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ABSTRACT 

Long period (10-20,000 s) magnetotelluric (MT) data are being acquired across the 

continental USA on a quasi-regular grid of ~ 70 km spacing as an electromagnetic 

component of the National Science Foundation EarthScope/USArray Program. These 

data are sensitive to fluids, melts, and other organic indicators, and thus provide a 

valuable complement to other components of EarthScope. We present and interpret 

results of 3-D MT data inversion from 325 sites acquired from 2006-2011 to provide a 

regional scale view of electrical resistivity from the middle crust to nearly the mantle 

transition zone, covering an area from NW Washington to NW Colorado. Beneath the 

active extensional subprovinces in the south-central region, on average we see a 

resistive upper crust, and then extensive areas of low resistivity in the lower crust and 

uppermost mantle. Further below, much of the upper half of the upper mantle appears 

moderately resistive, then subsequently the lower upper mantle becomes moderately 

conductive. This column suggests a dynamic process of moderately hydrated and fertile 

deeper upper mantle upwelling during extension, intersection of that material with the 
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damp solidus causing dehydration and melting, and upward exodus of generated mafic 

melts to pond and exsolve saline fluids near Moho levels. Lithosphere here is very thin. 

To the east and northeast, thick sections of resistive lithosphere are imaged under the 

Wyoming and Medicine Hat Cratons. These are punctuated with numerous electrically 

conductive sutures presumably containing graphitic or sulfide-bearing meta-sediments 

deeply underthrust and emplaced during ancient collisions. Below Cascadia, the 

subducting Juan de Fuca and Gorda lithosphere appears highly resistive. Suspected 

oceanic lithosphere relicts in the central NW part of the model domain also are resistive, 

including the accreted “Siletzia” terrane beneath the Coast Ranges and Columbia 

Embayment, and the seismically fast “slab curtain” beneath eastern Idaho interpreted by 

others as stranded Farallon plate. Upwelling of deep fluid or melt in the Cascade 

volcanic arc region manifests as conductive features at several scales. These include 

quasi-horizontal conductive patches under the arc and fore-arc, likely denoting fluids 

evolved via breakdown of hydrous minerals in the current down-going slab. In the 

backarc, low resistivities concentrate in “plumes” connecting into a deeper 

aesthenospheric layer to the east, consistent with subduction-driven upwelling of hot, 

hydrated or melted, aesthenospheric mantle. Low resistivities (< 10 Ω.m) deep beneath 

the stable cratons suggest higher levels of hydration there, and/or influence of poorly 

resolved structures outside the array. 

Keywords: USArray, magnetotellurics, electrical resistivity, Pacific NW, tectonics 
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1. Introduction 1 

The northwestern United States exhibits a broad range of tectonic elements 2 

with global relevance. Early events include Proterozoic cratonic assembly and 3 

rifting to establish the western Laurentian passive margin (Dickinson, 2006; 4 

Whitmeyer and Karlstrom, 2007), and then protracted Phanerozoic 5 

sedimentation and micro-continental accretion along the paleo-Pacific margin 6 

(Wells et al., 1984; DeCelles, 2004; Wright and Wyld, 2006; Dickinson, 2006, 7 

2008). Subsequently the region has seen extensive bursts of magmatism 8 

(Christiansen and Yeats, 1992; Madsen et al., 2006; Humphreys, 2009), 9 

interactions with a possible deep mantle plume (Hadley et al., 1976; Geist and 10 

Richards, 1993; Smith et al., 2009), large-scale gravitationally-driven extension 11 

(Sonder and Jones, 1999; Humphreys and Coblentz, 2007; Dickinson, 2006, 12 

2011), and more localized lithospheric delamination and small-scale 13 

convection (e.g., Hales et al., 2005; Darold and Humphreys, 2013). Many of 14 

these processes are ongoing such as subduction, arc magmatism, and back-15 

arc extension in Cascadia, and widespread extension and recent magmatism 16 

in the northern Basin and Range (NBR), High Lava Plains (HLP), Yellowstone 17 

(YS) and Snake River Plain (SRP) provinces.  18 

High quality, spatially uniform seismic data from the EarthScope transportable 19 

array (TA) have led to substantially refined views of complex structure (e.g., 20 

Roth et al. 2008; Tian et al., 2009; Eagar et al., 2011; Schmandt and 21 

Humphreys, 2010; Obrebski et al., 2011) and anisotropy (Long et al., 2009; Lin 22 

et al., 2010; Moschetti et al., 2010) throughout the western US. These data 23 



 4 

have also shed light on regional tectonic history, from recent (Eocene) 24 

continental accretion (e.g., Schmandt and Humphreys; 2011), to the fate of the 25 

subducting Farallon and Juan de Fuca plates (Sigloch et al., 2008; Sigloch, 26 

2011), to possible subduction/hot spot interactions relevant to patterns of 27 

Yellowstone (e.g., Xue and Allen, 2010, James et al., 2011) and High Lava 28 

Plains volcanism (Long et al., 2012). Collectively these, and a host of other 29 

studies with the seismic TA data, have increased our overall understanding of 30 

present and past geodynamic processes, and the physical state of the crust 31 

and upper mantle, in terms of temperature, melting, and rheology. 32 

Long period magnetotelluric Transportable Array (MT TA) data are also being 33 

collected as part of the EarthScope/USArray program on a similar 70-km grid. 34 

These MT data map large-scale spatial variations in bulk electrical resistivity to 35 

provide a powerful complement to seismic and other geophysical data. Here 36 

we present results from three-dimensional (3-D) inversion of Earthscope long-37 

period MT data from 325 sites acquired in 2006-2011 in a rectangular area 38 

from NW Washington to NW Colorado (Figure 1) to map resistivity from the 39 

middle crust to the mantle transition zone.  40 

Electrical resistivity is strongly affected by small amounts of interconnected 41 

fluid or melt, which in turn can be controlled by or redefine continental 42 

rheology, and are key in element transport, ore deposition and geothermal 43 

activity. In some instances, resistivity also reflects presence of graphite or 44 

sulphides, often enhanced by metamorphism and fluid remobilization. These 45 
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can create long-lived conductive signatures such as along early terrane 46 

boundaries (Camfield and Gough, 1977; Jones et al., 2005) that otherwise are 47 

often cryptic to the surface due to later events. In the upper mantle, in addition 48 

to fluids and melts, conductivity can become sensitive to temperature and 49 

hydrogen content of the solid state minerals (e.g., Wang et al., 2006; Yoshino, 50 

2010, Poe et al., 2010; Du Frane and Tyburczy, 2012), and may help to define 51 

the lithosphere-aesthenosphere boundary (Eaton et al., 2009) or to serve as a 52 

proxy for lithospheric refractoriness or refertilization (Wannamaker, 2005; 53 

Selway, 2013). All these phenomena are extant in the large-scale resistivity 54 

model presented here, which complements previously published seismic 55 

results by illuminating 3-D variations of upper mantle and deep crustal 56 

hydration, the dynamics of melting from source to residence, and the 57 

disposition of fossil, large-scale terrane boundaries. 58 

2. Magnetotelluric Data and Three Dimensional Modeling 59 

Reviews of the MT method are provided in Vozoff (1991), Simpson and Bahr 60 

(2005) and Chave and Jones (2012). The EarthScope MT data were acquired 61 

using conventional long period MT instruments based on fluxgate 62 

magnetometers. The recorded time series were processed using a standard 63 

robust remote reference approach (e.g., Egbert and Booker, 1986; Egbert, 64 

1997) to estimate the MT impedance (Z) and the vertical magnetic transfer 65 

functions (VTFs). These cover the period range 10–20,000 s with good to high 66 

data quality. Although site spacing is very broad (~ 70 km), distinct regional 67 
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structures are clear even in simple maps of the MT data (see the supplemental 68 

material (SM) for a comprehensive presentation of the data). Broadly 69 

speaking, the data show good coherence over groups of stations in diagnostic 70 

period ranges across large areas, reflecting the regional subsurface 71 

conductivity distribution revealed in the 3D model subject of this study.  72 

For 3-D modeling and inversion we used the ModEM code of Egbert and 73 

Kelbert (2012) parallelized using the scheme of Meqbel (2009). The 3-D model 74 

presented in this study is obtained by inverting all components of Z and VTFs 75 

for the 325 stations of Figure 1. While the full range of period is used for the Z 76 

data, for VTFs we omitted long periods (> 6500 s) to avoid external source 77 

bias, which becomes important at shorter periods for VTFs than for 78 

impedances (e.g., Dmitriev and Berdichevsky, 1979; Egbert, 1989). 79 

Details of our inversion strategy are discussed in the SM. Here we note that i) 80 

we assigned error floors of 5% of 
1/2

xy yxZ Z  for all Z components and a constant 81 

value of 0.03 for VTFs, ii) we used a nested modeling approach to reduce the 82 

size of the model domain, iii) we count on a fine enough parameterization in 83 

the uppermost part of the model to allow for any near-surface (static shift) 84 

effects. We conducted more than 20 inversion runs to assess sensitivity of 85 

results to inversion parameters (e.g., grid resolution, model smoothing length 86 

scales), or to subsets of data (e.g., Z or T by themselves, see Figure S3). In 87 

addition, we performed sensitivity studies to verify depth resolution of the data 88 

(see Figure S4). Two main conclusions are worth mentioning here. First, 89 
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increasing the nominal grid resolution from 25 km to 12.5 km resulted in 90 

significantly better data fits. Second, based on the depth resolution study we 91 

conclude that structure is resolvable through the upper mantle to ~ 400 km 92 

depth. In the remainder of this paper we focus on a single preferred solution, 93 

computed on a 12.5 km resolution grid, and fitting the full dataset to a 94 

normalized root mean square misfit of 1.46.  95 

3. The 3D Resistivity Model and Discussion 96 

3.1. Overview  97 

The 3-D resistivity model, which we present in a series of section and plan 98 

views, reveals regional to “semi-continental” structures from the middle to 99 

lower crust through the upper mantle, with scales of a few hundred to nearly a 100 

thousand km. These structures generally reflect the transition from the 101 

tectonically active margin in the west, to the more stable North American 102 

craton in the east. Many near-surface features of scale comparable to site 103 

separation exist as well of course. These serve to represent the effects of 104 

shallow local structures (static distortion; e.g., Chave and Jones, 2012), but in 105 

detail are poorly resolved by the wide site spacing. 106 

To introduce the model, we plot a representative east-west cross section 107 

located along latitude 42.5˚N in Figure 2. The principal resistive features in this 108 

model cross-section include the oceanic lithosphere beneath the subducting 109 

Gorda plate, the deep root of the Wyoming Craton (WYC), and generally 110 
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resistive middle crust. A very prominent layer of variable but low resistivity (3-111 

