting the importance of reconciling these
experimental constraints.

Plain Language Summary Plate tectonics occurs because the strong tectonic plates sit on
underlying weaker and softer mantle that flows over geological timescales. We do not fully understand
why this deeper mantle is weak—the two main contenders are that a small part of it is molten or that it
contains nominal amounts of the element hydrogen. The electrical conductivity of the mantle is increased
both by the presence of molten rock and by hydrogen, so when we interpret conductivity data, it is difficult
to distinguish between these two interpretations. We have written a new code to help this. It analyzes
whether the conductivity of the mantle could only be explained by the presence of molten rock, whether it
could only be explained by large hydrogen contents, or whether it could be explained by either. Our results
show that the distribution of partially molten rock is very uneven: Most lies beneath hot spot volcanic
islands, while there is no need for molten rock to be present beneath old continents or old parts of the ocean.
Beneath young parts of the ocean, the electrical conductivities could be explained by either a small amount
of molten rock or by large hydrogen contents.

1. Introduction

Plate tectonics involves the movement of strong, lithospheric plates over weaker, convecting asthenosphere.
Since the plate tectonics revolution in Earth sciences almost 50 years ago, the cause for this rheology contrast
has been the subject of considerable debate (Chantel et al., 2016; Hirschmann, 2010; Karato, 2012, 2014;
Stixrude & Lithgow‐Bertelloni, 2005). Most processes that respond directly to upper mantle viscosity, such
as glacial isostatic adjustment (e.g., Steffen & Kaufmann, 2005) and postseismic deformation (Hu et al.,
2016; Masuti et al., 2016), suggest that there is a sharp decrease in viscosity between the lithosphere and asth-
enosphere. Temperature is a dominant control on upper mantle viscosity, but temperature changes
smoothly and gradually between the lithosphere and asthenosphere, so it cannot be the cause of sharp visc-
osity changes. The two main candidates proposed to cause the sharp change in viscosity are (1) water resid-
ing in point defects in the main mineral constituents of the upper mantle, which are nominally anhydrous
(Karato, 2012; Karato & Jung, 1998), and (2) a small amount of partial melt (Anderson & Spetzler, 1970;
Hirschmann, 2010). Tiny amounts of either of these, of the order of tens to hundreds of parts per million
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water and <<1% partial melt, can decrease peridotite viscosity by more than an order of magnitude (Hirth &
Kohlstedt, 2003; Holtzman, 2016) and cause a sharp change in viscosity between the lithosphere and asthe-
nosphere. Asthenospheric peridotite water contents have been estimated from mid‐ocean ridge (MOR)
basalt compositions to be several hundreds of parts per million by weight, while lithospheric mantle xeno-
liths display a broad variation of water contents from essentially zero to asthenospheric values (Ingrin &
Skogby, 2000; Peslier et al., 2010). The eruption of seamounts onto >70‐Myr‐old oceanic lithosphere suggests
that it is feasible that partial melt exists throughout the oceanic asthenosphere. In this submission, we focus
on using magnetotelluric (MT) data to better constrain the water and melt content of the asthenosphere in
the hope that it will inform rheological models of the broader lithosphere‐asthenosphere system.

These three factors that control rheology—temperature, peridotite water content, and the presence of partial
melt—are not independent at upper mantle conditions since the solidus temperature of peridotite is strongly
dependent on its water content (Hirschmann et al., 2009). Therefore, at a given temperature, an increasing
water content will induce partial melting. Once melting occurs, water partitions preferentially into melt.
This effectively limits the impact that water alone can have on mantle rheology: Extremely high peridotite
water contents are not petrologically feasible, as they would induce melting, which would in turn reduce
the peridotite water contents.

Temperature, water content, and the presence of partial melt are also the dominant controls on the electrical
conductivity of the upper mantle as measured by MT data (e.g., Naif, 2018; Selway, 2014). The diffusion of
hydrogen in nominally anhydrous mantle minerals (olivine, pyroxene, and garnet) carries charge and dra-
matically enhances the electrical conductivity of the minerals. Experimental studies agree that water con-
tents as small as a few tens of parts per million by weight have a significant and measurable impact on
electrical conductivity, although results from different laboratories disagree on the magnitude of this impact
(e.g., Gardés et al., 2014; Poe et al., 2010; Wang et al., 2006; Yoshino et al., 2006). Melt is significantly more
conductive than crystalline mantle rocks of typical compositions (Pommier & Le‐Trong, 2011; Sifré et al.,
2014), so the presence of any interconnected melt fraction will also produce a large jump in mantle conduc-
tivity. The conductivities of all major mantle materials also increase with increasing temperature.

The water content of the convecting upper mantle has been interpreted from MT data in numerous studies.
Most of these interpretations focus on marine settings, where long MT deployments and a relatively homo-
geneous lithosphere mean that the asthenosphere is generally well resolved. A broad estimate of average
asthenosphere conductivity was used by Wang et al. (2006) to infer an asthenosphere olivine water content
of ~80 wt ppm. At the subducting Cocos Plate, Naif et al. (2013) showed that partial melt must be present,
arguing that if water alone were causing the observed conductivities, the water contents would have to be
so high they would induce melting anyway. Sarafian et al. (2015) analyzed data from the stable central
Pacific Ocean and showed that asthenosphere conductivities could be explained by a small amount of melt
(<1%) but argued that they were more likely explained by melt‐free peridotite containing between 25 and
400 wt ppmwater. The only other large MT survey over old oceanic lithosphere was carried out in the north-
west Pacific Ocean (Baba et al., 2013; Baba et al., 2017b). Utada and Baba (2014) showed that the astheno-
sphere conductivities could be explained by <0.5% melt in peridotite but, similar to the central Pacific, the
conductivities could also be explained by melt‐free, hydrous peridotite. Two recent studies have helped to
define the expected conductivity of upper mantle of typical composition. Naif (2018) estimated the maxi-
mum conductivity of melt‐free upper mantle by forwardmodeling the conductivity of peridotite with a water
content just below that which would induce melting. Katsura et al. (2017) forward modeled the conductiv-
ities of asthenosphere set to assumed depleted mantle and enriched mantle compositions. Their formula-
tions included petrologically determined melting conditions and melt compositions. In both of these
cases, the authors compared their forward models with inverse models of MT data from different oceanic
regions, with some regions being matched by the forward models and others being distinct.

