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Key points 18 

• We obtain an electrical resistivity structure model of the upper mantle at 13°N in 19 
the southern Mariana Trough. 20 

• The model reveals the distribution of melt and water (or hydrogen) and the mantle 21 
dynamics in this back-arc basin. 22 

• The model suggests the enhanced and asymmetric melting beneath the spreading 23 
center under the influence of the Pacific plate subduction.  24 
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Abstract 25 
The back-arc spreading at the southern Mariana is categorized as slow, but surface 26 

morphological and geophysical features of the spreading centers suggest that the 27 
spreading process is associated with enhanced melting in the upper mantle, due to water 28 
being derived from the subducted Pacific slab. A marine magnetotelluric experiment was 29 
performed along a transect across a segment at 13°N to reveal the key processes of 30 
melting, dehydration, and dynamics in the upper mantle, and their relationships to the 31 
surface characteristics. Our inversion model of electrical resistivity shows (1) a 32 
conductive body at 10-20 km depth beneath the spreading axis, and (2) another 33 
conductive area expanding asymmetrically under and around the conductive body. Away 34 
from the spreading center, there is (3) a resistive area thickening up to ~40 km on the 35 
remnant arc side, and (4) another resistive area with a constant thickness of ~150 km on 36 
the trench side. Implications of these model features are (1) a melt body beneath the 37 
spreading axis; (2) a hydrous mantle above the subducted slab and asymmetric passive 38 
decompression melting in the mantle wedge; (3) a residual mantle off from the spreading 39 
axis; and (4) a cold mantle wedge tip and the subducted Pacific mantle. The structure 40 
markedly contrasts with that in the central Mariana Trough at 18°N, suggesting that the 41 
horizontal distance between the location of the spreading center and the root of the 42 
buoyant upwelling above the subducted slab is a key parameter that controls the mantle 43 
dynamics beneath the back-arc spreading.  44 
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Plain language summary 45 
The seafloor spreading has occurred at the southern Mariana Trough due to the 46 

subduction of the Pacific plate beneath the Philippine Sea plate, and its spreading rate has 47 
been considered to be slow. However, geophysical features of the seafloor suggest a larger 48 
amount of melt in the upper mantle than expected from the spreading rate. To investigate 49 
this, an electromagnetic survey was conducted to determine the electrical resistivity 50 
structure of the upper mantle beneath the southern Mariana Trough. This survey helps by 51 
providing information on the thermal structure, the distribution of melt and water. The 52 
survey found a small conducting body beneath the spreading center, a larger conductive 53 
area under and around this, and two resistive areas away from the spreading center. This 54 
structure in the southern Mariana Trough is different from that in the central Mariana 55 
Trough. We attribute this to the subduction of the Pacific plate that has led to a higher 56 
melt production in the upper mantle in the southern Mariana Trough. Our results suggest 57 
that the horizontal distance between the location of the spreading center and the melting 58 
area above the subducted plate is a key parameter for the mantle dynamics beneath the 59 
back-arc spreading.  60 



 4 

1. Introduction 61 
A prominent result of past studies of mid-ocean ridge systematics is the 62 

identification of the positive relationship between the seafloor spreading rate and melt 63 
production beneath the ridge. This relationship influences the seafloor morphology, 64 
gravity anomaly distribution, crustal volume, the production rate of partial melt, the shape 65 
of the melting regime in the mantle, and the mantle upwelling pattern (Macdonald et al., 66 
1991; Forsyth, 1992). Recent observational studies on both mid-ocean ridges and back-67 
arc spreading centers have revealed that these features are highly diverse and exhibit 68 
deviations from this relationship (e.g., Dalton et al., 2014; Dunn and Martinez, 2011). 69 
The deviations suggest more or less melt production beneath the ridge than expected from 70 
the seafloor spreading rate. The reasons for the deviations include thermal, compositional, 71 
and geochemical heterogeneities in the mantle sources, which can be produced by hotspot 72 
upwelling, ancient differentiation of the mantle under mid-ocean ridges (Dalton et al., 73 
2014; Ito et al., 2003; Liu et al., 2008), and plate subduction. Plate subduction leads to 74 
dehydration of the subducted slab, hydration and melting of the overlying mantle wedge, 75 
and interactions of melting regions beneath an arc and a back-arc spreading center 76 
(Martinez and Taylor, 2002; Dunn and Martinez, 2011). 77 

The melt production beneath the back-arc spreading center in the southern Mariana 78 
Trough is higher than expected from its spreading rate and differs from those beneath the 79 
other spreading centers in the Mariana Trough (e.g., Martinez et al., 2000; Kitada et al., 80 
2006; Seama et al., 2015). The full seafloor spreading rate in the southern Mariana Trough 81 
was 46 mm/yr in the past (Seama and Okino, 2015) and remains similar in the present 82 
(Kato et al., 2003). This spreading rate is the fastest within the whole basin (Martinez et 83 
al., 2000; Seama and Okino, 2015; Kato et al., 2003) but is still categorized as slow in the 84 
global mid-ocean ridge system (Macdonald et al., 1991). Despite its slow spreading rate, 85 
the southern Mariana Trough exhibits characteristics that are usually observed at fast-86 
spreading centers in the East Pacific Rise (EPR), including axial-high or inflated ridge 87 
morphology, a constant low gravitational anomaly along the axis, a thick crust inferred 88 
from gravitational data, and a melt lens in the crust (Martinez et al., 2000; Kitada et al., 89 
2006; Becker et al., 2010). These observations suggest that the melt production rate and 90 
its total amount beneath the southern Mariana back-arc spreading centers are high and 91 
that mantle upwelling occurs in the sheet-like style that is typical of fast-spreading centers 92 
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rather than in the focused or diaper upwelling style that is typical of slow-spreading 93 
centers (Lin and Morgan, 1992; Kitada et al., 2006). 94 

One hypothesis for the cause of the high melt production beneath the southern 95 
Mariana back-arc center is that the melting process beneath the spreading center is 96 
influenced by Pacific slab-derived fluid that under other circumstances would generate 97 
an arc chain (Martinez et al., 2000; Stern et al., 2013; Seama et al., 2015). Some 98 
observations, including an estimate of the 1-D crustal seismic velocity structure (Sato et 99 
al., 2015) and the geochemistry of rock samples from the ridge (Taylor and Martinez, 100 
2003; Pearce et al., 2005; Masuda and Fryer, 2015), suggest the influence of slab-derived 101 
water and arc-related geochemical components on the melting process. In a map of the 102 
slab surface at depth, the depth contours of 100-150 km (Hayes et al., 2012) cross the 103 
back-arc spreading ridge known as the Malaguana-Gadau Ridge (MGR) in the southern 104 
Marianas (Figure 1), whereas the same contours are coincident with the location of the 105 
currently active arc volcanic front in the crescent-shaped northern and central Marianas 106 
(Figure 1). The chain of subaerial and submarine arc stratovolcanoes actually terminates 107 
at the Tracey seamount at 13°40’N (Stern et al., 2013), but there are volcanic edifices in 108 
the seamount chains of the Fina Nagu Volcanic Chain (FNVC) and the Patgon-Masala 109 
Volcanic Chain (PMVC) off the MGR, which could be small arc volcanoes (Figure 1) 110 
(Stern et al., 2013; Masuda and Fryer, 2015; Brounce et al., 2016). The partial melting 111 
process beneath back-arc spreading centers and arcs, as well as dehydration-hydration 112 
reactions in subduction zones, is known to be the composite result of multiple factors, 113 
such as pressure, thermal structure, characteristics (age, velocity, morphology) of the 114 
subducting plate, mantle flow, grain size, melt and water permeability, dehydration 115 
reactions of hydrous minerals (e.g., Tatsumi, 1986; Schmidt and Poli, 1998; Hacker, 2003; 116 
Sdrolias and Müller, 2006; Cagnioncle et al., 2007; Grove et al., 2009; England and Katz, 117 
2010; van Keken et al., 2011; Wilson et al., 2014; Wada and Behn, 2015). Therefore, 118 
identifying mantle structures that reflect complex melting and dehydration-hydration 119 
processes is a key to understanding the mantle dynamics of the southern Mariana Trough 120 
and its relevance to other observations that suggest high melt production and the 121 
interaction of melting regimes in the same area. 122 