50 Ω.m) is found near the Moho (white dashed line in Figure 2), extending 112 

from beneath the Klamath Mountains near the coast, through the CVA, the 113 

NBR and the SRP. This layer generally lies within the lower crust, except 114 

below the SRP where the conductivity is especially pronounced and extends 115 

into the uppermost mantle, consistent with the results of Kelbert et al. (2012). 116 

Some isolated deep crustal conductors also lie within the WYC. In the mantle 117 

between the Gorda plate and the WYC, resistivities are moderately low (15-20 118 

Ω.m) below ~200 km, but are somewhat higher (~ 100 Ω.m) from ~ 60 through 119 

150 km. The lowest deep upper mantle resistivities are seen at the far eastern 120 

edge of the profile. As we shall discuss, the mantle resistivities are consistent 121 

with a thin thermal continental lithosphere only 50-70 km thick in the active 122 

provinces of the west, increasing to 200-250 km under the cratonic stable 123 

areas.  124 

While the section view captures many important characteristics of the 125 

resistivity model, there are also strong variations from north to south, as we 126 

show through a series of plan views. For the shallowest layers which span the 127 

upper crust, model resolution is poor, due both to lack of short period data 128 

(e.g., a skin depth in 100 Ω.m at 10 s period is ~ 15 km) and wide site spacing. 129 

Nonetheless, even very shallow layers (Figure 3a) show strong correlation of 130 

model character with physiographic province. For example, there are 131 

consistently low resistivities on the continental shelf off the west coast 132 

(accounting for sediments not included in the prior model), and in the thick 133 
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sedimentary sections of the Great Plains, while resistivities are consistently 134 

high in the Northern Rocky Mountains (NRM), and in the northern Sierra 135 

Nevada mountains in California. At somewhat greater depths (Figure 3b), the 136 

dominantly resistive middle crust is prominent, with local conductive features 137 

associated with the CVA and perhaps localized metasedimentary bodies with 138 

graphite and sulphides in the eastern Precambrian domains discussed later. 139 

There are also mid-crustal conductors in northwestern Utah and western 140 

Nevada associated with the highly extended Bonneville and Lahontan basins, 141 

and in south-central Washington associated with Tertiary sediments that 142 

underlie the Columbia River Basalts (Stanley et al., 1996). 143 

From the lower crust downward the resolving power of the MT TA array and 144 

the implications of resistivity for tectonic processes come into their own. We 145 

proceed next to describe and interpret the primary resolved structural elements 146 

using available constraints on deep temperatures and compositions from 147 

tectonic models, seismology and petrology. Our discussion generally proceeds 148 

from shallower (lower crustal) to deeper (aesthenospheric) levels, with 149 

intermediate sections focused on sub-regions, including the cratonic core, 150 

Cascadia subduction zone, the accreted oceanic terrane Siletzia, and the 151 

Yellowstone hotspot. The imaged resistivity variations reflect thermo-tectonic 152 

processes in subduction, mineralogical hydration/dehydration, magma 153 

generation and movement, magma storage and fluid exsolution, stable 154 

platform integrity, and the inherited fabric of terrane suturing. 155 
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3.2. Conductive lower crust/uppermost mantle 156 

The lateral extent of the conductive layer near the Moho (Figure 2) is shown in 157 

Figures 4a and 4b, where we plot resistivity for depths of 31-37 km and 54-65 158 

km. Low resistivities are found at these deep crustal/uppermost mantle depths 159 

over most tectonically active areas in the region, including the NBR, SRP, and 160 

HLP. The conductive lower crust beneath southeastern Oregon is terminated 161 

abruptly by the Klamath-Blue Mountain Lineament (KBL; Riddihough et al., 162 

1986), with higher resistivities to the NW beneath the Columbia River Plateau 163 

(CRP), and in the Washington and Oregon Coast Ranges (Patro and Egbert, 164 

2008). This more resistive area to the northwest in turn is broken by a north-165 

south band of low resistivity underlying the CVA.  166 

High conductivities in the lower crust in the tectonically active western U.S. 167 

have been reported previously (e.g., Stanley et al., 1977, 1990; Wannamaker 168 

et al., 1997a, b; 2008; Patro and Egbert, 2008; Kelbert et al., 2012). As 169 

discussed in Wannamaker et al. (2008), elevated lower crustal conductivities in 170 

extensional areas such as the NBR are most plausibly explained by 171 

underplated, hybridized magmas and highly saline fluids exsolved therefrom, 172 

residing below the brittle-ductile transition down through Moho depths. 173 

Volumes of only a few tenths of percent for hypersaline fluids, to perhaps a few 174 

percent for water-undersaturated melts, would be sufficient to match model 175 

conductivities (op. cit.). Figures 4 and 5 show compellingly how pervasive 176 

these lower crustal conductors are in the region. Dense MT profiling including 177 
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higher frequencies in the NBR has followed fluid connections from such 178 

underplating through conductive crustal-scale fault zones to geothermal 179 

systems near-surface (Wannamaker et al., 2008).  180 

In many places the conductive layer appears to extend into the uppermost 181 

mantle (Figure 4b). This is particularly evident beneath the SRP, where Kelbert 182 

et al. (2012) inferred that much of the high conductivity must be sub-Moho 183 

(Figure 5). Indeed, surface wave tomography reveals extremely low shear 184 

wave velocities in the upper mantle below the SRP, but normal to slightly fast 185 

velocities in the lower crust (Gao et al., 2011), relative to regional averages. 186 

These higher conductivities in the mantle should reflect presence of melt given 187 

likely temperatures, again in quantities of only a few volume percent (e.g., Park 188 

et al., 1996; Wannamaker et al., 2008; Kelbert et al., 2012).  189 

High conductivities beneath the Cascade arc and forearc (Figures 3b, 4a and 190 

5) are interpreted as due to aqueous fluids, in this case associated with slab 191 

dehydration and arc magmatism (Wannamaker et al., 1989; Peacock, 2003), 192 

although melt could also be present beneath the arc (e.g., Hill et al., 2009). 193 

Note that low resistivities beneath the arc generally extend to shallow depths 194 

(~ 10 km or less), much as in the EMSLAB models of Wannamaker et al. 195 

(1989) and Evans et al. (2013) for the arc region across northwestern Oregon.  196 

 197 

 198 
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3.3. Conductivity anisotropy in the uppermost mantle? 199 

Low resistivities beneath actively extensional areas at Moho and uppermost 200 

mantle depths generally have a very “streaky” appearance, with elongate 201 

zones of higher and lower resistivity separated by a distance comparable to 202 

the TA site spacing (Figure 4). In the HLP and NBR of southeast Oregon, 203 

structures align east-west, swing to a more southwesterly direction in northern 204 

Nevada, are north-south further east in the NBR, and lie east-northeast along 205 

the magmatic eastern SRP. These conductive and resistive bands may not be 206 

well resolved individually, but instead collectively serve to represent bulk 207 

electrical anisotropy (with current flowing more readily along the conductive 208 

axes) within the otherwise isotropic ModEM model (Heise and Pous, 2001; 209 

Wannamaker, 2005). For example, impedances phases for the two source 210 

polarizations (corresponding to E-W and N-S current flow) exhibit smooth and 211 

consistent differences across southeastern Oregon when sampled at the data 212 

sites at a period of 100 s (see SM, Figures S1a and S1b). With more closely 213 

spaced stations one might observe the banding to exhibit finer-scale spacing 214 

laterally than seen in the present model. 215 

The east-west orientation of reduced resistivity in the uppermost mantle below 216 

southeastern Oregon correlates with the fast-axes for seismic waves inferred 217 

from large SKS split times (2.5 s or more) observed in this area (Long et al., 218 

2009). This correlation holds more broadly throughout the NBR and SRP 219 

(West et al., 2009; Lin et al., 2010; Figures 4a and 4b). Seismic anisotropy 220 
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often is interpreted to result from lattice-preferred orientation (LPO) of olivine 221 

(e.g., Karato et al., 2008), However, LPO appears insufficient to explain the 222 

resistivity anisotropy for possible crystal water contents at these pressures, 223 

and the overall values of resistivity are simply too low for solid state 224 

mechanisms at likely Moho-level temperatures (1000-1200 °C; Lachenbruch 225 

and Sass, 1978; Yoshino et al., 2006; Poe et al., 2010; Du Frane and 226 

Tyburczy, 2012; Karato, 2013). We thus favor melt as an explanation for the 227 

low resistivities in the uppermost mantle (e.g., Yoshino et al., 2010), with 228 

shape-preferred orientation of melt pockets or sheets again aligning with 229 

mantle shear flow (Zimmerman et al., 1999; Holtzman et al., 2003; Kohlstedt 230 

and Holtzman, 2009) possibly accounting for the apparent anisotropy. Indeed, 231 

Long et al. (2009) conclude that the unusually large SKS splits observed in 232 

southeastern Oregon may require at least a component of anisotropy due to 233 

orientation of melt pockets. 234 

3.4. Resistive cratons, conductive sutures 235 

Low resistivities are also found in the 31-65 km depth range (Figures 4a and 236 

4b) in a northeast trending band within the Great Falls Tectonic Zone (GFTZ), 237 

the Belt Basin (BB), on the edges of array coverage to the southeast in the 238 

Cheyenne Belt (CB), and to the north in the southern Alberta-British Columbia 239 

conductor (SABC; Gough, 1986). Crustal conductive anomalies in these areas 240 

are not likely to be associated with present-day fluids or melts, given the 241 

Proterozoic age of these geologic features. High conductivities such as these 242 
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have been frequently observed along terrane boundaries and sutures, and are 243 

most often interpreted as resulting from graphite or sulfides emplaced, 244 

metamorphosed and remobilized in the lower crust or deeper during 245 

subduction and/or orogenesis (Boerner et al., 1996; Jones et al., 2005; 246 

Wannamaker, 2005). 247 

The trends separate major deep resistive blocks in the northeast (Figures 4a 248 

and 4b). The two clearest are readily identified with stable Archean continental 249 

lithosphere of the WYC and the Medicine Hat Block (MHB), accreted to the 250 

North American core at ~ 1.8 Ga across the GFTZ (Whitmeyer and Karlstrom, 251 

2007; Gaschnig et al., 2013). The western edge of the MHB is poorly defined, 252 

possibly extending into eastern Washington (e.g., Whitmeyer and Karlstrom, 253 

2007), or perhaps truncated at the eastern edge of the Mesoproterozoic Belt 254 

Basin in Montana (e.g., Link et al., 1993; Foster et al., 2006). A third 255 

substantial resistive mantle feature seen in Figures 4a and 4b is the Colorado 256 