These examples of previous studies show that unambiguous interpretations of water contents and partial
melt contents fromMT data are often difficult to produce. In part, this is because certain conductivity ranges
can be explained by either hydrated peridotite or partial melt (Figure 1). Some of this ambiguity can be
resolved by considering petrological factors such as hydrogen‐dependent solidus temperatures and the water
contents of peridotite and melt in equilibrium (e.g., Katsura et al., 2017). However, this ambiguity is also due
to inherent uncertainties. Uncertainties in asthenospheric geotherms easily reach 50‐100 °C (e.g., Katsura
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et al., 2010) and uncertainties in electrical conductivities from inverted
MT data easily reach half an order of magnitude. Different combinations
of geotherm and conductivity for a given region can therefore often lead to
different interpretations regarding peridotite hydrogen content and the
presence or absence of partial melt. These disparate interpretations can
be compounded by the use of different experimental constraints.

We present a new approach that inverts conductivity models directly for
water content and the presence of partial melt while satisfying petrologi-
cal constraints. We do this by means of a genetic algorithm (GA) code
such that uncertainties in conductivity and temperature can be included
in the inversion. The result of the inversion is a statistical analysis of the
likelihood that partial melt is present as well as the ranges of tempera-
tures, water contents, and melt contents that could produce the observed
conductivity profile. This approach differs from those of Naif (2018) and
Katsura et al. (2017) since it is an inverse scheme that inverts conductivity
for temperature and composition, rather than a forward modeling scheme
in which a temperature and composition are chosen and then compared
with conductivity models. Although this is computationally more com-
plex, it allows us to explore the full range of possible mantle compositions
and geotherms without predefined assumptions. Several inversion
schemes for interpreting thermochemical compositions from MT data
have been presented in the past. Some of these use the LitMod framework
(Afonso et al., 2008) and include multiple geophysical parameters (e.g.,
Fullea et al., 2011; Vozar et al., 2014) while others are stand‐alone

schemes for conductivity data (e.g., Khan, 2016; Khan & Shankland, 2012). Our approach advances upon
these earlier inverse schemes by including melt conductivity and a petrologically constrained melting pro-
cess, while earlier schemes considered only solid‐state minerals.

The inversion scheme uses a GA approach to statistically quantify the combinations of geotherms, upper
mantle water contents, and partial melt contents that explain MT observations while satisfying petrological
constraints. Starting from an initial population of geotherms and water contents, the algorithm drives evolu-
tion toward generations that better describe theMT observations, subject to the geotherms remaining within
set uncertainty bounds and water contents remaining within solubility limits. Melting occurs if the perido-
tite is above its solidus temperature but ceases once the peridotite water content has reduced enough for it to
be stable, with the water contents of the peridotite and melt remaining in equilibrium. Analysis of the fittest
population allows statistical quantification of the various combinations of geotherms, water contents, and
melt contents that can feasibly fit the data. If 100% of members of the fittest population infer the presence
of melt, the data most likely require melt to be present. However, if a smaller proportion of members contain
melt, it shows that the observed conductivity/temperature ranges could be explained by either partial melt or
by high hydrogen contents. This formulation allows us to easily test the impact of different experimental for-
mulations for mineral conductivity, hydrogen partition coefficients, and melt and rock geometry.

Previous results from inversion schemes for interpreting thermochemical compositions from MT data (e.g.,
Fullea et al., 2011; Khan, 2016; Khan & Shankland, 2012; Vozar et al., 2014) have shown that different for-
mulations for mineral conductivities can have significant effects on final interpretations, as can petrophysi-
cal constraints such as hydrogen partition coefficients between minerals (e.g., Khan, 2016). While inversion
results will necessarily be affected by many uncertain experimental parameters, we tested the impact of
these parameters to clarify which experimental uncertainties have the most impact of MT interpretations.

2. Input Model Parameters

We applied the algorithm to MT data that image the convecting upper mantle in four regions with contrast-
ing tectonic settings (Figure 2).

The first region is the Archean‐Paleoproterozoic Superior Craton in central Minnesota, northern USA
(Schmitz et al., 2006). This region was chosen to represent stable continental lithosphere. Few MT surveys

Figure 1. Schematic of the relationship between composition, temperature,
and electrical conductivity at a standard oceanic adiabatic upper mantle
geotherm. Dry (hydrogen‐free) peridotite will produce the lowest conduc-
tivities. The highest conductivities can only be caused by the presence of
partial melt. Intermediate between these are the conductivities caused by
hydrated peridotite. There is an ambiguous range of conductivities that
could be caused either by high water contents or by small amounts of partial
melt. We seek to define this ambiguity by using a probabilistic approach to
interpretation and to reduce it by using petrological constraints on the
relationship between peridotite water content and melting.
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are sufficiently extensive to constrain the conductivity of the astheno-
spheric mantle beneath stable continental lithosphere, but recent results
from the USArray program now allow this region to be investigated.
The MT data are taken from a profile at approximately 46.1°N, −95°E
from the three‐dimensional model of Yang et al. (2015) covering central
USA. Lithospheric thickness in the region is estimated from seismic tomo-
graphy models to be 200 km (Yuan et al., 2014). The temperature at 200‐
km depth has been estimated between 1,300 and 1,350 °C (Artemieva,
2006; Scully et al., 2004), so we set the temperature with 50 °C uncertainty
to 1,325 ± 50 °C. A standard asthenospheric adiabatic of ~0.45 °C/km
(Katsura et al., 2010) produces a temperature of 1,419.05 ± 50 °C at the
410‐km discontinuity, which is much lower than the temperature of
1,557 ± 48 °C estimated by Katsura et al. (2010) from petrological and
experimental constraints. Therefore, we ran tests with two geotherms,
one with a standard adiabat that was allowed to range between 0.42 and
0.48 °C/km (mantle potential temperatures [TP] of 1,179–1,291 °C) and
the other with a much steeper adiabat ranging between 1.07 and 1.13
°C/km (producing even cooler TP of 1,099–1,161 °C) . Electrical resistiv-
ities from 200‐ to 400‐km depth were extracted from the MT model of
Yang et al. (2015). This model does not include information on tested
resistivity ranges. Although they are not yet commonplace, Bayesian
inversions of MT data are growing in popularity and will undoubtedly
improve the meaningfulness of MT interpretations. Existing Bayesian
methods (e.g., Conway et al., 2018) often produce uncertainties of approxi-
mately half an order of magnitude in resistivity, so this uncertainty was
added to the data.