In this paper, we present a result of a marine magnetotelluric (MT) experiment 123 
across a back-arc spreading segment at 13°N in the southern Mariana Trough. Based on 124 
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the results of the experiment, we reveal the electrical resistivity structure of the upper 125 
mantle. The resistivity structure was estimated from an analysis of ocean bottom MT 126 
transect data. Because the electrical resistivity of the upper mantle is primarily dependent 127 
on temperature, the amount of partial melt interconnected, and the amount of water (or 128 
hydrogen) dissolved in background solid phase mantle (we mainly consider olivine in this 129 
study) and in melt, our electrical resistivity structure presents observational evidence on 130 
the thermal structure, the distribution and the amount of melt and water, and the melting 131 
processes beneath the back-arc spreading ridge and on the dehydration-hydration 132 
processes in the mantle wedge in the southern Mariana Trough, all of which are expected 133 
to be under the influence of Pacific plate subduction. 134 
 135 
2. Observation and data 136 

We conducted a marine MT experiment across the MGR at 13°N in the southern 137 
Mariana Trough along an ~120-km-long WNW-ESE transect (Figure 1) from August to 138 
October 2010. We used 11 ocean bottom electromagnetometers (OBEMs) for the 139 
experiment and successfully recovered 10 of the 11 OBEMs (Figure 1 and Table 1). The 140 
OBEMs measured three components of the time-varying electromagnetic field and two 141 
components of the instrumental tilt at the seafloor at 60-s intervals for 40-80 days. The 142 
deployment and recovery of the OBEMs were conducted during the cruises YK10-10 and 143 
YK10-15, respectively, of the S/V Yokosuka, operated by the Japan Agency for Marine-144 
Earth Science and Technology (JAMSTEC). 145 

We checked and corrected the time-varying electromagnetic field data for spikes 146 
and steps. The clock drifts of the OBEMs were determined to be <60 s, and we corrected 147 
the drifts by assuming a linear trend. Instrumental tilts were <20° for almost all 148 
instruments, and we corrected the instrumental tilts using the tilt data observed. The 149 
OBEMs are usually tilted at seafloor, and MT responses estimated from data with the 150 
tilted OBEMs may be different from those in horizontal plane if the tilt is not corrected. 151 
We correct the tilt of the OBEMs using the two-components tilt data by 3-D rotation 152 
according to Rodrigues’ rotation formula. After the tilt correction, directions of the 153 
instruments in the horizontal plane were estimated by comparing the observed magnetic 154 
field with the IGRF-12 geomagnetic model field (Thebault et al., 2015). The electric field 155 
data at EM5 and EM11 stations were quite noisy, and thus, these data were not used in 156 
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further data analyses. Line spectra were found at periods of 104-105 s, which were related 157 
to solar quiet (Sq) daily variations in the external magnetic field and oceanic tides 158 
(Shimizu et al., 2011). These line spectra were removed by applying robust least-square 159 
fitting of sine functions at known frequencies of Sq variations (as well as their higher 160 
harmonics up to three) and oceanic tides to the original time-series data. 161 
 162 
3. MT response function 163 
3.1. Estimation of MT response function 164 

We estimated an MT response function at each station from the data processed as 165 
described above at each station through the bounded influence, remote reference (BIRRP) 166 
algorithm (Chave and Thomson, 2004). The electric field data used to estimate the MT 167 
responses at the stations EM5 and EM11 were from the stations EM8 and EM10, 168 
respectively (Table 1), based on the total data lengths, closeness of the stations, and noise 169 
in the electric field data. The locations of the EM8 and EM10 stations were taken into 170 
account in forward modeling and inversion, which are described in the following sections, 171 
for the use of these electric field data for the EM5 and EM11 responses. Remote reference 172 
stations were selected by considering remoteness of stations, noise in the magnetic field 173 
data, and improvement of the estimated MT responses based on the remote reference 174 
(Table 1). We determined a final MT response set after checking the diagnostic outputs 175 
of the BIRRP program and variations in the response as a function of period, which should 176 
be physically smooth. At this stage of the response selection, the EM4 response was 177 
excluded from the data set because of low squared coherences between the observed and 178 
predicted electric fields. The x-axis of the coordinate system for the responses was set to 179 
N35°E, which is parallel to the ridge strike, so the y-axis is parallel to the seafloor 180 
spreading direction. 181 

 182 
3.2. Correction for topographic distortions 183 

Marine MT responses are usually distorted by electric currents generated by the 184 
contrast between conductive seawater and resistive subseafloor structures through rugged 185 
seafloor topography and coast line geometry (e.g., Baba and Chave, 2005). Without 186 
consideration of such topographic distortions, the marine MT responses cannot accurately 187 
be interpreted when investigating target structures (e.g., Baba and Chave, 2005). One 188 
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method to eliminate the influence of topographic distortions is a correction method, in 189 
which correcting an observed MT impedance tensor based on a distortion equation that 190 
relates a distorted impedance tensor to an undistorted impedance tensor (e.g., Nolasco et 191 
al., 1998; Baba and Chave, 2005; Matsuno et al., 2007). 192 

We corrected topographic distortions using the equation of Nolasco et al. (1998), 193 
which is 194 

𝐙𝐙𝑐𝑐𝑐𝑐𝑐𝑐(𝐫𝐫,𝜔𝜔) = [𝐈𝐈 − 𝐌𝐌(𝐫𝐫,𝜔𝜔)][𝐈𝐈−𝐙𝐙𝑐𝑐𝑜𝑜𝑜𝑜(𝐫𝐫,𝜔𝜔)𝐊𝐊(𝐫𝐫,𝜔𝜔)]−1𝐙𝐙𝑐𝑐𝑜𝑜𝑜𝑜(𝐫𝐫,𝜔𝜔)  (1). 195 
In this equation, Zcor is an MT impedance corrected for topographic distortions, Zobs is an 196 
observed MT impedance, M and K are 2 by 2 complex-valued matrices representing 197 
topographic distortions in the horizontal electric and magnetic fields, respectively, I is the 198 
same-order identity matrix, r represents a location in the Cartesian coordinate system 199 
(𝐫𝐫 =  (x, y, z)), and 𝜔𝜔 is an angular frequency. The M and K matrices are calculated 200 
from 201 

𝐄𝐄𝑡𝑡𝑐𝑐𝑡𝑡𝑐𝑐,ℎ(𝐫𝐫,𝜔𝜔) = 𝐄𝐄𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡,ℎ(𝜔𝜔) + 𝐌𝐌(𝐫𝐫,𝜔𝜔)𝐄𝐄𝑡𝑡𝑐𝑐𝑡𝑡𝑐𝑐,ℎ(𝐫𝐫,𝜔𝜔)   (2) 202 

and 203 
𝐁𝐁𝑡𝑡𝑐𝑐𝑡𝑡𝑐𝑐,ℎ(𝐫𝐫,𝜔𝜔) = 𝐁𝐁𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡,ℎ(𝜔𝜔) + 𝐊𝐊(𝐫𝐫,𝜔𝜔)𝐄𝐄𝑡𝑡𝑐𝑐𝑡𝑡𝑐𝑐,ℎ(𝐫𝐫,𝜔𝜔),   (3) 204 

respectively. These equations relate the horizontal electric and magnetic fields with and 205 
without distortions, and the subscripts topo and flat indicate field components with and 206 
without topographic distortions, respectively. The horizontal electric and magnetic fields 207 
with the subscripts topo and flat are calculated with the Flattening Surface 3-D modeling 208 
program (Baba and Seama, 2002) without and with surface 3-D topography, respectively. 209 
The horizontal area of the 3-D forward modeling was 4380 km × 4460 km in the x- and 210 
y-directions, respectively, which covered a part of the Eurasia Continent, and the depth 211 
range of the 3-D forward modeling (z-direction) is 1690 km. The bathymetric and 212 
topographic data are derived from a multi-narrow beam data set (Kitada et al., 2006) and 213 
the ETOPO1 data (Amante and Eakins, 2009). The horizontal block size was a minimum 214 
of 1 km2 near the stations and coarser away from the stations. The water depth of the flat 215 
seafloor in the MT responses after topographic correction was set to 3500 m, which was 216 
an approximation of the average station water depth (Table 1). The subseafloor electrical 217 
resistivity structure consisted of a two-layer 1-D model and a 3-D subducted Pacific slab. 218 
The two-layer 1-D model represented an oceanic lithosphere-asthenosphere structure, and 219 
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the resistivity of the upper layer was 3×103 Ω-m, and that of the underlying half-space 220 
was 3×101 Ω-m. The surface of the 3-D subducted slab was derived from the slab 221 
geometry data of Slab1.0 for the Izu-Bonin-Marianas (Hayes et al., 2012). The thickness 222 
of the slab was assumed to be 100 km, and the resistivity of the subducted slab was 223 
assumed to be 3×103 Ω-m. The correction equation of Nolasco et al. (1998) is relatively 224 
robust to subseafloor structures (Matsuno et al., 2007). Additionally, to enhance the 225 
correctness of the topographic correction (or to make observed MT impedances closer to 226 
“real topographic distortion-free” impedances by the correction), we introduce the 227 
obvious regional 3-D slab structure into the forward modeling for the correction. 228 