Plateau (CP) in the southeastern corner of the array, to the south of the WYC, 257 

of which only the northern part has data coverage. However, the WYC is 258 

clearly separated from the moderately resistive southern RM to the southeast 259 

by the northeast-trending Cheyenne Belt. 260 

The GFTZ has corresponding gravity and magnetic anomalies and has 261 

impressed structural control on essentially the entire Phanerozoic sedimentary 262 

cover (Thomas et al., 1987; Boerner et al., 1998). The GFTZ appears to be 263 

truncated on the east by the Proterozoic Trans-Hudson Orogen (THO), and so 264 
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predates amalgamation of the Superior and Hearn provinces (e.g., Whitmeyer 265 

and Karlstrom, 2007). Low resistivities in the GFTZ are found over a broad 266 

swath (~ 150-200 km), with northeast trending streaks again suggesting 267 

equivalent bulk anisotropy. The conductivity we see in the GFTZ is much 268 

stronger than was sampled earlier in southwestern Saskatchewan (cf. Boerner 269 

et al., 1998), supporting an interpretation as a locus of accretional collision 270 

rather than simply an ancient intra-continental shear zone. 271 

The Cheyenne Belt conductor lies in the northeast striking shear zone which 272 

records collision of a large Proterozoic arc terrane with the WYC (Whitmeyer 273 

and Karlstrom, 2007) along the eastern edge of our array near the Wyoming-274 

Colorado border (Figures 4a, 4b and 6a). The Cheyenne Belt may be the 275 

southwestern terminus of the continental-scale North American Central Plains 276 

(NACP) anomaly (Alabi et al., 1975; Boerner et al., 1996; Jones et al., 2005), 277 

which otherwise lies ~ 200 km beyond the eastern edge of the MT array, and 278 

is associated with the THO (Camfield and Gough, 1977). The NACP anomaly, 279 

extending from northern Saskatchewan through the Black Hills of South 280 

Dakota and into SE Wyoming, is one of the largest known conductive features 281 

globally, and may influence other data within our array (see sec. 3.6, and SM). 282 

Jones et al. (2005) review regional magnetovariational (MV) and MT 283 

observations, concluding that high conductivities in the crust are generally well 284 

connected along strike but poorly connected across strike, and associated in 285 

outcrop with a mix of sheared graphitic metasediments and sulfide 286 

mineralization. 287 



 16 

The Middle Proterozoic Belt Basin (Link et al., 1993; Lydon, 2007) lies in 288 

northwestern Montana, northern Idaho and northeastern Washington, and 289 

formed in response to block faulting and subsidence prior to the Late 290 

Proterozoic continental margin formation of western Laurentia. It contains 291 

nearly 20 km (original section) of sediments including abundant carbonaceous 292 

and sulfide-bearing turbidities causing a string of low resistivity anomalies in 293 

the middle and lower crust (Bedrosian et al., 2007; cf. Jones et al., 1997) 294 

(Figures 3b, 4a and 6a). Nearly contemporaneous with deposition was 295 

extensive mafic magmatism (Moyie group) which contributed to subsidence, 296 

metamorphism and sulfide/graphite remobilization (Lydon, 2007). The basin 297 

continues into SW British Columbia, just off our array, where it hosts the world-298 

class Sullivan SEDEX sulfide deposit (op. cit.). 299 

Just across the Canadian border with Idaho, the inversion images high 300 

conductivities extending well into the mantle (Figures 6a and 7a). Plots of 301 

tipper (SM) suggest that the imaged conductor continues northeastward 302 

outside of our array, perhaps connecting with the extensive SABC conductor 303 

mapped with early MV array data (Gough, 1986; Gough et al. 1982, 1989). 304 

The nature of the SABC is clarified by Nieuwenhuis et al. (2013), who used 3D 305 

inversion of MT array data from this area to map what they name the Loverna 306 

conductor in the upper mantle at the southern edge of the Hearne craton’s 307 

Loverna block. This block abuts and underthrusts the Vulcan Structure of 308 

southern Alberta (Eaton et al., 1999) separating the Hearne craton from MHB. 309 
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Both the Cheyenne Belt and SABC conductors extend to depths approaching 310 

100 km (Figure 6a), but considering that these structures lie near the edge of 311 

our array this result should be treated cautiously. However, in other settings 312 

substantial depth extents have been inferred for suturing structures. Moho-313 

level and uppermost mantle conductors observed below the Southern 314 

Appalachians mountain chain (Ogawa et al., 1996; Wannamaker, 2005) have 315 

been interpreted as deeply under-thrust graphitic sediments associated with 316 

the Grenville and Taconic orogenies. Beneath the Slave and Rae provinces of 317 

northwestern Canada, fossil subduction signatures assigned to deeply under-318 

thrust metasediments persist to > 100 km (Jones et al., 2003; Türkoglu et al., 319 

2009). Association in some cases with diamondiferous kimberlites (Jones et 320 

al., 2005) suggests graphitic material can be carried beyond stability to the 321 

diamond field (150-160 km depth) where carbon conductivity ceases. 322 

3.5. Siletzia and the Slab Curtain 323 

In deeper plan views through the upper mantle at 94-113 km, 136-164 km, 324 

197-236 km and 284-340 km depth ranges, a large coherent resistive volume 325 

underlies northwestern Washington and northern Idaho (Figure 7). It dips to 326 

the north and east of the resistive CRP lithosphere (Figure 4), and is 327 

coincident with the sub-vertical, high velocity feature (black and white dashed 328 

outline in Figure 7) interpreted by Schmandt and Humphreys (2011) to be a 329 

piece of relict subducted Farallon plate, which they refer to as the “slab curtain” 330 

(SC). Although directly adjacent to the MHB to the east, the 3D resistivity 331 
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model suggests that the SC is a separate structure. For example, the section 332 

view along latitude 48.5°N (Figure 8a) shows that the SC is separated from the 333 

MHB by a conductive structure extending through the lithosphere, essentially 334 

the SW end of the SABC anomaly. Further south along 47.5°N (Figure 8b), 335 

where the two resistive blocks are in contact, there is a step offset in the depth 336 

where mantle resistivity increases to 100 Ω.m: 300 km for the SC compared to 337 

200 km for the MHB. 338 

Humphreys (2009; see also Gao et al., 2011) interprets the roughly triangular 339 

continental block northwest of the Klamath-Blue Mountain Lineament 340 

(extending out to the coast, and thus referred to as Siletzia; white dashed 341 

outline in Figures 4a and 4b), as a piece of Farallon lithosphere that accreted 342 

within the Columbia Embayment at ~ 48 Ma (Madsen et al., 2006). In eastern 343 

Washington, Siletzia is interpreted to have underthrust older crust. Schmandt 344 

and Humphreys (2011) extend this model to explain the SC, interpreting the 345 

vertical zone of high seismic velocity as the down-dip (already subducted) 346 

continuation of the accreted Farallon plate. In this model, Farallon subduction 347 

was flat prior to accretion, associated with Laramide orogeny. After subduction 348 

jumped to the west, the slab rolled back, allowing aesthenospheric flow into a 349 

newly opening mantle wedge, and leading to an intense surge of Challis 350 

magmatic activity as the thoroughly hydrated lithosphere heated up.  351 

 352 

The MT results are clearly consistent with this conceptual model. The inferred 353 

Siletzia province is almost uniformly resistive, except where broken by the 354 
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Cascade arc. The lithospheric mantle beneath the CRP is resistive to depths of 355 

~ 100 km (Figures 4b and 7a), with the high resistivities extending off the 356 

eastern and northern edges, dipping steeply to ~ 300 km. These high 357 

resistivities are expected for oceanic lithosphere, similar to the subducting 358 

Juan de Fuca plate (JdF) and Gorda plates (Figure 2; also see Sec. 3.6). 359 

Indeed, the resistivity section through the putative slab curtain at 48.5°N and 360 

47.5°N looks remarkably like a pair of “en echelon” subduction zones, with the 361 

60 Ma subduction zone ~ 500 km to the east, just where the fossil arc 362 

suggests it should be (e.g., see Figure 2 in Schmandt and Humphreys, 2011). 363 

3.6. Subduction zone and backarc  364 

Resistive oceanic lithosphere appears as a continuous feature all along the 365 

western edge of the continent (plan view of Figure 7, section view of Figure 8). 366 

The imaged top of this resistive feature generally agrees well with seismic 367 

constraints on slab geometry to 90 km depth (McCrory et al., 2012). Resolution 368 

tests (see SM) suggest that a conductive oceanic aesthenosphere (which 369 

would be expected; e.g., Wannamaker et al., 1989; Worzewski et al., 2010) is 370 

permitted by the MT TA data, although not required mainly because we have 371 

no marine coverage. The land data require only a layer of sufficiently high 372 

resistance to constrict ocean induced currents near the surface, with rapid 373 

shorting into the mantle once the backarc is reached.  374 

The eastern boundary of the resistive oceanic lithosphere appears to curve 375 

around to the east and extend along the southwestern edge of the array. While 376 
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much of this resistive area is beyond the array coverage, the initial bend to the 377 

east near latitude 40°N (Figure 7) is in fact fairly well sampled, and consistent 378 

with tomographic images (Sigloch et al., 2008; Schmandt and Humphreys, 379 

2010; James et al., 2011), which show high P and S velocities curving 380 

eastward at 200-300 km depth at this latitude. Thus, while the eastward sweep 381 

of high resistivity may be exaggerated by inversion smoothing and edge 382 

effects, the general trend probably reflects the geometry of the subducted plate 383 

in this area. We note also that sparse legacy MT data south of our coverage in 384 

the Great Valley block of central California show substantial oceanic electrical 385 

current trapping within lower resistivity of the upper crust, with high resistivities 386 

below to great depth (Mackie et al., 1988; 1997). 387 

The section views of Figure 8 commonly show deep-crustal, quasi-horizontal 388 

patches of low resistivity in the near fore-arc region of the CVA. We believe 389 

these are analogous to the lower crustal zones of accumulated fore-arc fluids 390 

interpreted from previous dense MT transect studies in Cascadia and 391 

elsewhere (Wannamaker et al., 1989; Soyer and Unsworth, 2006; Worzewski 392 

et al., 2010). The fluids are believed to evolve from breakdown (eclogitization) 393 

of greenschist and higher-grade hydrate minerals in the downgoing slab under 394 

thermal control (Peacock, 2003; Worzewski et al., 2010), and to buoyantly rise 395 

and collect in the deep crust. Given likely temperatures, these are not 396 

considered to be melts, although they may verge on such as the arc is 397 

approached. In the dense MT studies (e.g., Wannamaker et al., 1989; Evans 398 

et al., 2013; McGary, 2013), the fore-arc limit of these conductors appears to 399 



 21 

correspond to loss of coherent seismic contrasts along the top of the 400 

subducting plate, as seen in receiver function surveys (Bostock et al., 2002; 401 