The second region is the Tristan da Cunha hot spot in the South Atlantic
Ocean (Baba et al., 2017a). This region was chosen to represent young
oceanic lithosphere with active volcanism. The Tristan da Cunha islands
are an active hot spot, and geochemical data suggest they are fed by a
plume that originates near the core‐mantle boundary (Hoernle et al.,
2015; Rohde et al., 2013). MT data were collected in a 550 km × 350 km
grid covering seafloor ages spanning 10 to 30 Myr old. Baba et al.,
(2017a) ran a 3‐D model of the MT data but did not image any structures
resembling a plume extending into themantle. Electrical resistivity ranges
from 100‐ to 380‐km depth were taken from the range of resistivities pro-
duced by 3D inversions of the region in Baba et al., (2017a). Again, models
were run with two alternative geotherms. The first assumes a standard
geotherm beneath 20‐Myr‐old oceanic lithosphere of 1,400 ± 50 °C at
100‐km depth (Grose & Afonso, 2013), increasing at a standard adiabat
of 0.42 to 0.48 °C/km (TP of 1,302–1,408 °C) since Geissler et al. (2017)
used seismic data to infer typical, or even cold, temperatures at the mantle
transition zone northwest of Tristan da Cunha. In contrast, Bonadio et al.
(2018) used seismic shear wave velocities to infer a high mantle potential
temperature beneath the Tristan da Cunha region, so the second model
used a geotherm 100 °C hotter (with an uncertainty of ± 50 °C) than the
first (TP of 1,402–1,508 °C).

The third region is from oceanic lithosphere in the northwest Pacific
Ocean (Baba et al., 2017b), which is among the oldest on Earth. This
region was chosen to represent old, stable oceanic lithosphere that should
be far removed from any melting associated with MOR volcanism.
Electrical resistivity profiles between 110‐ and 300‐km depth were
taken from the 1‐D model of the 130 Myr old “Area A” presented in

Figure 2. Magnetotelluric data (orange shading) from the Superior Craton,
Tristan da Cunha hot spot, old oceanic lithosphere in the northwest Pacific
Ocean, and young oceanic lithosphere adjacent to the East Pacific Rise,
with low (blue) and high (red) geotherm ranges that were used in modeling.
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Baba et al. (2017b), with ranges taken from the published 95% uncertainty limits. Models were run with
the temperature at 110‐km depth taken from a standard plate cooling model (Grose & Afonso, 2013) to be
1,405 ± 50 °C and the adiabat set to 0.42 and 0.48 °C/km (TP of 1,302–1,408 °C).

The fourth region is from the Mantle Electromagnetic and Tomography (MELT) profile in the region of the
East Pacific Rise (Baba et al., 2006; Evans et al., 2005). The MT data were collected in a region ~100 to 350
km east of the ridge crest, corresponding to seafloor ages of ~1.3 to 4.5 Myr. This is therefore outside of the
region where voluminous melting is expected to occur, which was imaged by Key et al. (2013) to extend ~50
km either side of the East Pacific Rise. However, the data cover the region where small degree melts may
still be present (e.g., Keller et al., 2017). Electrical resistivity was found to be anisotropic, and we took the
upper and lower bounds of resistivity between 100‐ and 300‐km depth from these anisotropic limits, as pre-
sented in Sarafian et al. (2015). The temperature at 100‐km depth was taken from the standard plate cooling
model to be 1,400 ± 50 °C, and the adiabat was allowed to range between 0.42 and 0.48 °C/km (TP of 1,302–
1,408 °C).

3. Methods
3.1. Mantle Composition

The GA scheme calculates conductivities of a standard upper mantle peridotite composition consisting
of olivine, garnet, and pyroxene, with water stably partitioned between these phases. Pressure‐dependent
(P, in GPa) modal proportions of olivine (XOl), garnet (XGt), pyroxene (XPx), and the pyroxene aluminium

content (CPx
Al2O3

) were calculated as (Hirschmann et al., 2009):

XOl ¼ 0:6 (1)

XGt¼:000297 P−3:2ð Þ3−:003128 P−3:2ð Þ2 þ 0:01545 P−3:2ð Þ þ 0:135 (2)

XPx ¼ 0:4−XGt (3)

CPx
Al2O3

¼6:88e−:4207 P−2:8ð Þ þ 0:0566P (4)

Although these minerals are nominally anhydrous, they may contain small amounts of water, up to levels
defined by their maximum water solubility. Where present, water will be distributed between the minerals
in ratios defined by their partition coefficients. Since water is such a strong control on conductivity, it is
important to include water solubilities and partition coefficients in conductivity calculations. Since the max-

imum solubility has beenmost closely studied in olivine, the GA scheme uses this value (COl
H2O maxð Þ) to define

the overall peridotite maximum water solubility. Different experimental results constrain COl
H2O maxð Þ differ-

ently. For most calcuations, we used COl
H2O maxð Þ of Ardia et al. (2012), which was calculated from the data

of Ardia et al. (2012) and Tenner et al. (2012) at 1,450 °C and 5 to 13.4 GPa:

COl
H2O maxð Þ ¼ 39:1P−66 (5a)

We also tested the impact of using a different COl
H2O maxð Þ from Withers and Hirschmann (2008), which was

calculated from fitting a line to their olivine and pyroxene‐bearing experimental data at 8 GPa and 1,000–
1,600 °C (R2 = −0.91). This produces higher solubility limits than Ardia et al. (2012):

COl
H2O maxð Þ ¼ −2:1T þ 3; 728:6 (5b)

After setting the olivine water content at a level between zero andCOl
H2O maxð Þ, the scheme then calculates the

water contents of pyroxene and garnet using their partition coefficients (D) with olivine. Again, there is
considerable experimental uncertainty in these partition coefficients (Ardia et al., 2012; Khan, 2016). For
most calculations we have used an aluminium‐dependent partition coefficient between pyroxene and olivine

(DPx=Ol
H ) calculated by Ardia et al. (2012) from compiled experimental data:
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DPx=Ol
H ¼ 2:63*CPx

Al2O3
þ 0:78 (6a)

To test the impact of DPx=Ol
H on conductivity calculations, we also ran

calculations using

DPx=Ol
H ¼ 1:3 (6b)

from Tenner et al. (2012), calculated from experimental data collected at
10–13 GPa, which is at the deeper extent of our investigations. These
authors state that this value is likely to be a minimum and to be higher
in the shallow mantle, but it agrees well with the results of Ferot and
Bolfan‐Casanova (2012) at pressures >2.5 GPa.

There is considerable uncertainty in the partition coefficient between

garnet and olivine, and values of DGt=Ol
H have been reported between

<0.5 and 9 (Ardia et al., 2012; Mookherjee & Karato, 2010; Novella
et al., 2014). For most calculations a value of 4.2 was used, but values of
0.5 and 9 were also tested:

DGt=Ol
H ¼0:5; 4:2 or 9 (7)

The modal proportions and partition coefficients combine to give the
peridotite water content:

CPer
H2O ¼ COl

H2O XOl þ D
Px
Ol
HXPx þ D

Gt
Ol
HXGt

� �
(8)

3.2. Solidus Temperature

A key advantage of this code over previous schemes is its inclusion of petrologically constrained melting. To
achieve this, the GA scheme uses the peridotite water content (defined above) to calculate the water‐
dependent peridotite solidus temperature. If the hydrated peridotite is above its solidus temperature, it
melts; otherwise it is considered stable.

