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Abstract We have conducted a seafloor magnetotelluric survey that images, for the first time,
three-dimensional electrical conductivity structure in the upper mantle beneath the Society hotspot. A
striking feature in our model is a high-conductivity anomaly a few hundred kilometers in diameter, which is
continuous from the lowest part of the upper mantle to a depth of approximately 50 km below sea level.
Using theoretical and experimental results from mineral physics, we interpret the high-conductivity anomaly
as evidence of the melt fraction up to 2.2 vol.%, which is robust regardless of assumed temperature, and the
existence of carbonated silicate melt beneath the hotspot. Our results suggest that the Society hotspot is a
pathway for ascending volatiles from the deeper part of the upper mantle to the surface.

1. Introduction

The South Pacific seafloor is characterized by a broadly elevated bathymetry and a concentration of volcanic
island chains [Adam, 2005]. The Society hotspot is considered to be sourced from an upwelling from deep in
the mantle that produced the island chain of the Society Islands [Aubaud et al., 2005; Duncan and Mcdougall,
1976]. The topographic swell in the vicinity of the hotspot is attributed to the dynamic support of the ascend-
ing plume in the upper mantle beneath the hotspot [Adam et al., 2010]. Previous seismic studies imaged a
low-velocity anomaly beneath the hotspot [Suetsugu et al., 2009]; however, because of the sparse observation
array, the resolution of these images is insufficient to discuss the thermal and chemical properties of
the plume.

Tomographic Investigation by seafloor ARray Experiment for the Society hotspot Project (hereinafter TIARES)
was designed to image the possible plume with reasonable resolution using both magnetotelluric (MT) and
seismological observations [Suetsugu et al., 2012; Isse et al., 2016]. We measured the natural time variations of
the magnetic and electric fields in the period range of a few hundred seconds to approximately 1 day to
probe the electrical conductivity structure of the upper mantle. The electrical conductivity of the mantle is
sensitive to temperature, volatile (H2O and CO2) content, and the presence of melt [Sifré et al., 2014], allowing
quantitative constraints on the physical properties of the mantle beneath the hotspot.

2. Three-Dimensional Electrical Conductivity Image
2.1. Analysis Procedures

We analyzed seafloor MT data from 20 sites around the Society hotspot, where the mean lithosphere age is
approximately 70Ma (Figure 1). Data for 11 of these sites were newly collected in the southeast of the Society
hotspot through the TIARES project in 2008–2010 (Table S1) [Suetsugu et al., 2012]; data for the other 9 sites
were obtained in the vicinity and to the northwest of the hotspot in a previous study [Nolasco et al., 1998]. The
merged data set, along with a modern inversion technique [Baba et al., 2013; Tada et al., 2012] described
below, enabled a 3-D electrical conductivity structure of the upper mantle to be constructed, whereas
previous research obtained only a 2-D model, with limited discussion of the three-dimensionality of the
structure [Nolasco et al., 1998].

All time-series data of the electric and magnetic field variations were processed using the same robust meth-
ods to yield MT responses for each site [Chave and Thomson, 2004]. We estimated a regional 1-D conductivity
profile that fits the averaged MT responses of all sites; this is termed the TIARES profile (Figure 2a). Three-
dimensional inversion analysis was then carried out, applying the TIARES profile as the initial and prior
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models. The topographic and bathymetric effects on the MT responses were taken into consideration for
both 1-D and 3-D analyses [Baba and Chave, 2005; Baba et al., 2010; Baba et al., 2013; Tada et al., 2012], which
is critical to obtain a reliable conductivity model. Details of the analysis conditions are provided in Text S1.

2.2. High Electrical Conductivity Anomaly

The 3-D inversion result shows a remarkably high-conductivity anomaly extending from themantle transition
zone to a depth of approximately 50 km below the sea surface (Figure 1). The tip of the most conductive
(>0.3 S/m) anomaly is located in the vicinity of the Society hotspot. This feature is well constrained by the
data, because if the anomaly is trimmed, with all conductivities >0.03S/m set to this value, the RMS data
misfit between the observed and modeled MT responses increases at the 95% confidence level (see Text S2).