We checked the validity of the topographic correction in this manner through a 229 
synthetic test (see Text S1.1. and related figures in the supporting information), and the 230 
result showed that the correction is robust. We also checked the coupling between the 231 
surface bathymetry and the subseafloor electrical resistivity structure in the topographic 232 
correction by repeating the topographic correction of the observational responses using 233 
the optimal 2-D inversion model and the 3-D slab model (Text S1.1. and related figures 234 
in the supporting information). From the results, we concluded that the topographic 235 
correction effectively produces distortion-free MT responses. 236 

The apparent resistivities and phases before and after the topographic correction are 237 
shown in Figure 2 and Figure 3, respectively. Large differences before and after the 238 
correction were found in off-diagonal elements at the easternmost two stations, EM10 239 
and EM11. These two stations were located between the topographic high of the FNVC 240 
and the topographic low of the West Santa Rosa Bank Fault (WSRBF) and were closer 241 
to the modern and Eocene frontal arc high and the Mariana Trench deep than the other 242 
observational stations (Figure 1). The amplitudes of the diagonal elements of the apparent 243 
resistivity after the correction were smaller than those before the correction by 1-2 order 244 
of magnitude (Figure 2). Polarization diagrams of the responses as a function of period 245 
and station before and after the topographic correction are shown in Figure S1. The off-246 
diagonal element shows circle or eclipse with the major axis that is perpendicular or 247 
parallel to the transect direction and the size or radius of the off-diagonal element is larger 248 
than that of the diagonal element at almost all periods and stations. Some diagrams such 249 
as those at ≤2560 s and at EM10 imply strong 3-D structural effects and/or topographic 250 
distortions that are not removed by the correction, and these impedances will be removed 251 
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in the robust inversion processing described in section 4. 252 
 253 
4. Two-dimensional inversion 254 
4.1. Method 255 

We obtained 2-D electrical resistivity models beneath the transect through a 256 
nonlinear conjugate gradient inversion algorithm (Rodi and Mackie, 2001). This 257 
inversion algorithm is originally used for exploring not only an isotropic model but also 258 
an anisotropic model. In this study, we explored only isotropic models by setting the 259 
regularization parameter for model anisotropy (Baba et al., 2006) to 100 that forces the 260 
inversion model obtained to be isotropy (Baba et al., 2006; Matsuno et al., 2010). The 261 
model range of the inversions was 2600 km × 1110 km in the y- and z-directions, 262 
respectively, which sufficiently covered the transect length (~130 km). The element size 263 
for the inversion model was a minimum of 500 m × 500 m near the stations and was 264 
coarser away from the transect. An initial model for inversion was a homogeneous 102 Ω-265 
m. Error floors were assigned to 10% for apparent resistivity and 2.85° for phase. Both 266 
values correspond to 5% of the MT impedance magnitude. These error floors are effective 267 
for the data, whose minimum error is 8.7% and typical error range is 9-30% for apparent 268 
resistivity, and whose minimum error is 2.49° and typical error range is 3°-9° for phase, 269 
respectively. Those error floors are set to be consistent with those used for the central 270 
Marianas study of Matsuno et al. (2010). 271 

In the inversion, we set a model smoothing operator to be a uniform Laplacian grid 272 
and set a penalty function for model smoothness to minimize the square of the Laplacian 273 
model parameters. There are other parameters controlling model smoothness in the 274 
inversion program, α and β, which potentially have large impacts on the resultant 275 
inversion models at subduction zones (Matsuno et al., 2010). We systematically tested 276 
several values for α and β and finally set α = 1.0 and β = 1.7; the same parameter set was 277 
used by Matsuno et al. (2010) in an analysis of central Marianas MT data. These α and β 278 
values were fixed in all subsequent inversion processing. 279 

We used only the TM mode responses for the 2-D inversion and thus checked its 280 
validity through 3-D forward modeling and inversion. Based on the seafloor topography 281 
around the MT transect and the subducted Pacific slab seismically imaged beneath the 282 
transect (Miller et al., 2006; Hayes et al., 2012), we expected the electrical resistivity 283 
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structure to be dominantly 2-D near the transect and 3-D away from the transect. The 2-284 
D structure is likely related to the back-arc spreading process, and the 3-D structure is 285 
likely related to the subduction process. To check the validity of using the 2-D inversion 286 
of only TM mode responses from 2-D transect data to investigate possible 3-D resistivity 287 
structures, we conducted synthetic forward modeling and inversion tests. We concluded 288 
that the 2-D inversion models obtained in the manner we applied to the observed data 289 
represent the main features of a possible 3-D electrical resistivity structure. Further, we 290 
carry out a 3-D inversion with the observed MT impedances using a program of Usui 291 
(2015) and Usui et al. (2018), even though the data set may not be suitable for 3-D 292 
inversion because the MT impedances are available only along the transect (Figure 1). 293 
Details of the 3-D inversion are described in the supporting information. The 3-D 294 
inversion model along the transect (Figure S11) is fundamentally similar to the 2-D 295 
inversion result shown below. Details of the forward modeling and inversion tests are 296 
described in the supporting information. The behaviors of MT impedances and 297 
polarization diagrams after the topographic correction, the synthetic test of 3-D forward 298 
modeling and 2-D inversion for the plausible 3-D model, and the 3-D inversion of the 299 
real data set that is limited along the transect support that our 2-D treatment of the data 300 
set. This conclusion is consistent with results of previous studies showing that the TM 301 
mode response is less affected by off-transect resistivity anomalies (Wannamaker et al., 302 
1984; Ledo et al., 2002). 303 

We applied a robust inversion algorithm (Matsuno et al., 2014) to obtain the 304 
electrical resistivity structure by removing statistical outliers in the inversion data set. The 305 
robust run of the algorithm (i.e., detection and removal of outliers and subsequent 306 
inversion with a culled data set) was repeated two times. Some of the data from EM10 307 
were judged to be outliers and were removed by the robust processing. The values of the 308 
regularization parameter of model smoothness (τs) tested in the robust runs were 300, 100, 309 
30, 10, 3, 1, 0.3, 0.1, and 0.03, and three L-curves were obtained (Figure 4a). Based on 310 
these L-curve tests, we determined that the inversion model for τs = 0.3 in the second 311 
robust run was optimal. A quantile-quantile plot of the TM mode response for this optimal 312 
inversion model showed no outliers, and the normality of the residual distribution was 313 
within the 95% confidence limit (Figure 4b). 314 