The solidus temperature (Figure 3) of dry peridotite (in degrees Celsius) up to 10 GPa is defined by
(Hirschmann, 2000):

STdry ¼ −5:14P2 þ 132:899P þ 1; 120:661 (9)

At pressures greater than 10 GPa, the solidus temperature is given by (Hirschmann et al., 2009):

STdry ¼ −1:092 P−10ð Þ2 þ 32:39 P−10ð Þ þ 1; 935 (10)

The damp peridotite solidus (STdamp, in degrees Celsius), whereM is the molar mass of the melt andXMelt
OH is

the molar mass of hydroxyl ions in the melt, is taken from (Hirschmann et al., 2009):

STdamp ¼ STdry

1− R
0:4M

� �� � log 1−XMelt
OH

� �
(11)

Hydrogen partitions strongly from peridotite into melt. The DPer=melt
H partition coefficient is used both in

the solidus temperature calculation (above; see Hirschmann et al., 2009, for more detail) and for deter-
mining the water contents of peridotite and melt during and after a melting event. Most models were
run with partition coefficients of water between the peridotite minerals and an incipient melt from
Hirschmann et al. (2009), but tests were also run using alternative partition coefficients from Tenner
et al. (2012):

Figure 3. Dry, hydrous, and water‐saturated peridotite solidus curves
calculated from Hirschmann (2000) and Hirschmann et al. (2009) with
saturation defined by Ardia et al. (2012). Blue lines show the oceanic
geotherms used in the calculations (blue dashed line is the hotter Tristan da
Cunha geotherm), and red lines show the continental geotherms used in the
calculations (red dashed lined is the hotter Superior Craton geotherm).
For clarity, the uncertainty ranges added to the geotherms in the calcula-
tions are not shown.
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DOl=melt
H ¼ 0:0017 (12)

(Hirschmann et al., 2009),or

DOl=melt
H ¼ 0:0085 (13)

(Tenner et al., 2012),

DPx=melt
H ¼0:0015*CPx

Al2O3
þ 0:0082 (14)

(Hirschmann et al., 2009),or

DPx=melt
H ¼0:00515 (15)

(Tenner et al., 2012),

DGt=melt
H ¼ 0:003 (16)

(Hirschmann et al., 2009), giving the partition coefficient of water
between peridotite and an incipient melt,

DPer=melt
H ¼ XOl*D

Ol=melt
H

� �
þ XPx*D

Px=melt
H

� �
þ XGt*D

Gt=melt
H

� �
(17)

3.3. Electrical Conductivity

Through the previous calculations, the GA scheme calculates the composition of the asthenosphere, includ-
ing the presence of melt and the water contents of the solid minerals and the melt. To invert MT data, these
compositions must be converted into electrical conductivities. All experimental results show that water
strongly affects olivine electrical conductivity, although the magnitude of this measured effect differs in
results from different groups (e.g., Gardés et al., 2014; Poe et al., 2010; Wang et al., 2006; Yoshino et al., 2006;
Figure 4). The strongest impact of water on olivine conductivity is suggested from the results of Wang et al.
(2006) while the weakest impact of water on conductivity is suggested from the results of Yoshino et al.
(2006). Gardés et al. (2014) considered the uncertainties in conductivity, temperature, and hydrogen
content in different experimental results and produced a “unified” formulation that fit most of the
experimental data.

To test the impact of different olivine hydrogen conduction models on geophysical interpretations, we
ran all models using the formulations of both Wang et al. (2006) and Gardés et al. (2014). Wang et al.
(2006) was chosen because it is able to match an observed conductivity with the lowest amount of hydro-
gen and will therefore be the least likely to melt—if melt is produced from Wang et al. (2006), it will
certainly be produced from all other formulations. Gardés et al. (2014) was chosen because it is the only
formulation that has sought to take into account errors and uncertainties and unify other experimental
results. Our analysis does not seek to test the full range of experimental results, which would be well
beyond the scope of this paper, but instead begins to explore the impacts these uncertainties can have
on geophysical interpretations.

For an olivine hydrogen content of COl
H2O in weight percent, Wang et al. (2006) olivine conductivity due to

hydrogen is

σWang
OlHyd¼ σ0 hyd*COl

H2Or*e
−ΔHHyd=RT

� �
(18)

while Gardés et al. (2014) olivine conductivity due to hydrogen (COl
H in weight ppm) is

σGardesOlHyd¼σ0 hyd C
Ol
H2O e

− −ΔHHyd−αC
Ol
H

0:333ð Þ.
RT (19)

Figure 4. Water‐content‐dependent electrical conductivities of garnet (Dai
& Karato, 2009b), pyroxene (Dai & Karato, 2009a), olivine using the Wang
et al. (2006, W06) formulation, and olivine using the Gardés et al. (2014;
G14) formulation calculated at a temperature of 1,500 K and a depth of 200
km.
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Total olivine conductivity was calculated from conductivity due to polaron hopping (σOlpol) and ionic con-
duction (σOlion), both of which were taken from Gardés et al. (2014), and the hydrogen conduction defined

above (σWang
OlHyd or σ

Gardes
OlHyd ):

σOl ¼ σ0 pol e
−ΔHpol=RT

� �
þ σ0 ion e

−ΔHion=RT

� �
þ σOlHyd (20)

where R is the gas constant and T is the temperature in K.

Less extensive experimental work has been carried out on garnet and pyroxene conductivity. Garnet conduc-
tivity was taken as (Dai & Karato, 2009b)

σgt ¼ σ0 dry e
−ΔHdry=RT

� �
þ σ0 hyd C

Gt
H2Or e

−ΔHHyd=RT

� �
(21)

and pyroxene conductivity was taken as (Dai & Karato, 2009a)

σpyx ¼ σ0 dry e
−ΔHdry=RT

� �
þ σ0 hyd*C

Pyx
H2Or e

−ΔHHyd=RT

� �
(22)

The conductivity of melt varies depending on its temperature and composition (Pommier & Le‐Trong, 2011),
but at the melt proportions expected in the asthenosphere (<1%) the changes due to composition will have
little effect on the bulk conductivity. The GA formulation calculates the water content of any melt, as it is set
to be in equilibrium with the coexisting peridotite. Therefore, we chose to calculate melt conductivity using
the water‐dependent basaltic melt conductivity formulation of Sifré et al. (2014):