Next, we discuss the differences between the high-conductivity anomaly (Zone A; Figure 2b) and the
background area (the TIARES profile). We calculated the average conductivity weighted by the standard
deviation as a function of depth for Zone A (Figure 2a). The mantle of Zone A is significantly more conductive
than that of the TIARES profile at depths below ~70 km. The contrast is almost two orders of magnitude,
especially in the depth range 100–160 km. The 1-D conductivity profiles were also compared with those from
two other areas, the Philippine Sea (PHS) and Western Pacific (PAC) [Baba et al., 2010], which have seafloor
ages of 10–70 and 150Ma, respectively. The electrical conductivity of the TIARES profile is higher than that
of PAC and lower than that of PHS at shallower (<~220 km) depths, but the three profiles are almost identical
below 220 km. These features suggest that the TIARES profile is not anomalous in terms of age-dependence.
However, the electrical conductivity for Zone A is unusually high (>0.1 S/m) below ~120 km depth, which is
one to two orders of magnitude higher than the younger PHS profile.

3. Volatile Contents and Melt Fraction Calculation

We converted the estimated conductivity profiles for Zone A and the background area (TIARES) to tempera-
ture profiles assuming that the upper mantle consists only of dry olivine [Gardés et al., 2014; Figure 3a]. The
resulting temperature profile for Zone A exceeds the solidus of dry peridotite [Aubaud et al., 2004] at depths

Figure 1. (a) Bathymetric map (ETOPO1, Amente and Eakins, 2009) and observation array. Yellow star indicates the location of the Society hotspot. Red and black
crosses are the locations of the sites at which marine MT data were obtained newly [Suetsugu et al., 2012] and previously [Nolasco et al., 1998], respectively. Red
square indicates the area shown in (b). (b) Three-dimensional electrical conductivity model obtained by an inversion of the MT data. The high-conductivity anomaly
beneath the Society hotspot is depicted as the iso-surfaces of 0.3 S/m (pink). The origin of the horizontal directions is defined at the location of the Society hotspot.
The bathymetric map is superimposed at the top.
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shallower than 180 km (Figure 3a). This result indicates that the high conductivity of Zone A is not compatible
with a hot and dry mantle model but requires additional conduction mechanism such as effects of
partial melting and/or volatiles. Therefore, we use these conductivity profiles to constrain the possible range
of melt fraction and H2O and CO2 contents dissolved in the upper mantle rock for Zone A and the whole
TIARES study region.

We assume for simplicity that the bulk mantle can be represented by a mixture of olivine and melt. For a
given temperature and H2O and CO2 concentrations in the bulk mantle, (However, we assume the
hydrogen/carbon (H/C) mass ratio to be either 0.5 or 0.75, which are representative values for oceanic
island basalt (OIB) source mantle and mid-ocean ridge basalt source mantle, respectively [Hirschmann and
Dasgupta, 2009]), the stable melt fraction and volatile contents in melt and olivine were calculated based
on a static model of incipient melting [Hirschmann, 2010]; subsequently, corresponding values of the conduc-
tivity of olivine, melt, and bulk mantle were calculated using the results of laboratory experiments [Gardés
et al., 2014; Sifré et al., 2014] and a mixing law [Hashin and Shtrikman, 1962] (details provided in Text S3).

For temperature, two profiles were introduced: 1) a typical temperature profile and 2) a higher-
temperature profile (higher by 200 °C than the typical profile). The typical temperature profile is estimated
by using the plate cooling model [Turcotte and Schubert, 2014] for 70-Ma mantle (black solid line in

Figure 2. Conversion from 3-D model to 1-D electrical conductivity profile. (a) Averaged 1-D electrical conductivities with the standard deviation as a function of
depth for Zone A (red). Blue, orange, and green colors denote 1-D electrical conductivity profiles with a plausible area of 70% for the mantle of this study area
(the TIARES profile), the Philippine Seamantle, and the Pacificmantle, respectively. (b) The top panel is a plane view of the 3-D electrical conductivity model at depths
of 142–160 km (dashed line in the bottom panel). The bottom panel is a cross-section along the black dashed line in the top panel. Zone A is demarcated by the red
dashed line.
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Figure 3a). The thermal diffusivity is set to be 1mm2/s [Turcotte and Schubert, 2014]. The mantle adiabatic
gradient, plate thickness and potential temperature are assumed to be 0.3 °C/km, 125 km, and 1350 °C,
respectively [Baba, 2005].

In terms of 2), we assume that the hotspot is produced by the upwelling of hotter material, as is widely con-
sidered to be the case. Suetsugu et al. [2009] analyzed seismic receiver functions and concluded that theman-
tle transition zone (MTZ) beneath the Society hotspot is 150–200 °C hotter than the average temperature in
the South Pacific which agrees with the global average. Thus, we assumed that the high temperature

Figure 3. Melt fraction and H2O and CO2 contents estimated from the averaged 1-D electrical conductivity profiles assuming OIB source mantle. (a) The temperature
profiles as a function of depth for Zone A (red) and the TIARES region (blue) calculated using an empirical law [Gardés et al., 2014] assuming that the upper mantle
consists only of dry olivine. The black dashed line denotes the solidus line of dry peridotite [Aubaud et al., 2004]. The black solid line marks the typical temperature
profile based on the plate cooling model [Turcotte and Schubert, 2014] for 70Ma mantle. (b) – (g), Red and blue regions indicate the ranges of each parameter for
Zone A and for the TIARES region, respectively, assuming the typical temperature profile. The red solid lines mark the ranges of the estimated values of each
parameter for Zone A, assuming that the higher-temperature profile which is the typical temperature plus 200°C.