Rondenay et al., 2008a,b). The trenchward limit of such conductors may lie 402 

close to generation zones of episodic tremor and slip (ETS) which Audet et al. 403 

(2010) argue may result from high fluid pressure near the tip of the mantle 404 

wedge. Resolution of such details requires more densely sampled broad-band 405 

MT data on land, and ideally also offshore (Evans et al., 2002; Worzewski et 406 

al., 2010). 407 

The fore-arc low resistivity features commonly extend eastward beneath the 408 

arc (Figures 2, 4, 5 and 8), although there is significant variability along the 409 

subduction zone. Sometimes these features reach the mid-upper crust (Figure 410 

3b), where they can be interpreted to stem from shallower level structural 411 

disruption, magma emplacement, or fluid egress. Again, such structures have 412 

been resolved to much greater detail in finer-spaced MT surveys including 413 

shorter period data in Cascadia (Wannamaker et al., 1989; Hill et al., 2009; 414 

Evans et al., 2013), and other arc settings (e.g., Ingham et al., 2009; Heise et 415 

al., 2010). 416 

Larger-scale zones of low resistivity (10-100 Ω.m) rise to shallow depths in the 417 

backarc above the subducting plate (Figures 7b and 8), with “plumes” of low 418 

resistivity nearing the sub-arc conductive zone in several places. In particular, 419 

three localized conductive features (labeled on Figure 7b) are worth more 420 

detailed discussion. BA1 (in Washington State), is a very conductive structure 421 
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seen dipping steeply to the east in vertical section B-B’ at 47.5°N (Figure 8b). 422 

At shallow depths this conductor tilts to the south towards the Cascade arc 423 

volcanoes Mt Rainier, Mt Saint Helens and Mt Adams, possibly approaching 424 

the crustal conductor imaged beneath this area by Hill et al. (2009). At depth, 425 

this structure extends below 200 km, where it bends to the southeast (Figures 426 

7c and 7d). Seismic tomography images high velocities in this area at 200 km 427 

depth (e.g., Tian et al., 2009; Schmandt and Humphreys, 2010; James et al., 428 

2011), interpreted as the subducting plate. We suggest that the high 429 

conductivities of BA1 may represent upwelling aesthenospheric corner flow 430 

driven by subduction, and are thus above the seismically fast (and resistive) 431 

subducting plate, with the actual interface depth lacking good resolution in the 432 

MT model. The bend of BA1 to the southeast suggests that the 433 

aesthenospheric flow is constrained to a relatively narrow conduit by the highly 434 

viscous SC to the east (Figures 8a and 8b). Given that an appreciable amount 435 

of slab water may be carried far inland of an arc (Hacker, 2008), some flux 436 

melting of the upper mantle could be promoted within most of this conductive 437 

zone.  438 

South of BA1 there is a resistive gap in the backarc in southern Washington. 439 

South of the Washington/Oregon border, resistivities fall again; moderately low 440 

values (~ 30 Ω.m) extend west of the arc in the deepest layers near the 441 

Columbia River (Figures 7c, 7d and 8d) just where seismic tomography 442 

images an apparent gap in the high velocities of the JdF plate (Rasmussen 443 

and Humphreys, 1988; Schmandt and Humphreys, 2010; James et al., 2011; 444 
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Chu et al., 2012). Although Roth et al. (2008) suggest that this gap may be an 445 

imaging artifact resulting from a strong low velocity anomaly to the east, 446 

Sigloch (2011) argues that the gap can be connected to a tear in the slab 447 

which extends far to the northeast. Chu et al. (2012) combined tomography 448 

and waveform modeling to provide more detailed images of the subducting 449 

plate, which they model as extending no deeper than ~ 150 km near the 450 

Oregon/Washington border. East of Seattle, Washington, they image a 451 

segment of high P-velocity JdF slab that dips southeastward, extending to at 452 

least 250 km depth, lying nearly coincident with the resistive zone in southern 453 

Washington (Figure 7d).  454 

Similar interpretation can be applied to conductive upwellings BA2 and BA3, 455 

with details of geometry influenced by differences in the subducting plate and 456 

relict structures in the continental mantle. BA2 in the central part of the arc in 457 

east-central Oregon (Figures 7b and 8e) is most prominent in section E-E’ at 458 

44.5°N, but also is visible in section D-D’ at 45.5°N, rising more directly under 459 

the arc. It coincides with a prominent slow anomaly seen in seismic 460 

tomography images (e.g., Roth et al., 2008; Schmandt and Humphreys, 2010; 461 

James et al., 2011; Darold and Humphreys, 2013). Similarly, the southerly 462 

conductor BA3 (Figure 7b; section views I-I’ and J-J’ in Figures 5b and 5c) is 463 

just east of the south edge of the Gorda Plate in northeastern California. If 464 

thermal and deformational effects from slab window formation south of Cape 465 

Mendocino (Dickinson and Snyder, 1979) are restricted to a band within ~ 80 466 

km of the coast, as suggested by Hayes and Furlong (2007) and McCrory et 467 
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al. (2009), the high conductivities of BA3 should also reflect backarc 468 

processes. BA3 may also correlate with a geographically coincident, low Vs 469 

anomaly that develops below 100 km depth in the tomographic image of 470 

Gilbert et al. (2012).  471 

3.7. Yellowstone 472 

The Yellowstone region represents one of the most intense upper mantle 473 

upwelling zones in the western U.S. with massive caldera eruptions in the 474 

geologic record (Smith et al., 2009). Resistivity inversions of MT TA data 475 

localized to this area have yielded disparate results (Zhdanov et al., 2011; 476 

Kelbert et al., 2012). Our model resembles the second of these in showing 477 

high conductivity in the uppermost mantle beneath the SRP and in the middle 478 

crust below YS, but a moderately resistive (100-300 Ω.m) lowermost crust and 479 

upper mantle directly beneath the caldera (Figure 6). We note that both our 480 

study and that of Kelbert et al. (2012) inverted all four complex impedance and 481 

both complex tipper elements with very good fits throughout the period range. 482 

Seismic surface and body wave tomography models resolve low velocities, 483 

attributed to melt, to depths of ~ 200 km beneath the caldera, extending to the 484 

southwest beneath the SRP (Smith et al., 2009; Wagner et al., 2010; 485 

Schmandt & Humphreys, 2010; Obrebski et al., 2011; Tian and Zhao, 2012). 486 

Near the caldera, body wave models show the low velocity zone dipping to the 487 

WNW and weakening between 200-400 km, before strengthening again in the 488 

transition zone and lower mantle. The seismic results thus are consistent with 489 



 25 

some sort of plume of hotter and possibly melting material below YS. One 490 

might expect zones of melting to show low resistivity if melt is interconnected 491 

over distances that are at least a large fraction of their depth (e.g., Yoshino et 492 

al., 2010). 493 

However, the seismic attenuation study of Adams and Humphreys (2010) 494 

reveals further complexities, which may help to reconcile the MT and seismic 495 

results. These authors found that above ~ 200-250 km, seismic attenuation 496 

beneath the caldera was significantly lower than in the adjacent surrounding 497 

mantle. The relatively high surrounding attenuation may represent significant 498 

mantle hydration, with reduced attenuation in the hotter plume core explained 499 

by melt induced dehydration of the solid matrix. In fact, the incipient low-500 

temperature melting of rising upper mantle plume induced by intracrystalline 501 

water should be of very low volume (< 0.1%, Adams and Humphreys, 2010) 502 

and unlikely to segregate (i.e., develop long range interconnection), consistent 503 

with the relatively high resistivities we see. At shallower levels (< 100 km) the 504 

seismic and EM results could be reconciled if melt in this domain does not 505 

possess long range horizontal interconnection, but instead tends to coalesce 506 

and leave the system in steep, episodic conduits with little effect on horizontal 507 

MT source fields. In fact, the recent laboratory experiments of Garapić et al. 508 

(2013) show that grain boundary melt should lead to seismic attenuation, but 509 

the model of Adams and Humphreys shows low attenuation to almost 510 

arbitrarily shallow levels in the YS core zone. 511 
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Our wider aperture model suggests low resistivities in the mantle off to the 512 

WNW side of the modern caldera, where resistivities of 10 Ω.m or less extend 513 

to 150-200 km depth, and with somewhat weaker lows to the ESE (sections L-514 

L’ and M-M’ in Figure 6; also Figure 4b). Schmandt and Humphreys (2010) 515 

show a strong Vp/Vs anomaly closely coincident with the deeply extending low 516 

resistivity to the northwest side of the SRP. Typically such seismic anomalies 517 

are attributed to low rigidity volumes such as melts, which as noted must 518 

possess long range interconnection to reduce resistivity. 519 

3.8. Aesthenospheric mantle conductivity 520 

A definition of the aesthenosphere is the deeper zone of the upper mantle that 521 

is ductile and weak, and is disconnected mechanically from the overlying 522 

lithosphere which is relatively strong and coherent (e.g., Turcotte and 523 

Schubert, 2002). We divide our section view in Figure 2 into material that 524 

belongs to one or the other of these two fundamental domains across the 525 

lithosphere-aesthenosphere boundary (LAB) (long dashed black line in Figure 526 

2). For the active magmatic or extensional regions from the CVA through the 527 

HLP and SRP to YS, the relatively shallow LAB is consistent with petrologic 528 

evidence for high mantle temperatures ~ 70 km beneath the SRP (Leeman et 529 

al., 2009), and at even shallower depths beneath the HLP (Long et al., 2012; 530 

Till et al., 2013). Such an LAB conforms to seismic receiver function estimates 531 

as well (Levander and Miller, 2012). Temperature profiles estimated from both 532 

P- and S-wave tomography (Goes and van der Lee, 2002) imply almost 533 



 27 

adiabatic conditions with a potential temperature Tp near 1300°C from ~ 70 km 534 

down through the upper mantle. Below the cratonic elements to the east, the 535 

tomographically inferred adiabat and LAB are not reached until depths ~ 200 536 

km (op. cit.). Constraining the domain and temperature of the aesthenosphere 537 

in this way allows us use the inverted electrical resistivity for other purposes, 538 

namely, to understand state of hydration and melting there. 539 

Below the active regions in Figure 2, the upper aesthenosphere from just 540 

below the crust to depths of 150-200 km is not conductive, but rather lies near 541 

100 Ω.m. This may be a minimal value given that inversion regularization 542 

tends to bleed conductive lower crust downward, so higher resistivities in a thin 543 

layer of thermal mantle lithosphere cannot be ruled out. From ~ 200 km 544 

downward, resistivities mainly are considerably lower, in the 15-30 Ω.m range. 545 