σmelt ¼ σMelt
0 e

EH2O=RT (23)

where

EH2O ¼ 88774 e−3:88*C
Melt
H2O þ 73; 029 (24)

Mineral conductivities are plotted in Figure 4, and values for all parameters are given in Table 1. All calibra-
tions have been normalized to the Bell calibration. Several experimental studies have shown that olivine
conductivity increases when the olivine has undergone high strain (Caricchi et al., 2011; Pommier et al.,
2015; Pommier et al., 2018; Zhang et al., 2014), as might be expected in the asthenosphere. However, these
studies also suggest that this enhanced conductivity is a grain‐size effect caused by dislocations activated
during shearing and that this therefore is only likely to be an important factor controlling conductivities
at grain sizes <<1 mm when grain boundary conduction begins to dominate (Pommier et al., 2018).
Grain sizes in the asthenosphere are likely to be on the order of several tens to hundreds of millimeters
(e.g., Behn et al., 2009), so we do not expect shearing to be a significant factor determining conductivity.
Likewise, several studies have shown that the conductivity of rocks containing partial melt is anisotropic
in the direction of strain (Caricchi et al., 2011; Pommier et al., 2015; Zhang et al., 2014), and anisotropic con-
ductive zones near the lithosphere‐asthenosphere boundary have been interpreted to be due to aligned

Table 1
Parameters Used in Equations (18) to (22)

Olivine (Gardes) Olivine (Wang) Pyroxene Garnet

log σ0 pol (σ in S/m) 2.34 2.34 — —

ΔHpol (J/mol) 144,000 144,000 — —

log σ0 ion (σ in S/m) 5.07 5.07 — —

ΔHion (J/mol) 239,000 239,000 — —

log σ0 hyd (σ in S/m/wt ppm) ‐1.37 3 2.6 3.29
ΔHhyd (J/mol) 89,000 87,000 82,000 70,000 − (P*5.7e‐7)
α (kJ/mol/wt ppm1/3) 2,080 — — —

log σdry (σ in S/m) — — 2.4 3.0154
ΔHdry (J/mol) — — 147,000 128,000
r exponent — 0.62 0.62 0.63

10.1029/2019GC008227Geochemistry, Geophysics, Geosystems

SELWAY ET AL. 3335



partial melt (Baba et al., 2006; Naif et al., 2013). However, at the temperatures and pressures deeper within
the asthenosphere melt distribution is more likely to be isotropic (Pommier et al., 2015), so we have not
directly included conductivity anisotropy. Any anisotropy present within the MT profiles will be accounted
for in the resistivity bounds that have been applied.

These parameters allow the calculation of compositionally dependent conductivities of the solid peridotite
and the melt. Since a continuous current can only pass through an interconnected conductive phase, the
geometry of the peridotite minerals and the melt is important for determining the overall conductivity.
The total resistivity was calculated from the resistivities of the solid matrix and the melt through a modified
Archie's law (Glover, 2010), where for n phases with modal proportions φ the total conductivity σ is given by

σ ¼ ∑n
i σiφ

mi
i (25)

The modified Archie's law allows the geometric connection of the different components to be defined by the
user. It contrasts with Hashin‐Shtrikman bounds (Hashin & Shtrikman, 1963) used in most previous ther-
mochemical inversion schemes (Fullea et al., 2011; Khan & Shankland, 2012) in which some connectivity
is assumed and conductivity is dependent largely on the volume fractions of the different components.
This contrast is important for phases like garnet, which tend to occur as isolated grains and are not expected
to form an interconnected network at typical mantle compositions. The modified Archie's formulation con-
tains an exponent (m) for each phase that defines its interconnectivity, wherem= 1 for a perfectly connected
phase andm increases with decreasing connectivity. The use of an Archie's law formulation allows us to test
the impact of the connectivity of the melt phase, which is poorly known at upper mantle conditions
(Laumonier et al., 2017). For the solid phase, mOlivine = 1, mPyroxene=1.3, and mGarnet=5, reflecting the
expected interconnectedness of the different phases.

3.4. Evolutionary Modeling

The equations described in the previous sections allow us to predict the expected composition, including
melt, of a section of asthenosphere at a given temperature and hydrogen content and to calculate its expected
electrical conductivity. To use these constraints to invert MT models for temperature and composition, we
have used the GA optimization engine NSGA‐II (Deb et al., 2002). This approach allows the interrelation-
ships between temperature, water content, melting, and electrical conductivity to be taken into account. It
also allows uncertainties in the geotherm and electrical conductivity structure to be included in the inver-
sion. The results statistically quantify the combinations of geotherms, olivine water contents, and partial
melt contents that can fit the MT profiles while satisfying experimental constraints. This approach allows
us to clearly distinguish the different regions in Figure 1 since the analysis identifies the subsurface conduc-
tivities that can only be caused by either melt‐free peridotite or by peridotite with partial melt present, and
those that could be caused by either.

The code was designed to converge on the geotherms and hydrogen contents that best explain the conduc-
tivity data in a petrologically plausible manner. As in the mantle, if the peridotite in the model is at a tem-
perature exceeding its hydrogen‐dependent solidus temperature (equation (17)), melting occurs. During
melting, hydrogen partitions preferentially into the melt (equation (13)), thereby dehydrating the peridotite
and increasing its solidus temperature. The algorithm sets melting to proceed iteratively in increments of
0.0001 wt%. As melting proceeds, the peridotite dehydrates. Melting ceases once the peridotite dehydrates
sufficiently that the solidus temperature meets or exceeds the geotherm.

The geotherm and hydrogen profiles were parameterized as second‐order polynomial and cubic Bezier
curves, respectively, and the coefficients of these curves are the parameters that the algorithm seeks to opti-
mize. For the temperature profile, the first coefficient is the temperature at the shallowest modeled depth,
the second coefficient defines the adiabatic gradient, and the third coefficient controls the degree of per-
mitted curvature in the profile (i.e., deviation from adiabaticity). Four equidistant control points define
the cubic Bezier hydrogen profile. At each control point the hydrogen content is constrained to be less than
the maximum hydrogen solubility in peridotite at that depth.

Sixty pairs of geotherm and hydrogen profiles with coefficients satisfying the imposed constraints are ran-
domly generated to serve as an initial population for the GA. If modeled hydrogen and temperature profiles
can explain the conductivity data within uncertainty bounds, the associated coefficients are ranked fit, and
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their genetic information is propagated to the next generation. The
genetic information of unfit population members is discarded. Evolution
through 50 generations (using crossover and mutation probabilities of
0.9 and 0.05, respectively) was sufficient to arrive at the suite of tempera-
ture and hydrogen profiles best explaining the observed conductivities;
evolution beyond this point yielded no discernible improvements in
data fitting.