We obtained two types of 2-D electrical resistivity models; 1) a model with a 315 
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constraint only on model smoothness, and 2) a model not only with the constraint on 316 
model smoothness but also with an allowance for resistivity jump along the boundary 317 
delineating the subducted Pacific slab (Figure 5). The robust inversion iteration described 318 
above was conducted for the type 1) and Figure 4 is a plot for this type. We did not 319 
independently apply the robust inversion process to obtain the type 2) model. We obtained 320 
the final data set that was obtained in the robust inversion process for obtaining the type 321 
1) model, and this final data set was used to obtain the type 2) model. We confirmed that 322 
the optimal τs value for the type 1) model is also optimal for the type 2) model, and that 323 
outliers were not found for the type 2) model as similar to the type 1) model. MT data are 324 
usually not sensitive to high-resistivity bodies, such as subducted slabs, especially those 325 
elongated vertically, as shown by the inversion of central Mariana data (Matsuno et al., 326 
2010). Inversion with the allowance for a resistivity jump at the subducted slab boundary 327 
improves imaging of electrical resistivity structures in subduction zones (Matsuno et al., 328 
2010; Evans et al., 2013; McGary et al., 2014). The boundary of the slab surface was 329 
derived from data from the Slab1.0 model (Hayes et al., 2012), and the location of the 330 
slab bottom was obtained by assuming that the slab thickness is 100 km. The tip of the 331 
slab was set at 200 km depth based on the Slab1.0 model (Hayes et al., 2012). We note 332 
that the resistivity of the slab was not given a priori. 333 
 334 
4.2. Results 335 

Figure 5 presents two types of optimal 2-D inversion models and Figure 6 shows 336 
the predicted TM mode responses for the models and the observed responses after 337 
topographic correction. The predicted responses of both types of inversions are almost 338 
identical to the observations, as evidenced by a root mean square (RMS) misfit of 1.13 339 
without the slab constraint and 1.14 with the slab constraint (Figure 6 and Tables S1 and 340 
S2). 341 

There are four notable features in the inversion models (Figure 5). The first model 342 
feature is a horizontally elongated low-resistivity area (100.8-101.4 Ω-m) at depths of 5-20 343 
km beneath the spreading center (C1). This shallow flat-shaped conductive area offsets 344 
from the spreading center toward the trench side. The eastward extension of the 345 
conductive area is constrained by the data from the EM10 station, and the westward 346 
extension is constrained by the data from the EM5 station. There is a vertically elongated 347 
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conductor (~101.3 Ω-m) below and connected to this shallow conductive body. The second 348 
model feature is a moderately low-resistivity area (101.2-102 Ω-m) expanding 349 
asymmetrically with a wider area on the remnant arc side and a sharp vertical 350 
discontinuity on the trench side (C2). This moderately conductive area, which includes 351 
the vertical conductor connected to the shallow flat conductor, generally becomes more 352 
conductive with depth. Corresponding to the presence of the asymmetric moderately 353 
conductive area, two high-resistivity areas (>103 Ω-m) with different shapes exist away 354 
from the ridge center on the remnant arc side (R1) and on the trench side (R2), 355 
respectively. The third model feature is the resistive area on the remnant arc side that 356 
thickens from the ridge center up to ~40 km beneath the easternmost station (R1). The 357 
fourth model feature is the resistive area on the trench side that has a thickness of up to 358 
~150 km (R2). 359 
 360 
4.3. Data sensitivity to the inversion model 361 

We check the sensitivity of the MT responses to the entire 2-D inversion model. 362 
The sensitivity was first investigated with the squared diagonal of a matrix product from 363 
a Jacobian matrix and a covariance matrix for data error (Figure S12; Baba et al., 2006). 364 
This sensitivity map shows high sensitivity of the data to the mantle wedge structure, 365 
suggesting that the mantle wedge structure is constrained well by the data. The map shows 366 
low sensitivity values in the subducted slab underlying the mantle wedge, where the 367 
resistivity of the subducted slab decreases from the trench to the ridge center (Figure 5). 368 
The insensitivity is possibly due to the low sensitivity of the MT responses to the resistive 369 
slab under the conductive mantle wedge. 370 

We also check the sensitivity of the MT responses to some notable model features, 371 
especially at shallow depths. A shallow conductor beneath the spreading center, which is 372 
located at depths of 5-20 km and a distance of approximately +10 km and has a flat shape 373 
(Figure 5) has a large impact on MT responses. We conduct a forward modeling test by 374 
changing the resistivity of the conductor to be more resistive in a rectangle area (at 5-15 375 
km depth and at 0-40 km distance) and see changes in the total RMS misfit. If the 376 
resistivity of this area (the rectangle area at 5-15 km depth and at 0-40 km depth) is 377 
uniformly changed to 3×101 Ω-m, the total RMS misfit becomes large as 1.29. RMS 378 
misfit changes are large at sites between EM4 and EM11 except for EM10 over the area 379 
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(5-50% increase), and those are larger at shorter periods and are found at the longest 380 
period of 61440 s (10-60% increase). This result suggests this shallow depth area should 381 
be conductive with a value of ~10 Ω-m. We conduct further tests on the sensitivity to the 382 
shallow conductor, because the study on the central Mariana Trough indicates that a 383 
conductor in some shape at depths of 6-60 km affect MT responses only at the periods 384 
shorter than 1000 s (Matsuno et al., 2012). We have MT responses at <103 s at the EM5 385 
and EM8 stations above the shallow conductor in the inversions (Figure 6). We check the 386 
influence of these short-period responses on the result by excluding them from the 387 
inversion data set. The resultant inversion models similarly showed the shallow conductor 388 
with a minimum resistivity of 101.0 Ω-m (Figure S13), which is slightly higher than the 389 
minimum resistivity of 100.7 Ω-m observed in the inversion using all the short-period 390 
responses (Figure 5a), but the change in the RMS misfit was not significant (1.17 in the 391 
model shown in Figure S13 vs. 1.13 in the model shown in Figure 5a). This inversion test 392 
supports that the shallow conductor is constrained not only by the short period (<103 s) 393 
responses but also responses at longer periods (>103 s) and at other sites. 394 

The existence of the vertically elongated conductor under the shallow flat conductor 395 
(Figure 5) was tested by forward modeling, because the MT data could be insensitive to 396 
the underlying vertical conductor. The forward modeling test is conducted by changing 397 
the resistivity to 102 Ω-m in a rectangle area of 25-70 km depth and -5-15 km distance. 398 
The total RMS misfit increased to 1.29. RMS misfit changes becomes large relatively 399 
evenly at all the sites except for EM2 (5-20% increase), and those are larger at long 400 
periods of 5120-35110 s (10-25% increase). This result suggests that the conductor is 401 
required by the observed MT responses. 402 

The shallow flat-shaped conductor and the underlying vertical conductor together 403 
seem to be slightly offset toward the trench side by ~5-10 km distance in the inversion 404 
models (Figure 5). We also carried out an inversion test focusing on the horizontal 405 
location of the vertical conductor (Figure S14). The result of the inversion test suggests 406 
that the vertical conductor is not necessarily offset toward the trench side and could be 407 
located immediately beneath the ridge center with its center at ~0 km distance (this pattern 408 
might result from the number and the arrangement of data stations) but would not be 409 
located at a negative distance location (i.e., toward the remnant arc side) (Figure S14). 410 
 411 



 15 

5. Discussion 412 
We restate the four remarkable features in the inversion models (Figure 5): (1) a 413 

conductive area at 10-20 km depth beneath the spreading axis, whose position is slightly 414 
offset from the spreading axis toward the trench side, (2) a moderately conductive area 415 
expanding asymmetrically under and around the conductive area of (1), (3) a resistive 416 
area thickening from the ridge center up to approximately 40 km on the remnant arc side, 417 
and (4) a resistive area with a constant thickness of approximately 150 km on the trench 418 
side. In the following discussion, we conclude that these model features suggest that there 419 
is (1) a melt body beneath the spreading axis; (2) a hydrous mantle wedge produced by 420 
dehydration of the subducted Pacific slab and asymmetric passive decompression melting 421 
in the mantle wedge, (3) a residual lithospheric mantle off the spreading axis, and (4) a 422 
cold mantle wedge tip and the subducted Pacific lithospheric mantle. Furthermore, we 423 
discuss our inversion models in terms of relevance to other observations in the southern 424 
Mariana Trough and compare our results with the electrical resistivity structure of the 425 
upper mantle in the central Mariana subduction system (Matsuno et al., 2010, 2012). 426 
 427 
5.1. Melting and hydration beneath the back-arc spreading center and in the mantle 428 
wedge 429 