Under the cratonic areas, the data do not resolve an upper and a lower zone of 546 

aesthenospheric resistivity, but rather exhibit a simple but large drop in 547 

resistivity to values of a few 10’s of Ω.m or even < 10 Ω.m on the eastern edge 548 

of the study area. As we show in the SM, these latter high, deep conductivities 549 

may reflect contamination by the NACP, 200 km further east. Basic character 550 

of the section in Figure 2 is borne out in the other sections of Figure 5.  551 

To facilitate further discussion of deep model resistivity variations we construct 552 

spatially averaged conductivity-depth profiles for eight areas (shown in Figure 553 

9a), each relatively homogeneous below roughly 100 km depth. Four of the 554 

areas (solid lines in Figure 9a) are in tectonically active areas, with the 555 



 28 

remaining four in the older and more stable part of the continent to the east 556 

(dashed lines in Figure 9a). Areas beneath the subducting JdF oceanic plate 557 

are not considered here. The profiles are shown for the two groups in Figures 558 

9c and 9d, together with laboratory-based estimates of resistivity profiles (Poe 559 

et al., 2010), assuming an aesthenospheric Tp of 1300°C and an adiabatic 560 

gradient of 0.3°C/km (Turcotte and Schubert, 2002). 561 

For all of the tectonically active areas (Figure 9c) resistivities for depths of ~ 562 

70-150 km are consistent with lab results for dry olivine within uncertainty, 563 

assuming the above temperatures. This suggests that the shallowest 564 

aesthenosphere in this area has been purged of volatiles and low-melting 565 

components during the region’s extensive Late Cenozoic history of magmatism 566 

and is now nearly dry. Much of that melting in the upper mantle is what we 567 

interpret to have ponded near Moho depth levels to produce the widespread 568 

and pronounced peak in conductivity discussed in section 3.2 with Figures 4a, 569 

4b and 5. Of course, a portion of this melting is visible at the surface in the 570 

lavas widespread over the region today. All of the averaged resistivity profiles 571 

in Figure 9c are quite similar below 100 km, and necessitate increasing 572 

hydration with depth (~ 350 ppm by 300 km) to match the lab results. 573 

For a plan view perspective, the 284-341 km model layer in Figure 9a should 574 

be well within the aesthenosphere throughout the model domain (except in the 575 

subduction zone). To compare the model slice to laboratory results we also 576 

plot (Figure 9b) resistivity at 300 km depth for a range of temperatures and 577 
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water contents, computed from the geometric average of the single crystal 578 

laboratory resistivity measurements for olivine given in Poe et al. (2010). Over 579 

most of the domain, model resistivities at this depth are consistent with the 580 

laboratory results for reasonable mantle temperatures, assuming moderate 581 

levels of hydration (several hundred ppm). An adiabat alone however is 582 

insufficient to explain the shapes of the resistivity profiles in the presumed 583 

aesthenosphere. Melting is not required, below 200 km, and in fact should not 584 

be occurring at assumed temperatures given the limited inferred water content. 585 

The experimentally-based “damp” solidi in Hirschmann et al. (2009) show that 586 

a water content of 400-500 ppm and an adiabat similar to ours would induce 587 

incipient melting in the depth range 150-200 km, consistent with our 588 

interpretation. 589 

For all of the cratonic areas (Figure 9d), resistivities compatible with 590 

aesthenospheric temperatures are not reached until depths of at least 200 km, 591 

with the thickest thermal lithosphere (300 km) found beneath the southeastern 592 

part of the Wyoming craton, and in the “slab curtain” beneath eastern 593 

Washington and northern Idaho. The lowest deep resistivities are found east of 594 

the Rocky Mountain front in Montana and Wyoming. Although this average 595 

may possibly be contaminated by the NACP to the east, a large patch of the 596 

low resistivity (10 Ω.m) extending over much of eastern Montana is well within 597 

the array coverage and is considered well resolved. The area north of the SRP 598 

is also somewhat more conductive (15-20 Ω.m) at depths below 300 km. This 599 

area has been imaged as an area of low Vs at somewhat greater depth (~ 400 600 
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km) by James et al. (2011) (see also Sigloch et al., 2008, and Tian et al., 601 

2009), who have interpreted this anomaly as a gap or tear in the JdF plate 602 

through which hot lower mantle (plume) material might rise to the YS-SRP 603 

area (James et al., 2011; Sigloch, 2011).  604 

4. Comparison to Bedrosian and Feucht Model 605 

Bedrosian and Feucht (2013; this issue; hereinafter BF2013) also present a 3D 606 

resistivity model for the NW US, based on inversion of a subset of the MT TA 607 

data used in our study. They used the code of Siripunvaraporn et al. (2005) to 608 

invert impedances (but not VTFs) from 241 sites (roughly those west of the 609 

Wyoming-Idaho border), in 10 logarithmically spaced period bands from 10-610 

10,000 s (compared to the full, denser set of 22 bands extending up to 611 

20,000s, used here). Details of the numerical grid (slightly coarser in BF2013), 612 

boundary treatment, and model regularization are also somewhat different. 613 

The nRMS data misfit for the BF2013 model is 3.1 compared to the nRMS of 614 

1.46 achieved here, both assuming error floors of 5%. Difference in fit appears 615 

largest at the longest and (to a lesser extent) shortest periods (BF2013; also 616 

personal communication, P. Bedrosian, 2013). Principal model features 617 

nonetheless are generally similar between the two studies. In particular, both 618 

models show resistive oceanic lithosphere, similar patterns of Moho-level high 619 

conductivity throughout the active west, and thick resistive cratons to the east 620 

and northeast with evidence for deep fossil conductive structures such as the 621 

GFTZ and Belt Basin.  622 
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We believe our tighter fit and wider site aperture permit structure to depths of 623 

400 km, allowing us to make important inferences about mantle hydration and 624 

melting; models with little or no structure at these depths can be obtained if 625 

data fit is relaxed sufficiently (Figure S4 and related discussion). 626 

Consequently, our high model conductivities in the back arc (also seen in 627 

BF2013) appear connected to deeper layers of elevated aesthenospheric 628 

conductivity, suggestive of upwelling. At shallower depths, the high crustal 629 

conductivities beneath and often afore the CVA are more pronounced in our 630 

model. In the uppermost mantle our model more clearly exhibits elongate 631 

streaking, which we have suggested may represent finer scale anisotropy. 632 

These smaller-scale features developed in our models as the inversion 633 

converged to tighter data fits; lesser fitting models from earlier inversion stages 634 

were smoother. 635 

In the CRP, we image resistive lithosphere comparable to Coast Range 636 

basement and fit the data there quite well. This supports the interpretation of 637 

Humphreys (2009) and Schmandt and Humphreys (2011) that the lithospheric 638 

block from the coast to near the Idaho border is all Siletzia, accreted to North 639 

America at ~ 48 Ma and overprinted by modern arc volcanism. The BF2013 640 

model CRP resistivities are lower, suggesting to its authors that Siletzia is 641 

terminated on the east near the modern arc and that the CRP lithosphere is 642 

much older. BF2013 interpret the deep resistive block beneath eastern 643 

Washington and Idaho (similar in both models, but imaged to greater depth in 644 

ours) as Archean craton. Model interpretation here must be informed by many 645 
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constraints (see Schmandt and Humphreys, 2011, and BF2013) and warrants 646 

more thought. The most significant difference between the two models is in 647 

south central Washington, where we image a conductive feature (interpreted 648 

as a sedimentary basin beneath the basalt cover) restricted to upper-mid 649 

crustal depths, while in BF2013 this feature appears to extend through the 650 

crust. Depth resolution and character of fitting of the MT data remain issues 651 

deserving close attention. 652 

5. Summary and Conclusions 653 

The vast majority of previous MT campaigns have acquired data in one, or a 654 

few, dense linear profiles, quite different from the layout used for the 655 

Earthscope MT array discussed here. With widely spaced sites distributed on a 656 

quasi-uniform grid covering a large area, tried-and-true interpretation 657 

approaches developed for profiles are generally inapplicable, and the very 658 

sparse distribution of sites raises concerns about effects of near-surface static 659 

distortion, and aliasing due to under-sampling. Indeed, in the planning stages 660 

of Earthscope questions were raised about whether the proposed widely-661 

spaced array sampling strategy would prove useful for imaging Earth 662 

resistivity. The 3D inversion results presented here, and previously (Patro and 663 

Egbert, 2008; Kelbert et al., 2012; Zhdanov et al., 2012), largely lay this 664 

concern to rest. While there is still much to learn about 3D inversion of MT 665 

array data, and while issues of under-sampling and near-surface distortion still 666 

deserve attention (e.g., as suggested by differences with the BF2013 results), 667 
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it seems clear that quite useful images of large scale regional variations in 668 

Earth resistivity can be obtained with the Earthscope sampling strategy. 669 

Although many fine-scale details are of course poorly resolved, the broad MT 670 

TA array coverage provides for the first time a coherent 3D view of regional-671 

scale crustal and upper mantle resistivity variations in the northwestern U.S. 672 

The quasi-uniform site distribution is well suited to 3D inversion, and the wide 673 

aperture of the array, and high quality of long period data, allow resolution of 674 

lateral variations of resistivity nearly to the transition zone.  675 

In broadest terms, the 3D resistivity model reflects the transition from the 676 

tectonically active margin in the west, to more stable North American tectonic 677 

craton in the east. Throughout much of the west, resistivities are very low in 678 

the lower crust and uppermost mantle, almost certainly due to melt and 679 

magmatic fluids. Such conductive features have been commonly observed in 680 

previous MT surveys in this region, but our regional scale images nonetheless 681 

provide new perspectives, clearly outlining the geographic distribution, and 682 

demonstrating just how pervasive these lower crustal conductors are. Our 683 

results also suggest a possible component of anisotropy in the mantle 684 

associated with melt alignment, and reveal regional differences—e.g., low 685 

resistivities appear to extend more deeply into the mantle beneath the SRP 686 

than in the adjacent NBR. 687 

The 3D model also confirms another common observation from prior MT 688 

surveys across the globe, namely that high conductivities are often found in 689 

ancient suture zones, bounding resistive cratonic blocks. Our model again 690 
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provides new perspectives, delineating, at least at large scale, the geometry of 691 

these cratonic blocks and sutures in the northwestern USA in three 692 

dimensions. More broadly, 3D inversion of widely spaced MT array data clearly 693 

has great potential for reconnaissance mapping of relict continental structural 694 

boundaries. 695 

Our 3D images of the Cascadia subduction zone and backarc provide highly 696 

complementary views to the 2D interpretations of dense MT profiles from this 697 

area and greatly expand the context. Qualitatively, similar first order features 698 

are observed, with low resistivities in the near forearc likely due to slab 699 

dehydration and fluid accumulation in the crust. Though broader-scale, our 3D 700 

inversion of the widely spaced MT TA data captures the main features, and 701 

gives some hints of how these vary all along the arc. The 3D images further 702 

suggest connections to deeper structures in the backarc, where we image 703 

generally low resistivities. The variability of back-arc resistivities along the 704 