To test the utility of the scheme, inversions were run of several forward
models with known compositions and geotherms (Figure 5). For melt‐free
peridotite with a water content one third of the maximum solubility
defined by Ardia et al. (2012) at a standard oceanic asthenosphere
geotherm, the forward‐modeled conductivity is given by the black line in
Figure 5a(i). Uncertainties on the conductivity and temperature profiles
and bounds on the water contents for the GA scheme are shown by the
gray‐shaded regions. The red‐shaded regions show the ranges of conduc-
tivities, geotherms, and water contents produced by the best fitting popu-
lations produced by the GA scheme. All input constraints are satisfied,
and no melt is modeled. A second model is presented to demonstrate
the importance of the petrological constraints in the GA scheme. A petro-
logically unfeasible forward model was produced that is water saturated
and also contains 0.5% melt throughout the model region even though
temperatures only exceed the solidus temperature in the uppermost asth-
enosphere. Since it is not petrologically permissible for melt to be present
at greater depths, the GA scheme only models melt from 100‐to 120‐km
depth. At greater depths, the GA schememodels conductivities at the low-
est extent of the input range and models temperatures and water contents
at the highest extents of their bounds as it seeks to produce the high input
conductivities without the presence of melt.

4. Results

All regions were modeled using both the Gardés et al. (2014) and Wang
et al. (2006) formulations for hydrous olivine conductivity, hereafter
referred to as G14 and W06, respectively. Figure 6 displays the results
for models run with cooler geotherms, an Archie's melt connection expo-
nent of 1.5, a maximum hydrogen solubility defined by equation (5)

(Ardia et al., 2012), an aluminium‐dependent DPx=Ol
H (equation (6);

Ardia et al., 2012), and an olivine/garnet hydrogen partition coefficient
of 4.2. Figure 7 displays the results of models run to test conditions of hot-
ter geotherms, lower melt connection exponents, and alternative water
solubilities and partition coefficients.

Superior Craton models were run with two different geotherms—one
with a standard adiabat (Figure 6a) and one with a steeper adiabat to
match predicted temperatures at the 410‐km discontinuity (Figure 7a).
No melting was produced in any of the models. The impact of water on
olivine conductivity is stronger in the W06 conductivity formulation than
the G14 conductivity formulation, and this is reflected in the results,
which show lower water contents for the W06 models than the G14
models for both geotherms. Water contents are also impacted by the
geotherm, with higher average water contents required to match the
observed conductivity at cooler geotherms than hotter geotherms.

Models of the asthenosphere beneath the Tristan da Cunha islands were
also run with two different geotherms—one derived from a standard

Figure 5. Results of genetic algorithm (GA) inversions run of forward mod-
els with known compositions and geotherms. Black lines show forward
modeled conductivities, geotherms, and water contents, and gray shading
shows the bounds and ranges for these parameters used in the inversions.
Red shading shows the ranges of parameters produced by the best fitting GA
populations. (a) Input model is melt free, and the peridotite water content is
one third of saturation. (b) Input model is water saturated and contains
0.5% melt even though melt is only stable at shallow depths, shown by the
intersection of the geotherm with the water‐saturated peridotite solidus
(blue line). The GA inversion does not producemelt at depths where it is not
petrologically feasible.
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Figure 6. Results of the genetic algorithm analysis for models run at cooler geotherms, an Archie's melt connection exponent of 1.5, a maximum hydrogen solu-
bility defined by equation (5) (Ardia et al., 2012), an aluminium‐dependent DPx=Ol

H (equation (6); Ardia et al., 2012), and an olivine/garnet hydrogen partition
coefficient of 4.2, using both the Gardés et al. (2014; G14) and the Wang et al. (2006; W06) olivine conductivity models. Results show electrical conductivity
(i), where the black lines are the input MT conductivity ranges, temperature (ii), olivine hydrogen content (iii), the percentage of final populations that contain any
partial melt (iv), and the proportion of that melt (v) for data from the Superior Craton (a), Tristan da Cunha hot spot (b), old oceanic lithosphere in the north‐west
Pacific (c), and young oceanic lithosphere near the East Pacific Rise (d).
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Figure 7. Results of the genetic algorithm analysis for models run to test the impact of alternative model parameters, namely, hotter geotherms for the Superior
Craton (a) and Tristan da Cunha (b) data sets. Panels (c) and (d) show tests run on the East Pacific Rise data set to test the impact of alternative experimental
parameters, namely, (a) improved melt connectivity (Archie's law exponent m = 1.3), solid/melt water partitioning defined by Tenner et al. (2012) and maximum
peridotite water solubility defined by Withers and Hirschmann (2008) and (b) alternativeDGt=Ol

H values of 0.5 and 9, andDPx=Ol
H defined by Tenner et al. (2012). All

model tests were run with only the Gardés et al. (2014; G14) olivine conductivity model.
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plate cooling model (Figure 6b) and the other increased by 100 °C to reflect a possible enhanced mantle
potential temperature (Figure 7b). All models except the cooler W06 model require some melt to be present.
In the cooler geotherm G14 model (Figure 6b), up to 100% of final populations contain up to 0.6% melt from
100‐ to 140‐km depth. At the hotter geotherm (Figure 7b) the pattern is similar, with up to 100% of final
populations containing up to 1% melt from 100‐ to 150‐km depth. The hotter geotherm W06 model
(Figure 7b) has up to 100% of final populations containing up to 0.97% melt from 100‐ to 110‐km depth.
Olivine water contents increase with depth are lower for the W06 models than the G14 models and are
depressed in all model regions where there is significant melting.

Models of the asthenosphere beneath the northwest Pacific Ocean were only run with a standard adiabat
since the geotherm in this region is relatively well constrained. Neither theW06 nor the G14model produced
any melt. Olivine water contents of the final populations are also modest, to a maximum of ~50 wt ppm in
the shallow asthenosphere and a maximum of ~200 wt ppm in the deeper asthenosphere. Average olivine
water contents from the W06 models are lower than those from the G14 models, and water contents of both
models increase with depth. While the inverted conductivities in the northwest Pacific Ocean fit the input
constraints, the inverted models do not replicate the strong variations in conductivity with depth seen in
the MT model. This feature is also apparent to a lesser extent in the models from the other regions. This is
due to the smoothness constraints put on the geotherms and the water contents. While the current smooth-
ness constraints can fit the input conductivities, larger variations in water content with depth would be
necessary to produce larger variations in conductivity with depth.