The shallow conductor beneath the ridge center (100.8-101.4 Ω-m) is not simply due 430 
to high temperatures but requires a melt body that can contain water. The resistivity of 431 
melt-free dry olivine at a temperature of approximately 1350°C, which is the average 432 
potential temperature of the Mariana Trough (Kelley et al., 2006; Wiens et al., 2006), is 433 
≥102 Ω-m (Figure 7a) (Constable et al., 1992; Constable, 2006; Yoshino et al., 2009; 434 
Gardés et al., 2014). This resistivity value is much higher than that of the shallow 435 
conductor. The shallow conductor could involve silicate (basaltic) melt (e.g., Tyburczy 436 
and Waff, 1983; Sifré et al., 2014) and conductive components, such as water (e.g., Wang 437 
et al., 2006; Yoshino et al., 2009; Pommier et al., 2008) (Figure 7a). Considering that the 438 
conductor is located beneath the spreading axis and above the subducted slab, the 439 
existence of melt that can be hydrated could explain the low resistivity values of the 440 
conductor. We do not consider the influence of CO2 on the observed resistivity. This is 441 
because carbonated melt is expected in deeper part of mantle beneath a spreading ridge 442 
than the depth for volatile-free peridotite solidus (e.g., Dasgupta and Hirschmann, 2010), 443 
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where the melt fraction is very low, and melt fraction becomes higher with decreasing 444 
depth and the CO2 content in melt becomes negligible in the melt production zone 445 
shallower than the volatile-free solidus depth. We also note that the amount of CO2 446 
observed in rock samples and xenoliths in the Marianas is small (Newman et al., 2000; 447 
Macpherson et al., 2010) and estimates of some parameters related to the CO2 content are 448 
indistinguishable from those of mid-ocean ridge basalt (Macpherson et al., 2010). 449 

We estimated the melt fraction and water content of the conductor, assuming that 450 
the observed resistivity of 100.8-101.4 Ω-m represents the bulk resistivity, via modeling 451 
with the Hashin-Shtrikman upper bound (HS+) model (Hashin and Shtrikman, 1962). We 452 
consider here mixing with two phases by the HS+ model. Assuming that the temperature 453 
is 1350-1400°C at depths of 5-20 km, which is a range for a potential temperature of 454 
1350°C with a reasonable adiabatic gradient of 0.3°C/km for the depth range, the melt 455 
fraction of dry silicate melt (Tyburczy and Waff, 1983) could be 1-3% (the green box 456 
labeled with a circle in Figure 7b) with a dry background mantle of olivine by Gardés et 457 
al. (2014). The melt could contain water of up to 1 wt. % (the green box labeled with a 458 
circle in Figure 7b), which are less than averages of the water contents at the Mariana 459 
back-arc ridge (0.1 wt.%) and the Marianas arc (1 wt.%), respectively (Newman et al., 460 
2000; Kelley et al., 2010); these inclusions of water slightly reduce the melt fraction 461 
estimated from the resistivity in inversion model (the green box labeled with a circle in 462 
Figure 7b). 463 

The moderately conductive area (101.2-102 Ω-m) at ≥20 km depth represents an 464 
upwelling zone in the hydrous mantle wedge that could contain melt. The upwelling zone 465 
is associated with mantle corner flow and bring a high-temperature material from below 466 
(Conder, 2007; Harmon and Blackman, 2010). When we suppose that the temperature is 467 
1200-1400°C for the high-temperature area, the resistivity estimated for the dry olivine 468 
mantle (102 Ω-m) is higher than the observed resistivity, suggesting that the upwelling 469 
zone contains water and partial melt (the green box labeled with a cross in Figure 7a). If 470 
olivine in the background mantle contains some amount of water of 0.01-0.18 wt.%, 471 
which is maximum water storage capacity at depths of 20-200 km (Hirschmann et al., 472 
2005), laboratory measurements for hydrous olivines predict lower resistivities, which 473 
are compatible with the observed resistivity (the green box labeled with a cross in Figure 474 
7a). A small amount of silicate melt, which can contain water, also can exist in the mantle 475 



 17 

wedge. The melt fraction estimated from the HS+ model for silicate melt with dry 476 
background olivine mantle is ≤3% that is compatible with the observed resistivity (the 477 
green box labeled with a cross in Figures 7b and 7c). If the background olivine mantle is 478 
hydrated, the melt fraction is estimated to be lower than that for the dry background 479 
mantle (the green box labeled with a cross in Figure 7c). In any case, the melt fraction 480 
estimated never reaches 10% (Figure 7c). 481 

The most significant cause for the shallow flat-shaped conductor and the vertical 482 
conductor connected to the shallow body is buoyant upwelling in the mantle wedge, 483 
which has the potential to supply melt and water to shallower depths. Such buoyant 484 
upwelling can be triggered by dehydration of the subducted slab and melting of the mantle 485 
wedge (e.g., Hall and Kincaid, 2001; Gerya and Yuen, 2003; Ikemoto and Iwamori, 2014). 486 
The buoyant upwelling material may exist in fluid form, such as melt, water, supercritical 487 
fluid, or a mixture (e.g., Cagnioncle et al., 2007; Wilson et al., 2014; Kawamoto et al., 488 
2012; Nielsen and Marschall, 2017). In our inversion models, the root of the buoyant 489 
upwelling is located at ~100 km depth at the subducted slab (Figure 5). This depth is 490 
coincident with a depth of approximately 80 km where considerable dehydration of the 491 
old subducted plate occurs (e.g., van Keken et al., 2011; Kimura and Nakajima, 2014). 492 
The conductors in our inversion model suggest that significant dehydration and buoyant 493 
mantle upwelling occur in the southern Marianas mantle wedge. 494 
 495 
5.2. Asymmetric convection pattern in the mantle wedge 496 

A moderately conductive area at ≥20 km depth shows an asymmetric shape, seen 497 
as gradual expansion underlying a resistive area on the remnant arc side (to the left in 498 
Figure 5) and a sharp vertical discontinuity contacting a resistive area on the trench side 499 
(to the right in Figure 5). This asymmetric conductive area is obviously different from the 500 
symmetric triangular conductor that is observed in mid-ocean ridge spreading systems 501 
(e.g., Key et al., 2013). The asymmetric area likely delineates a thermal structure and 502 
decompression melting area in the mantle wedge. On the former thermal structure, an 503 
asymmetric shape is expected for that the distance between the back-arc spreading center 504 
and the subducted plate is short and then the mantle flow pattern beneath the spreading 505 
center becomes asymmetric under the influence of plate subduction and mantle corner 506 
flow (Conder, 2007; Conder et al., 2002; Harmon and Blackman, 2010). On the later 507 
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decompression melting, the decompression melting area is expected to be broader and 508 
deeper than normal mid-ocean ridge system by richer water content in the mantle wedge 509 
(Asimow and Langmuir, 2003; Harmon and Blackman, 2010). In the southern Mariana 510 
Trough, where an old Pacific plate (~150 Ma; Müller et al., 2008) is subducting and the 511 
back-arc spreading center and the subducted slab are close, water from progressive 512 
dehydration processes at depths greater than 80 km (e.g., van Keken et al., 2011; Kimura 513 
and Nakajima, 2014) could be supplied to the mantle convection or upwelling zones in 514 
the mantle wedge. Consequently, melting in the mantle wedge occurs under hydrated 515 
conditions, resulting in an increase of total amount of melting and melt retention over a 516 
broader zone in mantle in this regime than in a normal mid-ocean ridge system (Asimow 517 
and Langmuir, 2003; Harmon and Blackman, 2010). The hydrous mantle wedge, 518 
potentially containing melt, is a source of the melt beneath the back-arc spreading ridge 519 
at 13°N. 520 