subduction zone is consistent with physiographic, geochemical and seismic 705 

evidence for arc segmentation (Guffanti and Weaver, 1988; Schmidt et al., 706 

2008; Porritt et al., 2011). The overall large-scale pattern is consistent with 707 

subduction driven upwelling of hot, probably hydrated, and possibly melting 708 

aesthenospheric mantle to a small number of localized “plumes”. Some of the 709 

variations in upflow may reflect control by more impenetrable upper mantle 710 

structures, e.g., subducted oceanic lithosphere. 711 

Mantle resistivities east of the backarc are consistent with a thermal 712 

continental lithosphere that is only 50-70 km thick in the active provinces of the 713 
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west, increasing to 200-250 km under the eastern cratonic areas. Constraining 714 

upper mantle temperatures beneath the active regions to be an adiabat, the 715 

profile of aesthenospheric resistivities implies that the lower half of the upper 716 

mantle is relatively hydrated and fertile (e.g., by Farallon subduction; 717 

Humphreys, 2009), whereas the upper half appears dehydrated and refractory 718 

from melting. The formed melts are those whose products are imaged today at 719 

Moho levels above where they hybridize and release fluids. These conclusions 720 

on mantle hydration derive directly from constraints on temperature, and 721 

highlight the value of such independent information in reducing non-722 

uniqueness in physico-chemical interpretations from resistivity.  723 

While a detailed inter-comparison is beyond the scope of this paper, we note 724 

that our MT model is broadly consistent with recent Earthscope seismic TA 725 

images of the area. For example, surface wave studies reveal low shear wave 726 

velocities in many of the lower crustal and upper mantle areas which we image 727 

as conductive, the resistive cratons are seismically fast, and the seismically 728 

fast CRP lithosphere and slab curtain are highly resistive. There are of course 729 

areas of anti-correlation (e.g., the Washington backarc, where low resistivities 730 

are co-located with fast velocities at 200 km depth), which may in part relate to 731 

the resolving capability for conductors relative to resistors in MT. But there are 732 

also important areas where the MT provides new insights about structures and 733 

processes. These include upper mantle melt source depletion and 734 

dehydration, widespread Moho level magma accumulation and evolution, the 735 

loci of fluids liberated in subduction, and the locations and compositional 736 
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implications of major terrane sutures and relict basins. Clearly, more focused 737 

efforts on joint interpretation of these seismic and MT datasets are warranted. 738 

Finally, this study underscores the need for a large array aperture to image 739 

deep structure. Several large deep features near the edges of the model are 740 

enigmatic, and may indicate boundary effects. These include the excessive 741 

thickness of resistive oceanic lithosphere, with no evidence for an underlying 742 

conductive aesthenosphere, high resistivities at depth along the southeastern 743 

edge of the array in northern California and Nevada, and high conductivities at 744 

the east edge of our array toward the THO. These model features may be 745 

artifacts resulting from a combination of poorly sampled large-scale structure 746 

near the array edge, and incorrect (and poorly known) model boundary 747 

conditions. 748 

749 
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List of Figures 1179 

Figure 1: Map of study area, showing topography, MT site locations (white 1180 

triangles), physiographic provinces, and key elements of the tectonic 1181 

setting, including tectonic plates, contours of the subducting slabs 1182 

(McCrory et al., 2012), the Sr0.706 line (inferred to define the boundary 1183 

between Precambrian North American and accreted terranes to the 1184 

west; DeCelles, 2004), and locations of volcanic and intrusive rocks 1185 

from the NAVDAT database (http://www.navdat.org) plotted as blue 1186 

(age from 17 to 5 Myr) and red (from 5 Myr to present) circles. 1187 

Figure 2: Representative east-west cross section (latitude 42.5°N, line G-G’ in 1188 

Figure 3a), illustrating some of the main features in the preferred model. 1189 

Here, and in other vertical sections, the black short-dashed line denotes 1190 

the top of the subducting plate (McCrory et al., 2012), and the dashed 1191 

white line gives an estimate of continental Moho location derived from 1192 

receiver functions (A. Levander, personal communication; see Levander 1193 

and Miller, 2012). The heavy black long-dashed line represents a 1194 

schematic LAB. OR: Oregon; ID: Idaho; WY: Wyoming; KM: Klamath 1195 

Mountains; CVA: Cascade Volcanic Arc; NBR: Northern Basin and 1196 

Range; SRP: Snake River Plain; WYC: Wyoming Craton. 1197 

Figure 3: Resistivity for representative shallow (1.5 km) and mid-crustal (12-14 1198 

km) layers. Here, and in other depth sections, site locations are plotted 1199 
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as small dots. White lines in a) give locations of vertical cross-sections 1200 

presented in Figures 2, 5 and 8.  1201 

Figure 4: Model resistivity for layers at (a 31-37 km and (b 54-65 km depth, 1202 

with features discussed in text labeled. White dashed line represents 1203 

the outline of Siletzia as defined by Humphreys (2009; see also Gao et 1204 

al., 2011). White solid lines show profiles for vertical cross-sections of 1205 

Figure 6.  1206 

Figure 5: Resistivity cross sections through the NBR toward the southern end 1207 

of the array (see Figure 3a for locations), with top of slab and Moho 1208 

marked as in Figure 2. Note N-S continuity of steep upper mantle 1209 

conductive structures toward the eastern NBR. 1210 

Figure 6: Cross sections through YS caldera; see Figure 4b for locations. a) K-1211 

K’ also transects the principal cratonic features in the eastern part of the 1212 

model domain, revealing conductive bounding sutures and basins 1213 

SABC, BB, GFTZ and CB. b) Profile L-L’ cuts through the narrow 1214 

vertical conductive feature NW of YS seen in Figure 4a and 4b. c) 1215 

Profile M-M’ is aligned with the SRP axis. 1216 

Figure 7: Model resistivity for layers at 94-113, 136-164, 197-236 and 284-341 1217 

km depth, with features discussed in text labeled. Dashed white and 1218 

black line indicates location of the fast seismic anomaly (SC), 1219 

interpreted by Schmandt and Humphreys (2011) to be relict Farallon 1220 
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plate. Dashed white line shows the Sr0.706 line, and BA1, BA2 and BA3 1221 

are three Back Arc conductive features discussed in the text. 1222 

Figure 8: Vertical sections (see Figure 3a for locations) through the northern 1223 

part of the model, crossing the Pacific coast (inverted triangles) and 1224 

extending into the back arc. Top of subducting plate and Moho are 1225 

marked as in Figure 2, and prominent composite volcanoes are 1226 

projected onto nearby sections for reference.  1227 

Figure 9: a) Model resistivity for aesthenospheric layer at 284-341 km, 1228 

subdivided into patches used to compute spatially averaged 1229 

conductivity-depth profiles. Isotropic olivine resistivity, computed from 1230 

the laboratory results of Poe et al. (2010), are plotted as a function of 1231 

temperature (°C) and water content (weight ppm) in b) using the same 1232 

color scale. Profiles are shown for tectonically active areas in panel c), 1233 

and for more stable/cratonic areas in d), along with profiles derived from 1234 

the lab results, assuming a potential temperature of 1300°C, and an 1235 

adiabatic gradient of 0.3°C/km. 1236 
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Supplemental materials 

1. Magnetotelluric Data 

The EarthScope MT data were acquired using conventional long period 

instruments employing fluxgate magnetometers and 100 m long orthogonal 

horizontal electric dipole sensors, with typical recording time of approximately 

three weeks. Standard robust remote reference processing (e.g., Egbert and 

Booker, 1986; Egbert, 1997) was used to estimate frequency domain transfer 

functions (impedances and vertical magnetic field), resulting in generally smooth 

response curves for periods from 10 s to typically 10,000 (and often 20,000) s. 

1.1.  Impedance tensor (Z) 

The 2x2 impedance tensor gives the linear relationship between the horizontal 

electric and magnetic fields 
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Maps of apparent resistivity (a) and impedance phase () derived from the 

principal off-diagonal MT impedances Zxy and Zyx are given for five 

representative periods (100, 300, 1000, 3000 and 10,000 s) in Figure S1 (left 

columns). While the apparent resistivities (Figures S1c and S1d) are strongly 

affected by localized near surface structure, resulting in static (period 

independent) shifts in a at individual sites, the phase maps (Figures S1a and 

S1b) exhibit large scale regional variations, which suggest straight away many of 

the features seen in the 3-D inverse solutions. Particularly prominent is the large 

patch of high phase in both xy and yx modes at periods of 100-300 s in the 

southern and central parts of the array. As discussed, this feature results from an 

extensive layer of high conductivity in the lower crust and uppermost mantle, 

generally coinciding with tectonically active parts of the study area.  

A second feature of note is the north-south oriented stripe of very low phase 

(10°-20°) along the Pacific coast for the yx-mode, which corresponds to induced 

electric currents flowing normal to the coastline. This feature in the phase maps, 

which has a sharp edge just east of the Cascade volcanic Arc (CVA), is clearest 

near a period of 1000 s, but is in evidence over the full range of periods shown. 

Phases for the xy-mode, which corresponds to induced electric currents flowing 

parallel to the coastline, are remarkably higher in the western part of the array, 

but especially beneath the volcanic arc at periods from 100-1000 s, and in 

southern Oregon (extending to the coast) at longer periods. The inversion results 

show that the low yx-mode phases can be explained by electric currents induced 

in the ocean, and trapped near the surface of the continent by very resistive 
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subducting oceanic lithosphere (e.g., Ranganayaki and Madden, 1980; Mackie et 

al., 1988). The sharp increase in phase as the volcanic arc is crossed is 

consistent with high conductivities in the backarc, which allow these low-phase 

currents to short into the mantle (Park et al., 1996). 

A third broad feature of note is the area of high phase at long periods in the 

eastern (and to some extent, northern) parts of the array. For the yx-mode, 

phases are highest at the longest periods, and in the northeastern part of the 

array, covering much of Montana and Wyoming. Phases for the xy-mode are 

very high (> 60°) at long periods all along the eastern edge of the array. These 

high phases are consistent with elevated mantle conductivities beneath generally 

resistive craton east of the Rocky Mountain front, as seen in the inverse 

solutions. There are many other more subtle features that can be identified in the 

phase and apparent resistivity maps of Figure S1, which we have emphasized in 

our discussion of the inversion results. 