Models of the region adjacent to the East Pacific Rise were run at only one geotherm (Figure 6d). Little melt-
ing was modeled: The W06 model did not produce any melt, and the G14 model produced up to 0.22% melt
from 100‐ to 110‐km depth in 10% of the final populations. Olivine water contents aremoderate, and theW06
hydrogen contents (<50 wt ppm at 100‐km depth increasing to <200 wt ppm at 300‐km depth) are lower
than the G14 hydrogen contents (<50 wt ppm at 100‐km depth increasing to <300 wt ppm at 300‐km depth).

Additional model tests were run with the East Pacific Rise data set (Figures 6c and 6d). All tests were run
using the G14 olivine formulation, and all other parameters were consistent with the models described
above apart from the parameter being tested. The first test changed the Archie's formulationmelt connection
exponent from 1.5 to 1.3 to test the impact of an improved melt connection. Results (Figure 7c) showed no
significant change in melt proportions modeled. The second test investigated the impact of different parti-
tion coefficients of water between the solid peridotite and the melt by using the partition coefficients of
Tenner et al. (2012). This produced slightly less melting, with <5% of populations containing up to ~0.1%
melt from 100‐ to 110‐km depth. The third test was run with maximum water solubility in olivine derived
from the data of Withers and Hirschmann (2008). These results suggested larger maximumwater solubilities
than those of Ardia et al. (2012), and this is reflected in higher olivine water contents (Figure 7c). However,
this has not resulted in significant changes to the melting patterns.

The remaining tests investigated the impact of solid‐state water partitioning between olivine, pyroxene, and
garnet. Partitioning between garnet and hydrogen is poorly constrained (Ardia et al., 2012; Mookherjee &
Karato, 2010; Novella et al., 2014), so tests were run at the upper and lower extremities of the experimental

ranges (DGt=Ol
H = 0.5 and 9). These changes do have a measurable impact on the amount of melting produced

(Figure 7d). AsDGt=Ol
H increases, an increasing proportion of populations contains melt (up to 22%), and the

proportion of melt also increases (up to 0.7%). Finally, the impact of partitioning between pyroxene and

olivine (DPx=Ol
H ) was tested by using DPx=Ol

H ¼ 1:3 from Tenner et al. (2012), which gives a smaller partition
coefficient than that used in the other models. This also has a significant effect on the results, with no melt
being produced (Figure 7d).

5. Discussion
5.1. Upper Mantle Melt Distribution

The GA formulation is conservative with regard to melting and treats the hypothesis that the asthenosphere
contains hydrogen but no partial melt as the “null hypothesis.” Each generation starts from a melt‐free,
hydrous composition, and if this melt‐free composition can match the observed conductivity, there is no
impetus to melt. There are three potential melting outcomes in the model results: First, 100% of the
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populations may melt, indicating that the MT observations can only be explained by the presence of melt.
Second, an intermediate percentage of final populations may contain melt. This shows that the
interpretation is ambiguous and MT observations can be explained either by hydrous peridotite or by
partial melt. Third, none of the final populations may contain melt. This shows that hydrous peridotite
can account for the MT observations and there is no impetus for the model peridotite to melt. However,
since the absence of melt is the null hypothesis, this result does not mean that there are no compositions
containing partial melt that could hypothetically fit the MT data.

Results show that melt distribution in the shallow upper mantle is spatially heterogeneous (Figure 8). As is
perhaps not unexpected, the strongest evidence for melt and the largest melt contents lie beneath the Tristan
da Cunha hot spot, which is believed to be caused by a mantle plume potentially originating from the core‐
mantle boundary (Hoernle et al., 2015; Rohde et al., 2013). Here, in the shallow asthenosphere, most model
parameter combinations require the presence of significant amounts of melt (up to 1%). The only other
region where melt was modeled in the shallow asthenosphere is close to the East Pacific Rise, although
the presence of melt here is more ambiguous, and the observed conductivities can also be explained by
hydrous peridotite. In both the Superior Craton and northwest Pacific Ocean, the observed conductivities
can be produced by hydrated peridotite without any need for partial melt.

5.2. Impact of Model Parameters

A consistent challenge in producing compositional interpretations of MT data is that different experimental
laboratories produce different relationships between conductivity and composition, especially when consid-
ering the effect of water on olivine conductivity. It is beyond the scope of one paper to test all possible com-
binations of model parameters, but we tested the impact of different conductivity formulations by running
all models with the olivine conductivity formulations of Gardés et al. (2014) and Wang et al. (2006).
Results for every model region consistently show that olivine hydrogen contents are lower for the W06 for-
mulation than the G14 formulation and that moremelting is modeled when the G14 formulation is used. We
chose the W06 formulation, as it is the most conservative and will produce the minimum possible distribu-
tion of melt. Other formulations that are not shown here, such as those of Yoshino et al. (2006), predict that
the impact of hydrogen on conductivity is smaller than both W06 and G14 and would therefore produce
higher water contents and more melt than these results. The results do show consistent patterns regarding
melt distribution; for instance, melt is present beneath Tristan da Cunha and is absent beneath the Superior
Craton and northwest Pacific Ocean regardless of the conductivity formulation used. However, the signifi-
cant differences in hydrogen content modeled using G14 and W06, and the inconsistency between melting
results in the East Pacific Rise highlight the importance of reconciling the experimental mineral physics
data sets.

There is also considerable uncertainty in many other experimental mineral physics and petrology con-
straints used in this analysis. To explore which of these parameters are likely to have the biggest impact
on MT interpretations in the asthenosphere, we tested different values for melt connection, maximum

Figure 8. Cartoon of the possible distribution of partial melt in the convecting upper mantle. Results from this analysis of
magnetotelluric (MT) data suggest that melt must exist in the shallow asthenosphere beneath the Tristan da Cunha
hot spot and that it may extend several hundred kilometers from the East Pacific Rise mid‐ocean ridge in the shallow
asthenosphere. It is possible that a small amount of melt also exists throughout the shallow oceanic asthenosphere
(hashed region), causing the sharp viscosity contrast between the lithosphere and the asthenosphere and the seismic low‐
velocity zone, but this is not required by the MT data.
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water solubility, and partitioning of water between the peridotite and the melt as well as between the solid‐
state minerals within the peridotite. Results show that most of these parameters havemeasurable impacts on
the GA results (Figures 7c and 7d) but that these impacts are smaller than those caused by the choice of
conductivity model.