The resistive area overlying the moderately conductive area on the remnant arc side 521 
(≤-20 km distance in Figure 5) features residual lithospheric mantle with relatively low 522 
temperatures, because this area is far from the upwelling or melt production areas beneath 523 
the back-arc spreading center (e.g., Evans et al., 2005; Key et al., 2013). The resistivity 524 
of the area, ≥102 Ω-m and up to ~104 Ω-m, is compatible with dry or slightly hydrated 525 
(≤0.01 wt.%) olivine at a temperature of ≤1000°C (Figure 7a), although the actual 526 
resistivity of the area could be underestimated due to the lack of MT data on the resistor. 527 
The boundary between the upper resistive area and the underlying conductive area reflects 528 
the thermal structure of the mantle wedge in this area (Conder, 2007) and also represents 529 
the permeability structure for melt transport, which is influenced by the grain size of the 530 
mantle material as well as the temperature and rheology (Key et al., 2013; Turner et al., 531 
2015). The gradient of the boundary is approximately 40 km/80 km (vertical 532 
depth/horizontal distance) = 1/2 for the 2-D inversion model (Figure 5), which could be 533 
larger as approximately 80 km/80 km = 1 as seen in the 3-D inversion model (Figure S11), 534 
for the half spreading rate of 33 mm/yr on the western side of our target spreading 535 
segment (Seama and Okino, 2015). This gradient may be gentler than that of the EPR 536 
segment at 9°30’N, which is 80 km/80 km = 1, with a faster half spreading rate of ~60 537 
mm/yr (Key et al., 2013). This comparison implies that the high-temperature regime 538 
possibly extends at shallower depths to the remnant arc side in the mantle wedge beneath 539 
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the 13°N segment in the slow spreading southern Mariana back-arc system, comparing to 540 
the fast spreading mid-ocean ridge system. 541 

The resistive area trenchward of the sharp vertical discontinuity in resistivity (i.e., 542 
beyond the second easternmost station, EM10, Figure 5) represents a forearc mantle 543 
wedge in low temperature (cold-nose) that contains some fluid interconnected. If the tip 544 
of the mantle wedge is decoupled from the convection in the mantle wedge, thus forming 545 
the cold-nose structure, consequently the temperature is low (<800°C) (e.g., Wada and 546 
Wang, 2009), and the resistivity of the mantle is quite high (104 Ω-m or much higher for 547 
the low temperature (<800°C) olivine in Figure 8 for mantle). The observed resistivity in 548 
this area (102.5-103 Ω-m) is lower than the high resistivity expected for the low 549 
temperature olivine (Figure 8). A forward modeling test for the high resistivity area in the 550 
forearc mantle wedge support that this area is not conductive as ≤102 Ω-m, but do not 551 
provide constraint on the resistivity value from 3×102 Ω-m to 104 Ω-m or more. In the 552 
test, the resistivity of a rectangular at 60-100 km distance and 10-50 km depth is 553 
uniformly changed uniformly from 3×101 Ω-m to 104 Ω-m or more. The higher resistivity 554 
of ≥3×102 Ω-m do not significantly change the total RMS misfit, while 102 Ω-m increase 555 
the total RMS misfit to 1.30 from 1.14. RMS changes occur mainly at eastern stations 556 
(10-40% increase) but also occur at EM4 near the spreading center (30% increase), and 557 
those are found mainly at 1920 - 61440 s (10-35% increase). This result suggests that this 558 
area may be resistive as ≥3×102 Ω-m but not conductive as ≤102 Ω-m. The cold-nose 559 
mantle wedge may be serpentinized by fluid that comes from a subducted slab (e.g., 560 
Hyndman and Peacock, 2003; Wada and Wang, 2009). The resistivity of serpentinized 561 
mantle at the low temperature is so high as similar to that of olivine (Reynard et al., 2011; 562 
Guo et al., 2011). Fluid derived from the dehydration process of the slab may exist in the 563 
forearc mantle that can be serpentinized. If this fluid formed a network in the forearc 564 
mantle wedge, the lowest resistivity of the bulk resistivity for the network in the mantle 565 
is 3×102 Ω-m or so. 566 
 567 
5.3. Implications for the dynamics of the back-arc spreading 568 

We propose that the horizontal distance between the location of the back-arc 569 
spreading center and the root of the buoyant upwelling above the subducted slab is a key 570 
parameter for the mantle dynamics beneath the back-arc spreading. The result of the small 571 



 20 

distance in the southern Mariana Trough (~10 km) emerges in our inversion model 572 
features of electrical resistivity structure. In the inversion model (Figure 5), the root of 573 
the buoyant upwelling is located at ~100 km depth above the subducted slab, which is 574 
close to a depth of ~80 km where considerable dehydration of the old subducted plate 575 
occurs (e.g., van Keken et al., 2011; Kimura and Nakajima, 2014). The vertical 576 
transportation of water and melt from the root by the upwelling entrains surrounding 577 
mantle in the wedge to the shallow depth beneath the spreading center, which leads the 578 
high melt production at the slow spreading center to produce the fast spreading ridge 579 
features in the southern Marianas at 13°N. The small horizontal distance between the 580 
spreading center and the root of the buoyant upwelling (Figure 5) is also related to the 581 
asymmetrical high-temperature regime in the mantle wedge, which is expected from our 582 
inversion model (Figure 5) and is supported by numerical model calculations on mantle 583 
convection patterns affected by the proximity of the back-arc spreading center to the 584 
subducted slab (Conder, 2007; Harmon and Blackman, 2010). 585 

Our resistivity model in the southern Mariana Trough clearly contrasts with the 2-586 
D electrical resistivity inversion model in the central Mariana Trough at 18°N (Matsuno 587 
et al., 2010) (Figure 8). This contrast properly supports our proposal that the horizontal 588 
distance between the location of the back-arc spreading center and the root of the buoyant 589 
upwelling from the subducted slab is a key parameter for the mantle dynamics beneath 590 
the back-arc spreading. Three major different features in resistivity models for two areas 591 
well reflect the difference in the key parameter; the spreading center of the southern 592 
Marianas locates above the root, while that of the central Marianas locates horizontally 593 
100 km away from the root. The first different model feature in the central Marianas from 594 
that in the southern Marianas is a high resistivity area (>3×102 Ω-m) beneath the back-595 
arc spreading center down to ~60 km depth. This high resistivity suggests that a melting 596 
area is absent (Matsuno et al., 2010) or that the melting area contains only a small amount 597 
of silicate melt (<1%) in a 3-D pyramidal shape focused on the spreading center (Matsuno 598 
et al., 2012). In contrast to the small amount of melt inferred for the central Mariana 599 
Trough (<1%), that for the southern Mariana Trough inferred in this study is greater, 600 
approximately 1-3%. The second different model feature is a conductive area (<101 Ω-601 
m) beneath the active arc >60 km depth. This low-resistivity zone contains water and melt 602 
due to plate subduction and is a source of magmas for arc volcanic activity (Matsuno et 603 
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al., 2010) by chlorite breakdown (Grove et al., 2009; Manthilake et al., 2016). The 604 
difference in resistivities for the zone above the subducted slab at ~60-100 km depths in 605 
between the central Marianas (<101 Ω-m) and the southern Marianas (~101.4 Ω-m) 606 
probably indicates differences in the amount of partial melt and water (or hydrogen) 607 
existed in this zone. The smaller amount of melt and water in the southern Marianas than 608 
that in the central Marianas suggests that the vertical transportation of melt and water 609 
from this deep conductive zone to the shallow depth near the spreading center frequently 610 
occur in the southern Marianas to reduce the amount of melt and water in the deep root 611 
zone through the buoyant upwelling or the melt segregates from the host rock and 612 
migrates upward more effectively in the southern Marianas compared to the central 613 
Marianas in which the melt rather ponds. This is probably intensified by the extensional 614 
rates in the lithosphere, inferred from GPS data (Kato et al, 2003; Wallace et al., 2005; 615 
Wallace et al., 2009), and perhaps the extensional stress in the lithosphere, and the 616 
upwelling regime in the upper mantle due to the back-arc spreading. Thirdly, the whole 617 
electrical resistivity structures under the spreading centers in two areas are different, one 618 
of which is relatively symmetric for the central Marianas and the other of which is 619 
asymmetric for the southern Marianas, especially in a wide scale like from -100 km to 620 
100 km distance and at shallower than ~60 km depth (Figures 8a and 8c). All these 621 
different features in the resistivity models are satisfactorily explained by the difference in 622 
the horizontal distance between the location of the back-arc spreading center and the root 623 
of the buoyant upwelling, suggesting that the horizontal distance is a key parameter for 624 
the mantle dynamics beneath the back-arc spreading. 625 