1.2.  The vertical magnetic transfer functions (Tipper) 

The vertical magnetic field transfer functions (VTFs) give the linear relationship 

between the vertical and horizontal magnetic components 

 z zx x zy yH T H T H  , (0.1) 

and are often represented as complex induction vectors ˆ ˆ
z zx zyT T T x y , which 

can be displayed by plotting on a map of station locations. Following the 
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convention of Parkinson (1959), the (usually dominant) real parts of the reversed 

induction vectors (  z T , often referred to as “tipper”) tend to point toward areas 

where electrical currents are concentrated. Thus, tippers point toward an isolated 

elongated conductive anomaly, reversing direction as the anomaly is crossed. At 

the edge of a laterally extensive conductor (e.g., the ocean), tippers point toward 

the conductive area, reaching a peak on the resistive side and then decreasing 

with distance from the contact. Over the conductive area, amplitudes rapidly 

reduce to low values as the contact is crossed.  

Figure S1e (left column) shows maps of tippers for a range of periods, 

interpolated onto a regular grid, with amplitudes color-coded from 0 (white) to 

0.25 (black). To more clearly indicate areas where induction vectors are small, 

we also plot the contour line corresponding to amplitude 0.1. Note that, in 

contrast to Figures S1(a-d), the maximum period displayed is reduced to 6800 s, 

in correspondence with the range of periods used in the inversions discussed.  

At all periods, tippers for stations in the Coast Range (CR) have relatively high 

amplitudes and point westward, towards the Pacific Ocean; this is the classic and 

well known coast effect (e.g., Parkinson and Jones, 1979), resulting from 

induction of alongshore electric currents in conductive seawater.  

The area of shallow high conductivity in the central part of the array inferred from 

the short period phase maps is also conspicuous in Figure S1e. In the 300 s map 

we observe an area of low tipper amplitude covering most of SE Oregon, 
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southern Idaho and northern Nevada, and along the CVA, all areas where 

phases are elevated at short periods in Figures S1a and S1b. In the Columbia 

River Plateau (CRP, eastern Washington, northeastern Oregon), tippers point to 

the south and southwest, most clearly at 1000 s. Further east, tippers point 

toward the eastern SRP (from the north and the south), a pattern that persists to 

the longest periods shown. To the south in Utah, tippers point mostly westward, 

with large amplitudes (peaking at 1000 s) east of the Wasatch Front (northern 

Basin and Range-Colorado Plateau/Middle Rocky Mtns transition), consistent 

with previous magneto-variational (Porath et al., 1970), and MT (Wannamaker et 

al., 2008), studies in this area.  

A reversal in tipper direction also is seen, most clearly at 300 s, in the 

northeastern corner of the array. This reversal, which persists to at least 3000 s, 

is consistent with a relatively deep conductive anomaly coincident with the Great 

Falls Tectonic Zone (GFTZ), as seen in the inverse solutions. Tippers along the 

eastern edge of the array have large amplitudes, and are chaotic at short 

periods, suggesting a complex pattern of small-scale shallow conductivity 

anomalies that are not well resolved by the 70 km TA site spacing. At longer 

periods amplitudes are reduced, but directions become more coherent and point 

consistently to the east, suggesting deep high conductivity features outside of the 

array coverage, perhaps associated with the North American Central Plains 

(NACP) geomagnetic anomaly (Alabi et al., 1975; Jones and Savage, 1986; Wu 

et al., 1993; Jones et al., 2005). Finally, at the longest periods, tippers in the 

northwest corner of the array point consistently toward the west. This probably 
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results from a complex combination of factors, including the coast effect, and 

high conductivities in the Washington backarc with anomalously resistive material 

further to the east. There is also clear evidence in this area for deep conductive 

anomalies outside the array, as tippers turn to the north at the longest periods in 

an area centered on Idaho, near the Canadian border.  

2. Three dimensional modeling and inversion 

Traditional applications of the MT method have adopted the assumption that 

resistivity variations are two-dimensional, i.e., constant along a preferred 

geoelectric strike. In a coordinate system aligned with this strike, the diagonal 

components of the impedance vanish, and the two off-diagonal components 

decouple into so-called transverse electric (TE) and transverse magnetic (TM) 

modes. Even if such an assumption is tenable for large scale deep structure 

(e.g., for a profile crossing a fault), shallow 3-D near-surface complications can 

severely distort electric fields, obscuring geoelectric strike, mixing modes, and 

shifting resistivity levels in a static (frequency independent) manner. These 

complications must be dealt with through strike analysis, static shift removal, etc., 

before a meaningful two-dimensional interpretation is possible (e.g., see Jones, 

2012, for a recent review). In a sense, 3-D interpretation can be more 

straightforward, since in principle near-surface complications can be modeled 

directly in 3-D. Although structures with spatial scales below the site spacing will 

not be resolved in any detail, the effect of this shallow scattering layer on the 



7 

 

data can at least be modeled so that larger scale structures may still be reliably 

recovered. 

We have adopted this philosophy for the 3-D inversion effort reported here, and 

have thus directly inverted all components of the impedance tensor (Z), as well 

as vertical magnetic transfer functions (T) for the 325 stations of Figure 1 (main 

text), counting on a fine enough parameterization of the model to allow for any 

near-surface effects, including topographic variations, which are not directly 

accounted for by the model. We assigned error floors of 5% of |Zxy Zyx|
1/2 for all Z 

components and a constant value of 0.03 for T components. Increasing errors to 

a constant floor allows for systematic biases and limitations of the numerical 

models (not accounted in the statistical data errors) and balances fit across the 

period range. The full dataset consisted of 28,600 complex impedance elements 

over 22 periods, and 12,350 complex VTF components over 19 periods. 

Although quality is generally very good, we omitted ~ 3% of the data which were 

determined to be noisy or possibly biased. 

To obtain accurate forward solutions it is necessary to extend the model domain 

significantly beyond the area of interest (Weaver, 1994), particularly where large 

scale regional conductivity variations are significant, as with the ocean/continent 

contrast encountered here. To deal with this issue we adopt a “nested” approach, 

first solving the induction equation on a coarser grid for a large domain with 

realistic ocean/continent geometry, and then using this solution to provide 

boundary data (tangential electric fields) for a smaller domain centered on the 
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available data sites. This strategy reduces the size of the model domain, and 

allows use of a more uniform numerical grid, resulting in faster convergence and 

improved accuracy of the solver used for forward and gradient computations. 

Our core modeling area is 1500 km (N-S or x) by 1950 km (E-W or y), nested 

within a larger domain of dimension 6600 x 7000 km. For the preferred model the 

inner grid has a uniform horizontal resolution of 12.5 km (so 124xN   

and 156yN  ), while the outer grid is of dimension 78 x 98 with a resolution of 25 

km in the central part, grading to larger cells at the edges. In the vertical 

direction, 43 layers were spaced logarithmically increasing by a factor of 1.2 from 

50 m at the surface, extending to a total depth of 1500 km. The total number of 

model parameters in the fine grid was thus 124 x 156 x 43 = 831792. Initial runs 

and some of the sensitivity and resolution tests were done with a lower resolution 

(25 km nominal) core grid. For this coarser grid the number of layers was 

reduced to 40, starting from a thickness of 200 m. Ten additional air layers were 

used for both the fine and coarse grids.  

The first step in the inversion process is to establish a reasonable one-

dimensional prior or background resistivity model, which is used by the ModEM 

inversion scheme both to define the penalty functional, and as a starting point for 

the optimization. An effective apparent resistivity for the whole array can be 

computed by averaging first over modes (i.e., compute ( xy yxZ Z )/2 for each site 

at each period), and then over sites. The apparent resistivities resulting from this 

process are near 100 Ω.m at all periods. We also conducted forward modeling 
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tests for homogenous half-spaces with a realistic Pacific Ocean (0.3 Ω.m) 

embedded, with land resistivities of 50, 100, 200 and 500 Ω.m. Consistent with 

the array averaged impedance, the 100 Ω.m model provided the minimum 

starting misfit, and was taken as the prior for subsequent inversions. The blue 

dashed line in Figure S1e (left column) represents the 0.1 contour for tipper 

amplitudes computed for the 100 Ω.m half space (with ocean; 0.3 Ω.m), with 

boundary data computed on a larger coarser grid (with the same half-space and 

ocean). The good agreement between observed and computed tipper amplitudes 

provides further support for this choice of prior model, and also gives some 

confidence in the effectiveness of the nesting scheme.  

ModEM is parallelized over independent forward problems, so the optimal 

number of processes is 2Nper+1, where Nper is the number of periods, the factor 

of 2 accounts for polarizations, and one process serves as the master. In this 

study Nper=22, so we used 45 processors. Computations were done on several 

different clusters. Model resolution tests (with 25 km nominal grid) were run 

mainly on AMD Opteron processors (2.2 GHz, 64 GB) with a typical run time of ~ 

30 minutes per NLCG iteration. Runs for the finer grid used for the model 

presented here (12.5 km nominal grid) used Intel Xeon processors, (2.2 GHz, 16 

GB) requiring ~ 40 minutes per NLCG iteration.  

The preferred 3-D conductivity model fits the full dataset to an nRMS of 1.46 after 

165 NLCG iterations. Given the assigned error floors of 5%, which exceed the 

actual statistical errors except at the longest periods (T > 5000 s), the average 



10 

 

misfit (all components, all periods) is of the order of 7%, corresponding to a 

phase misfit of ~ 4 degrees, which we consider to be good for a data set this 

comprehensive. 

3. Data fit of the preferred model 

Figures S1(a-d) provides a direct comparison between the measured (left 

columns) and predicted data (central columns) presented in terms of log 

apparent resistivity and phase for the principal off-diagonal components of the 

impedance tensor (Z) at five selected periods. Magnitudes of the difference 

between measured and predicted data are plotted in the right columns. Figure 

S1e shows a direct comparison between the measured (left column) and 

predicted data (right column) of the IVs plotted for the same periods used in 

Figures S1(a-d), except at the longest period.  

4. Grid Resolution 

For the tests discussed below we used a nested model (as described in main 

text) with 25 km nominal grid resolution, twice as coarse as the 12.5 km nominal 

grid used for the preferred model. Here we briefly compare results obtained with 

these two grids, with all other inversion parameters kept fixed (Figure S2). 

In general, similar large scale structures are obtained with both grids, but 

conductive features tend to be narrower (and in some cases of slightly higher 

amplitude) in the high resolution case. For instance, the map views at a depth of 
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~ 31-37 km (Figure S2a) show similarly extensive area of low resistivity at this 

depth in the NBR, the CVA and GFTZ, and more resistive crust beneath the 

CRP, MHB and WYC. However, some features, including the E-W elongated 

conductive stripes in southeastern OR, are narrower in the fine resolution case.  

A comparison of nRMS values (Figure S2b) reveals the considerable 

improvement in data fit obtained by increasing the resolution of the grid from 25 

to 12.5 km. The greatest improvements are observed at stations located in 

northern NV and UT, northwestern WY and along the Coastal Range in WA and 

northern OR. Closer inspection of nRMS for individual components indicates that 

the worst data fit in the 25 km nominal grid occurs for the Zyy impedance, and for 

the VTFs (Tzx and Tzy), although local areas of degraded fit are seen for all 

components.  