If a melt fraction is better connected (lower melt connectivity exponent [m]), a given conductivity can be
matched with a smaller melt proportion, so it is expected that this change reduces the modeled melt propor-
tions, as observed (Figure 7d). The melt connectivity exponent has no bearing on whether hydrous peridotite
can reach conductivities high enough to match the MT data, so a similar proportion of models should melt
regardless of the value ofm, as is also observed. Increasing the maximum water solubility in olivine (and, by
extension, peridotite) produces models that, unsurprisingly, contain larger olivine water contents.
Temperatures are concomitantly slightly lower to produce a match to the conductivities. However, there
is little change in the melting patterns because the melting is also constrained by the solidus temperature
and because the model will only invoke melting if a hydrous peridotite composition cannot match the con-

ductivity constraints. The solid‐state partition coefficients have notable effects on the results. DGt=Ol
H affects

both the garnet and peridotite water contents. Higher garnet water contents from highDGt=Ol
H increase garnet

conductivity, but this has little impact on total conductivity at the modeled garnet modal proportions.
However, the resultant higher peridotite water content means that peridotite is more likely to melt with a

higher DGt=Ol
H , as is observed (Figure 7d). Similarly, the lower DPx=Ol

H values of Tenner et al. (2012) result
in lower overall peridotite water contents and lower degrees of melting (Figure 7d).

While our results show that uncertainties in most model parameters do not produce differences as large as
those from the different conductivity models, they do also show that improving these constraints would
allow clearer interpretations of mantle composition to be developed from geophysical data. In particular,
improved estimates of partition coefficients would significantly improve the reliability of MT interpretations.
Differences in other model parameters not tested here, such as melt molar mass and damp peridotite solidus
temperature definitions, are also likely to affect results in a way that is measurable but smaller than differ-
ences in the conductivity models. In the meantime, the results also show that it is important for interpreters
to be aware of the impact that their choices of experimental parameters could have on their interpretation
and to update inversion schemes as new experimental constraints become available.

5.3. Hydrogen Contents and the Cause of the Lithosphere/Asthenosphere Viscosity Contrast

Two features are consistent in all model results. The first is that average olivine water contents increase with
depth in the asthenosphere. In general, models run with the W06 olivine formulation contain slightly lower
proportions of olivine water than models run with the G14 formulation, but the difference between the for-
mulations generally does not exceed a few tens of weight parts per million. In the uppermost ~50 km of the
asthenosphere, average water contents in almost all models are <50 wt ppm. At greater depths within the
asthenosphere, olivine water contents rise to generally between 100 and 400 wt ppm. The second feature
is that melt is seldom required to interpret the MT data. Given the setup of the GA scheme, where melt is
only present if the peridotite is above its solidus temperature, melt is only required to be present at shallow
depths beneath the Tristan da Cunha plume, and it may be present in the shallow asthenosphere beneath
young oceanic lithosphere near the East Pacific Rise.

It is difficult to argue that the low water contents modeled in the upper asthenosphere, which are similar to
those measured from the continental lithosphere (Demouchy & Bolfan‐Casanova, 2016), could be responsi-
ble for a sharp or large change in viscosity between the lithosphere and asthenosphere (e.g., Karato, 2014).
This leaves partial melt as the most likely cause for this viscosity contrast. Partial melt is also the most likely
explanation for the seismic low velocity zone in the upper asthenosphere (Nettles &Dziewoński, 2008), espe-
cially given that hydrogen does not seem to be a viable explanation since it does not affect seismic attenua-
tion (Cline et al., 2018; Selway & O'Donnell, 2019), and our models show no peak in hydrogen content at low
velocity zone depths (Figures 5 and 6). The difficulty with this interpretation is that the MT models do not
require partial melt in the shallow asthenosphere either. This apparent contradiction could be explained
by the model recently proposed by Selway and O'Donnell (2019). In this model, a small amount of melt is
trapped in the asthenosphere after it melts at MORs or hot spots (Figure 8). It remains trapped in the host
peridotite as the asthenosphere convects away from the MOR, causing the low‐velocity zone. Since this
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melt formed under high geotherm conditions and is trapped, it can be present even after the host peridotite
cools below its solidus temperature. It will therefore not be modeled by this GA scheme, which only allows
melt to be present if the peridotite is above its solidus temperature due to high hydrogen contents and tem-
peratures. This “trapped melt” model also predicts the pattern of peridotite water contents that have been
produced here. In the shallow asthenosphere, the peridotite has melted at MORs and will therefore be dehy-
drated. As the degree of MOR melting decreases with depth, peridotite water contents will increase.

6. Conclusions

Electrical conductivities in the convecting upper mantle (the asthenosphere) that are higher than those
expected for dry peridotite can be caused either by hydrous peridotite or the presence of partial melt.
Distinguishing between these interpretations can often be difficult because many conductivities could be
attributed to either factor and also because of uncertainties in modeled conductivities, mantle geotherms,
and various experimental mineral physics and petrology constraints. We have investigated the causes of
asthenosphere conductivity in a quantitative statistical way using self‐consistent petrological constraints.
We use a GA optimization engine to explore temperature and peridotite water profiles capable of explaining
observed conductivities. Evolution proceeds from an initial population of peridotite with water contents and
temperatures within set bounds. If the peridotite at those conditions would melt, melting occurs in small
increments until the peridotite is sufficiently dehydrated that melting stops. The electrical conductivity of
the model (either with or without melt) is calculated, and, if it lies within the observed conductivity ranges,
the model is ranked fit, and its genetic material propagates through to the next generation. Evolution
proceeds to an optimized “fittest” generation. In this way, quantitative statistics regarding the distribution
of peridotite geotherms, water contents, and melt contents that match the conductivity observations
are developed.

Results show that asthenosphere melt distribution is heterogeneous. Of the four regions investigated (the
Superior Craton, the Tristan da Cunha hot spot, the north‐west Pacific Ocean, and adjacent to the East
Pacific Rise), the strongest evidence for the presence of melt is in the shallow asthenosphere beneath the
Tristan da Cunha hot spot, where most combinations of experimental parameters suggest partial melt must
be present. Beneath the young oceanic lithosphere adjacent to the East Pacific Rise, results show that elec-
trical conductivities in the shallow asthenosphere could be caused by either hydrated peridotite or by
partial melt. The results do not suggest that partial melt is required in any of the other asthenospheric
regions investigated.

Interpretations of geophysical data require experimental petrology and mineral physics data, many of which
are not well constrained. The GA approach allows the impact of different experimental parameters to be
easily tested. We have tested three parameters likely to have the biggest impacts on interpretations: the oli-
vine water conductivity model (Gardés et al., 2014; Wang et al., 2006), the water partition coefficients
between the solid‐state minerals and between the solid peridotite and the melt, and the degree of melt con-
nection. Results show that the different olivine conductivity models have a large impact on the interpreta-
tion, with the Wang et al. (2006) model consistently producing lower hydrogen contents and melt
proportions than the Gardés et al. (2014) model. Uncertainties in partition coefficients also have a significant
impact on the reliability of MT interpretations. Improved experimental constraints will lead to more robust
geophysical interpretations.
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