Our resistivity model effectively reflects the highly asymmetric seafloor spreading 626 
in the southern Mariana Trough, and it well supports a model explaining asymmetric 627 
seafloor spreading proposed by Seama and Okino (2015). Those authors concluded that 628 
highly asymmetric seafloor spreading is occurring in the southern Mariana Trough 629 
because the spreading on the west side of the spreading axis is much faster than that on 630 
the east side (trench side), based on the seafloor spreading rates and the seafloor 631 
deepening rate. Seama and Okino (2015) also ascribed the asymmetric seafloor spreading 632 
to the influence of the low-viscosity region in the mantle wedge due to hydration driven 633 
by water released from the subducting slab; the low-viscosity mantle preferentially 634 
captures the mantle upwelling zone beneath the spreading axis as the spreading axis has 635 
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been kept in the area closed to the low-viscosity region in the mantle wedge. Our 636 
resistivity model effectively images the vertical conductor beneath the spreading axis in 637 
the mantle wedge, and this vertical conductor could correspond to the hydration-induced 638 
low-viscosity region in the mantle wedge related to the release of water from the 639 
subducting slab. Moreover, the shallow conductor is located beneath the spreading axis 640 
but slightly offset toward the trench. This observation indicates that the spreading axis 641 
has been kept in the area close to the mantle upwelling zone, which corresponds to the 642 
low-viscosity region in the mantle wedge. 643 

The back-arc spreading with the buoyant upwelling from the subducted slab should 644 
result in two melt-retained areas (Figure 8), one of which is the shallow conductive area 645 
with its most conductive center immediately beneath the PMVC and the other of which 646 
is the asymmetric moderately conductive area at deeper depth, probably correspond to 647 
origins for rocks sampled at MGR and PMVC. MGR and PMVC rock samples near the 648 
MT transect at 13°N are calc-alkaline rocks with various silica-contents from basalt to 649 
andesite (Masuda and Fryer, 2015; Brounce et al., 2016). Major and isotope element 650 
chemistry of the MGR and PMVC rocks show characteristics of the Mariana Trough lavas 651 
farther north including the central Marianas (Masuda and Fryer, 2015; Brounce et al., 652 
2016). Since the MGR and PMVC rocks show geochemical signals found at spreading 653 
axes of the Mariana Trough farther north from the 13°N southern Marianas, a source for 654 
these rocks is perhaps produced under conditions leading to decompression melt in the 655 
mantle wedge of the Mariana Trough. The lava along the spreading axes (<~13.5°N) in 656 
the southern Marianas shows more signals of island arc with characteristics of the 657 
Mariana Trough basalts in major, trace, and isotope compositions in comparison to those 658 
of farther north (>~13.5°N) (Taylor and Martinez, 2003). The mantle source in the 659 
southern Mariana Trough is inferred to be more influenced by aqueous fluids and silicate 660 
melts from the subducting Pacific plate, comparing to the central Mariana area (Pearce et 661 
al., 2005). The shallow conductive area with its most conductive center immediately 662 
beneath the PMVC probably represents a reservoir of melts for MGR and PMVC rocks. 663 
Our inversion model suggests that the melts were formed immediately above the 664 
subducted slab and were transported by mantle upwelling. The asymmetric moderately 665 
conductive area at deeper depth probably represents a melt source for MGR rocks. Our 666 
inversion model suggest that this melt source is generated in the decompression melting 667 
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area in the mantle wedge. FNVC samples are tholeiitic and possess Mariana-arc features 668 
(Masuda and Fryer, 2015; Brounce et al., 2016). Melt in the shallow conductive area 669 
might be a source for FNVC rocks, but it should be cautious to relate the geochemical 670 
signature of the FNVC rocks to the electrical resistivity model because the FNVC was 671 
formed before the rifting of the SEMFR has started at 2.7-3.7 Ma (Ribeiro et al., 2013; 672 
Masuda and Fryer, 2015). 673 
 674 
6. Summary 675 

Our electrical resistivity structure at the 13°N back-arc spreading segment in the 676 
southern Mariana Trough showed characteristic features (Figure 8), which are a 677 
conductive area beneath the back-arc spreading center with a possible slight trenchward 678 
offset, a moderately conductive and asymmetric area expanding under the spreading 679 
center, a resistive area thickening away from the spreading center toward the remnant arc 680 
side, and a broad resistive area on the trench side. The model structures are closely related 681 
to the distribution and the amount of melt and water (or hydrogen) and thermal structure, 682 
and reveal the melting process beneath the back-arc spreading center and the dehydration 683 
processes related to the subduction of the Pacific plate in the upper mantle in the southern 684 
Mariana Trough (Figure 8). Our electrical resistivity model effectively images the vertical 685 
conductor in the mantle wedge whose shallow part is located beneath the spreading axis 686 
but slightly offset toward the trench, suggesting that the spreading axis has been kept in 687 
the area close to the mantle upwelling zone as the model explaining the highly asymmetric 688 
seafloor spreading proposed by Seama and Okino (2015). Moreover, our electrical 689 
resistivity model in the southern Mariana Trough clearly differs from the structure in the 690 
central Mariana Trough at 18°N, which lacks a conductor beneath the ridge center. The 691 
model difference between these two regions in the Mariana Trough shows the clearly 692 
different distributions of melt and water (or hydrogen). On the basis of the difference, we 693 
propose that the horizontal distance between the location of the back-arc spreading center 694 
and the root of the buoyant upwelling at ~100 km depth of the subducted slab is a key 695 
parameter for the mantle dynamics beneath the back-arc spreading. 696 
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Table 1009 
 1010 

Station 

ID 

Latitude 

(N) 

Longitude 

(E) 

Water 

Depth [m] 

E-field Remote B-

field 

EM1 13°19.25’ 143°02.80’ 3924 Available EM6 

EM2 13°10.92’ 143°15.09’ 3749 Available EM10 

EM3 13°06.69’ 143°21.56’ 3567 Available EM7 

EM4 13°02.37’ 143°28.05’ 3255 + + 

EM5 12°58.00’ 143°34.53’ 3086 EM8 N/A 

EM6 12°56.74’ 143°36.41’ 2868 Available EM5 

EM7 12°55.43’ 143°38.18’ 3123 Available EM5 

EM8 12°53.47’ 143°41.21’ 3316 Available EM5 

EM9 12°49.13’ 143°47.57’ 2569 ++ ++ 

EM10 12°45.09’ 143°53.96’ 3685 Available N/A 

EM11 12°40.82’ 144°00.47’ 3751 EM10 EM6 

 1011 
Table 1 1012 
Station information. Station ID is numbered from the northwesternmost station to the 1013 
southeasternmost one; see also Figure 1. Latitude and longitude is the location of the ship 1014 
at the time of deployment of the instrument, and water depth is derived from the multi-1015 
narrow beam bathymetric data (Kitada et al., 2006). The symbol “+” for EM4 means that 1016 
EM field data were obtained by the experiment, but the MT response estimated from the 1017 
data had a low squared coherency between the electric field observed and that predicted 1018 
from the MT response estimated and the magnetic field observed, and were not used in 1019 
the inversion. The symbol “++” for EM9 means that this instrument has not yet been 1020 
recovered.  1021 
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Figures 1022 
 1023 