Although the greatest impact is at shallow levels (where small-scales are 

required to model surface complexity), deeper structures are also affected by 

increasing resolution. NW-SE cross-sections across the patch in northern NV 

and UT where data fits are particularly increased (Figure S2c, see S2a for 

location) show the modification of structures required to improve the data fit in 

this area. In addition to changes in shallow structure, the fine grid results in 

sharper boundaries (e.g., of the CP), and narrower conductive structures with 

greater vertical extent (e.g., at the margin between the NBR and CP, and to the 

NW). These results are consistent with the need for relatively fine scale 
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anisotropic textures to model all data components simultaneously over the full 

range of periods. 

5. Contribution of the individual data types to the inversion 

Figure S3 shows the results of fitting impedance (Z) and VTF (T) components 

individually and jointly, with data fits shown in panel (a), and selected model 

sections in panel (b). VTFs are fit much better by themselves, while fits to the 

impedance components are only slightly degraded in the joint inversion. 

Figure S3b shows the three inverse models in map view (upper panel) at a depth 

of ~ 30 km, and in cross-sections (lower panel) at latitude 42.5°N. In plan view, 

the same general pattern of conductive and resistive lower crust is observed in 

all cases. However, fitting only T data results in conductive (and resistive) 

features that are broader and less broken up or streaky, suggesting weaker (or at 

least different) sensitivity of this data to anisotropy. At greater depths (> 100 km, 

as shown in the cross-sections) the T only inversion results in smoother and 

more subdued resistivity variations; deep structures in the joint inversion run are 

evidently mainly constrained by the Z data. 

One very significant difference between the VTF inversion and the other two 

cases is the coast-parallel band of low resistivity just offshore, seen most clearly 

in the 100 km depth section. An along shore section (A-A’) through this model 

shows these reduced resistivities (10-20 Ω.m) extend from depths of ~ 30 km (in 

the north) or ~ 80 km (in the south) to a few hundred km or more. A step offset in 
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the depth to the top of this conductive layer occurs at the Blanco Fracture zone, 

dividing the Juan de Fuca Plate to the north from the Gorda Plate to the south. 

This conductive feature may represent conductive oceanic aesthenosphere, as 

discussed in the main text. 

The weaker contribution of the VTF data to the joint inversion perhaps reflects 

primarily the relative weighting between the two data types implicit in our 

inversion scheme. Possibly this could be adjusted to better balance fits to both 

datasets, but we consider this to be a second-order question beyond the scope 

of this study. 

6.  Resolution depth of the data 

To test depth resolution of the MT data we used a “squeeze test”, fixing resistivity 

(to the prior value of 100 Ω.m) below a series of specified depths, and assessing 

the impact of these imposed constraints on data fit, and model structure. 

Specifically, we did four 3D inversion runs (25 km nominal grid) with resistivity 

frozen below 140, 200, 350 and 490 km. Results are given in Figure S4, with the 

change in overall data fit (measured by nRMS, over components and periods) 

relative to the unconstrained model shown in the top row, and sections from the 

resulting inverse solutions shown in the lower three rows.  

Significant increases in nRMS occur over much of the array for the two 

shallowest depths in the squeeze test, clearly demonstrating that deeper 

structure is required by the data. Increases in nRMS misfit are especially large in 
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the NE corner of the array. Increasing the constraint depth to 350 km results in a 

significant reduction in data misfit across the array, approaching levels achieved 

by the unconstrained inversion. Although relatively subtle, a further improvement 

in fit is achieved especially in the NE part of the array by moving the constraint 

depth down to 490 km. This apparent variation in depth sensitivity is consistent 

with the preferred model at shallower depths—extensive areas of low resistivity 

in the lower crust and upper mantle in the central, southern and southwestern 

parts of the model limit penetration depths, relative to the resistive cratons in the 

northeastern and eastern parts of the model domain.  

Restricting structure to the upper 200 km results in increased resistivity contrasts, 

and thicker low-resistivity layers near the Moho. It also causes the resistive layer 

near the coast (interpreted as oceanic lithosphere) to have a very shallow dip, 

and extend far inland, inconsistent with other constraints on the geometry of the 

subduction zone. Note also that fixing resistivity to 100 Ω.m below 350 km results 

in unreasonably low resistivities (~ 1 Ω.m) beneath the northern part of the array, 

again suggesting that data are sensitive to greater depths in this area. 

Remarkable in Figure S4 is the improved data fit (blue spots in nRMS differences 

maps) for different constraint depths observed at particular stations close to the 

YS, northern UT and at the border between ID and MT. The data fit of the 

individual components at different periods bands (not shown here) reveals that 

the data fit improvement at these stations is maintained mainly by the Zyx 

component while the other components show relatively worse data fits. For the 

reminder, this “squeeze test” has been done using the 25 km nominal grid. In 
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comparison to the inversion results obtained from the higher resolution grid (25 

km nominal grid) all components at all stations show a significant improvement in 

the data fit. 

In summary, we conclude that the MT data resolve structure to between 350 and 

490 km, with somewhat greater depths beneath cratonic areas in the east. 

7. Influence of conductive structure outside the array 

Along the eastern edge of the model domain, resistivities are as low as 1 Ω.m 

below ~ 250 km (Figures 7c, 7d and 9a, main text). As discussed, such low 

resistivities would likely imply some melt is present in this part of the mantle. 

Here we use a forward modeling approach to test the alternative possibility that 

these low resistivities are an artifact resulting from structure outside the array. To 

do this we extended the model domain ~ 500 km eastwards, with a background 

resistivity of 100 Ω.m, and increased all low resistivities (< 10 Ω.m) to 10 Ω.m. 

We then added an elongate conductive block in the crust to simulate the North 

American Central Plains (NACP) conductivity anomaly 200 km to the east (e.g., 

Jones, 2005), and finally extended the conductive (10 Ω.m) aesthenospheric 

mantle layer 500 km to the east. Results from the three forward model tests are 

summarized in Figure S5. Just setting the minimum resistivity to 10 Ω.m 

significantly increases misfits at the eastern sites. However, good fits 

(comparable to the preferred model) are obtained when the two conductive 

features to the east are added, demonstrating that the very low resistivities within 

the eastern part of the model are not truly required by the data. 
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8. Geometry of the subducted oceanic lithosphere 

The massive resistive structure along the western edge of the array (Figures 2, 5, 

7 and 8, main text), which we interpret as subducted oceanic lithosphere, 

extends to great depth. Here we use a constrained inversion to test if the data 

allow a deeper conductive layer, corresponding to oceanic aesthenosphere. We 

ran the inversion (25 km resolution) with a fixed 100 km thick, 1000 Ω.m oceanic 

lithosphere, with top defined by the slab model of McCrory et al. (2012). After 199 

NLCG iterations the overall nRMS was reduced from 22.34 to 2.30. For 

comparison the unconstrained inversion at this resolution also required 199 

NLCG iterations, in this case reducing the nRMS, from 22.04 to 2.37. Although 

the difference in final misfit is roughly the same, the constrained inverse model 

fits many stations in the western part of the array significantly better (Figure S6a).  

There are several notable differences in the constrained model, especially 

evident in the three E-W cross-sections of Figure S6b. First, the constrained 

inverse model exhibits moderately low resistivities (20-50 Ω.m) directly 

underneath the fixed resistive oceanic lithosphere on the ocean side, with the 

lowest value observed close to the border between OR and WA. This 

demonstrates that a more conductive oceanic aesthenosphere is at least 

consistent with the land MT data. Along with the reduction of resistivity deep 

beneath the ocean basin, the constrained inversion model exhibits a deeper 

vertical extension of resistive lithosphere, except near the OR-WA border. This 

suggests that over most of the subduction zone, a deep unbroken resistive 
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structure is required to electrically isolate oceanic and continental 

aesthenosphere. Possibly this is not required near northern OR, where there is 

other evidence for a possible slab gap. Further investigation of this issue is 

clearly warranted, but is beyond the scope of this paper. 

Conductive backarc features have qualitatively similar geometry in the 

constrained and unconstrained inversions (Figures S6b and S6c), although in the 

constrained case these features are of course restricted to the continental mantle 

above the subducting plate. This supports the idea that the unconstrained 

images of back-arc conductors are vertically smeared by the inversion. Note that 

with the back-arc conductors forced to somewhat shallower depths, they also 

tend to become more conductive. 
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List of Figures 

Figure S1a: Maps of observed and predicted data for selected periods, xy-mode 

phase. Left and center columns give, respectively, observed and 

computed phase, interpolated from sites with bi-linear splines. Right 

column gives magnitude of actual phase difference, interpolated in a 

similar manner. 

Figure S1b: As in S1a, but for yx-mode. 

Figure S1c: As in Fig. S1a, except for xy-mode apparent resistivities. 

Figure S1d: As in Fig. S1a, except for yx-mode apparent resistivities. 

Figure S1e: Comparison between the measured (left column) and predicted 

(right column) IVs at five representative periods.  

Figure S2: Comparison between inversion results obtained with 12.5 and 25 km 

nominal grids. a) Plan view at 31-37 km depth, near the base of the crust; 

b) nRMS misfit (averaged over periods) for total and for each of the 

principal components; c) Section A-A’, crossing the B&R and CP. 

Figure S3a: Total nRMS maps for joint inversion of Z and T components (left 

column), and for each set of components separately (center and right 

columns). 

Figure S3b: Comparison of results for joint (first column) and separate inversions 

(second and third columns). The coast-parallel section (A-A’) shows the N-

S variation of the offshore conductive feature evident in the 95-113 km 

depth section for the VTF inversion.  
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Figure S4: Upper panel: nRMS deviations computed as differences between the 

total nRMS (all components) of the unconstrained model and the total 

nRMS values obtained with model resistivity fixed to 100 Ω.m below ~135, 

200, 350 and 490 km. Reds indicate areas where misfit is larger for the 

constrained inversion. The lower three panels show selected model 

sections from each inversion run: A map view at ~ 135 km and two E-W 

cross-sections (dashed white lines in map views).  

Figure S5: Forward modeling experiments performed to assess possible 

influence of structures to the east of the array. For these tests we 

extended the model domain 500 km eastwards with background resistivity 

set to 100 Ω.m, as for the prior. Three cases tested are illustrated in the 

two depth sections (a-b) and in the cross sections: c) low resistivities (< 10 

Ω.m) were increased to10 Ω.m. d) An elongate 1 Ω.m crustal block was 

added to simulate the NACP conductivity anomaly. e) The 10 Ω.m 

aesthenospheric mantle layer below 250 km depth was extended 500 km 

east. The lower panels in c), d) and e) show the total nRMS differences 

computed for each model.  
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