Geophysical Research Letters 10.1002/2016GL071331

TADA ET AL. VOLATILE-RICH UPWELLING OF THE HOTSPOT 12,024



anomaly in the MTZ extends to the upper mantle and produced the high-temperature profile by increasing
the typical temperature profile by 200 °C.

4. Results and Discussion

The ranges of melt fraction and volatile contents in bulk mantle were determined by comparing modeled
and observed 1-D profiles. In case using for the typical temperature profile (the black solid line in Figure 3
a), the upper mantle of the TIARES region doesnˈt include any melt shallower than at the depth of 160 km.
At depths deeper than 160 km, the mantle consists of 60–180 ppmw (parts per million weight) bulk H2O
(Figure 3c), 50–150 ppmw bulk CO2 (Figure 3d), and 0.025–0.052 vol.% melt (Figure 3b).

On the other hand, abundant H2O and CO2 are required to account for the high conductivity of Zone A. The
upper mantle of Zone A at depths below 100 km is suggested to contain at least 195 ppmw bulk H2O
(Figure 3c), 160 ppmw bulk CO2 (Figure 3d), and 0.065–2.2 vol.% melt (Figure 3b). The maximum values of
the bulk H2O and CO2 contents are not constrained by the data.

The melt fraction of the upper mantle of Zone A is very well constrained by the data. It is little affected even
for the high-temperature profile (Figure 3b). Also, Figure 3g indicates that CO2 inmelt is better constrained by
the data, which suggests the presence of carbonated silicate melt in the upper mantle of Zone A. Especially,
CO2 is highly concentrated (around 40wt.%) in melt at shallower depths (<100 km), which might be caused
by reduction in temperature and/or melt fraction. It should be emphasized here that CO2 is indispensable for
explaining the high electrical conductivity of Zone A. A reasonable range of H2O (<500 ppmw) alone cannot
reproduce the electrical conductivity higher than 0.3 S/m, even assuming the high-temperature profile
(Figure S1).

The estimated melt fraction between approximately 120 and 170 km in Zone A is very high, 0.1–2.2 vol.% for
any plausible set of parameters. It has been suggested that when the melt fraction exceeds approximately
0.1 vol.%, themelt canmigrate upward because of the large buoyancy [Karato, 2014]. Using this idea, themelt
fraction obtained appears to be sufficiently large for the melt to move upward rather than stagnating in situ.

The upper mantle of the TIARES region on average shows a signature of rather depleted mantle in terms of
H2O and CO2 compared to that of Zone A. For the TIARES region, the temperature profile converted from the
conductivity profile under the assumption of dry condition agrees well with the typical temperature profile at
depths shallower than 180 km and is lower than the solidus of dry olivine (Figure 3a). These signatures imply
that neither melt, hydrogen, nor carbon is abundant in the upper mantle of the TIARES region on average in
the depth range. Furthermore, the contrast between the TIARES region and Zone A suggests that the
chemical contamination of the ambient mantle by plume occurs in very limited zone.

5. Conclusions

We conducted a seafloor magnetotelluric survey around the Society hotspot and obtained the first image of
three-dimensional high electrical conductivity anomaly in the upper mantle beneath the Society hotspot.
This anomaly seems to be continuous from the lowest part of the upper mantle to a depth of approximately
50 km below sea level, which is one to two orders of magnitude higher than even the younger upper mantle
beneath the Philippine Sea. The electrical conductivity of the background region is not anomalous in terms
of age-dependence.

The high electrical conductivity anomaly is interpreted to be caused by an upper-mantle melt fraction up to
2.2 vol.%, which is robust regardless of temperature. The existence of carbonated silicate melt in the upper
mantle beneath the Society hotspot is confirmed because of CO2 in the melt is well constrained to be at least
8wt.%. The features of the anomaly strongly suggest the upwelling of volatile-rich, partially molten material
in the upper mantle beneath the hotspot. Our observations may place constraints on the scale and role of
both upper mantle convection and carbon flux related to the mantle plume.
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