 1024 
Figure 1 1025 
(a) Bathymetric map, which derives from multi-narrow beam data (Kitada et al., 2006) 1026 
and the ETOPO1 data (Amante and Eakins, 2009), with depth contours of the surface of 1027 
the subducted Pacific slab (colored dotted lines; Hayes et al., 2012) and the location of 1028 
the Mariana Trench (light green dotted line; Bird, 2003), as well as ridge centers of the 1029 
back-arc spreading in the Mariana Trough (black dash-dotted line; Kitada et al., 2006). 1030 
The white box represents the range of the map in Figure 1b, and the range of this map is 1031 
shown by the black rectangle in the right-top inset showing the plate boundaries (Bird, 1032 
2003). White dots at around 18°N indicate MT stations used for obtaining an electrical 1033 
resistivity structure in the central Marianas (Matsuno et al., 2010). 1034 
(b) Bathymetric map with marine MT observational stations (symbols). Circles and 1035 
crosses indicate locations of magnetic field data and electric field data, respectively. The 1036 
colors red, black, and gray for the symbols indicate stations from which the data were 1037 
used in the inversion, stations from which data were obtained but not used in inversion, 1038 
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and stations at which the instrument was not recovered, respectively. The station names 1039 
are numbered from northwest to southeast (the northwesternmost station is called EM1, 1040 
and the southeasternmost one is called EM11); see also Table 1. The abbreviations in this 1041 
map are as follows: MGR: Malaguana-Gadau Ridge, PMVC: Patgon-Masala Volcanic 1042 
Chain, FNVC: Fina Nagu Volcanic Chain, ASVP: Alphabet Seamount Volcano Province, 1043 
WSRBF: West Santa Rosa Bank Fault, SEMFR: Southeast Mariana Forearc Rift (Stern 1044 
et al., 2013; Masuda and Fryer, 2015).  1045 
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 1046 
Figure 2 1047 
Apparent resistivities for all four elements and all stations before and after the correction 1048 
of topographic distortions (black circle and red diamond, respectively). Error bars show 1049 
one standard error of the observations. An annotation for the vertical axis is shown only 1050 
in the upper-left-most panel but is common to all the other panels. The station names are 1051 
shown in the upper-left corner in the leftmost panels.  1052 
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 1053 
Figure 3 1054 
Phase values for all four elements and all stations before and after the correction of 1055 
topographic distortions. The symbols and the error bars are the same as in Figure 2. Note 1056 
that ranges of the phase values for off-diagonal elements and diagonal elements are 1057 
different. Annotations for the vertical axis are shown only in the top panels but are 1058 
common to each MT impedance element panel. The station names are shown in the upper-1059 
left corner in the leftmost panels.  1060 
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 1061 
Figure 4 1062 
(a) RMS misfits and model roughness values for 2-D electrical resistivity models in the 1063 
robust inversion processing. The model constraint in the inversion is only model 1064 
smoothness. The robust inversion processing was applied two times, and the resulting 1065 
values are shown by triangles, squares, and circles for the 0th, 1st, and 2nd robust inversion 1066 
runs. At each run, 9 values for the regularization parameter of model smoothness (τs) were 1067 
used: 300, 100, 30, 10, 3, 1, 0.3, 0.1, and 0.03. The optimal value of the regularization 1068 
parameter is 0.3 for all robust runs, as shown by the filled symbols. 1069 
(b) Quantile-quantile plot with 95% confidence limits for the results of the final inversion 1070 
(the 2nd run).  1071 
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 1072 
Figure 5 1073 
Optimal 2-D electrical resistivity inversion models (a) with constraints on only model 1074 
smoothness and (b) with constraints on model smoothness and allowance for resistivity 1075 
jumps surrounding the subducted Pacific slab. The tip of the subducted slab, which was 1076 
taken into account for the resistivity jump in Figure 5b, terminates at 200 km depth. 1077 
Stations are represented by inverted triangles with numbers near the top of each figure. 1078 
Note that the seafloor spreading center is located at 0 km distance, and that the station 1079 
located at the spreading center is EM6.  1080 
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 1081 
Figure 6 1082 
TM mode MT responses observed (circles, with error bar representing one standard error) 1083 
and predicted from two types of electrical resistivity inversion models (red and blue lines, 1084 
which correspond to the Figure 5a model and Figure 5b model, respectively). The two 1085 
lines are almost consistent. The station names are shown in the upper-left corner in each 1086 
panel. The filled squares seen only in the EM10 response represent outliers that were 1087 
excluded from the data set by the robust inversion processing. RMS misfits for each site 1088 
and those for each period are tabulated in Tables S1 and S2, respectively, in the supporting 1089 
information.   1090 
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 1091 
Figure 7 1092 
Electrical resistivity as a function of temperature, component, and the amount of melt 1093 
interconnected in solid phase and water (or hydrogen) dissolved in solid phase or melt. 1094 
Comparing this figure and the inversion model (Figure 5) with an assumption for 1095 
temperature of a focusing area, the amount of melt and water (or hydrogen) can be 1096 
estimated. See details in text. 1097 
(a) Electrical resistivity for several types of minerals and materials as a function of 1098 
temperature, overlying the resistivity color scale used for drawing the inversion models 1099 
in Figure 5. Black solid lines indicate dry olivine (1a: Yoshino et al., 2009; 1b: Gardés et 1100 
al., 2014; 1c: Constable et al., 1992; 1d: Constable , 2006). Blue lines indicate wet olivine 1101 
(2a and 2a’: Yoshino et al., 2009 for 0.01 wt.% and 0.1 wt.% water, respectively; 2b, 2b’’, 1102 
and 2b’: Gardés et al., 2014 for 0.01 wt.%, 0.03 wt.%, and 0.1 wt.% water, respectively; 1103 
2c and 2c’: Wang et al., 2006 for 0.01 wt.% and 0.1 wt.% water, respectively). Red line 1104 
indicates basaltic melt (3) (Tyburczy and Waff, 1983 for tholeiite melt at 4.3 kbar). Purple 1105 
line indicates hydrous basaltic melt with 1 wt.% water (4) (Sifré et al., 2014). For clarity, 1106 
the hydrous melt line, 4, is cut at cross-point by the dry silicate melt line, 3. Green boxes 1107 
with circle or cross indicate resistivity-temperature ranges for areas in the inversion model 1108 
(Figure 5), which are focused in the discussion section 5.2. in the main text. Boxes with 1109 
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the same symbol are common in Figures 7a, 7b, and 7c. 1110 
(b) Electrical resistivity for Hashin-Shtrikman upper bound (HS+) models. The resistor 1111 
for this figure is the dry olivine of Gardés et al. (2014) (1b in Figure 7a), and the 1112 
conductors for each line are dry or hydrous basaltic melt (black: tholeiite melt, 3 in Figure 1113 
7a; blue: 1 wt.% hydrous melt, 4 in Figure 7a). The melt fraction is written as a decimal 1114 
number for each line. For clarity, the blue line for hydrous silicate melt, 4, is cut at cross-1115 
point by the line for dry silicate melt, 3. 1116 
(c) Electrical resistivity for HS+ models. The conductor in this figure is the tholeiite melt 1117 
of Tyburczy and Waff (1983) (3 in Figure 7a), and the resistors for each line are dry or 1118 
hydrous olivine (black: dry, 1b in Figure 7a; blue: 0.03 wt.% wet, 2b’’ in Figure 7a; purple: 1119 
0.1 wt.% wet, 2b’ in Figure 7a). The melt fraction is written as a decimal number for each 1120 
line.  1121 
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 1122 

1123 
Figure 8 1124 
A summary of the interpretations and discussion of the 2-D electrical resistivity model 1125 
beneath the southern Mariana back-arc spreading ridge at 13°N (Figures 8a and 8b). The 1126 
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background models are the model in Figure 5b. The letters in Figure 8b indicate our model 1127 
interpretations as follows: A: Melt- and water-rich area, B: Buoyant melt/water upwelling 1128 
(indicated by the red arrow), C: Slab dehydration, which is significant at ~80-90 km depth 1129 
(indicated by the magenta arrows), D: Passive, hydrous, asymmetric melting area in an 1130 
asymmetrically convecting mantle wedge, E: Supply of passive decompression melt 1131 
(indicated by the orange arrow), F: Depleted and cooled lithospheric mantle, G: 1132 
Thermal/permeability boundary, H: Cold/serpentinized mantle with some fluid, I: 1133 
Subducted Pacific slab. The abbreviations in Figure 8b represent as follows: MGR: 1134 
Malaguana-Gadau Ridge, FNVC: Fina Nagu Volcanic Chain, PMVC: Patgon-Masala 1135 
Volcanic Chain. The horizontal arrows near the top of Figure 8b indicate seafloor 1136 
spreading rates at the 13°N segment (Seama and Okino, 2015). Figure 8c is a 2-D 1137 
inversion model at the central Marianas (Matsuno et al., 2010) for comparison. This 1138 
central Marianas model is the same as the Figure 6c model in Matsuno et al. (2010). 1139 
Almost all of the subducted Pacific slab body in the central Marianas lie outside of the 1140 
plot range of Figure 8c (to the lower right), therefore an outline for the surface of the 1141 
subducted slab is shown. Contour lines in Figures 8a and 8c are drawn for each log10 1142 
Resistivity 0.5. 1143 
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