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Abstract  30 

 Project INDEPTH (International Deep Profiling of Tibet and the Himalaya) 31 

magnetotelluric (MT) surveys crossed the India-Asia collision zone, the Yarlung-Zangbo 32 

suture (YZS, also known as the Indus-Tsangpo suture), at ~90 ºE longitude in 1995, and at 33 

~92 ºE in 2001. Our re-analyses and re-modeling of these data provide new images of the YZS 34 

that show significant variation in conductivity structure along the profiles, across the orogen. 35 

Focused inversions of the MT data in the vicinity of the YZS show more structure within the 36 

upper crust than previous smoother models, and the near-surface conductors help locate the 37 

South Tibetan Detachment, Renbu-Zedong thrust and Gangdese thrust.  38 

Comparison of the two parallel profiles shows remarkable along-strike similarity of 39 

several conductors and resistors, attesting to the regional nature of the processes of 40 

conductivity enhancement within the collision. On both profiles, in contrast to prior models, 41 

the upper-crustal conductors south of the YZS are spatially isolated and are not connected to 42 

the mid-crustal conductors observed at and north of the YZS. Consistent with prior 43 

interpretations, the strong mid-crustal conductor north of the YZS likely represents partial melt 44 

and indicates a weak mid-to-lower crust that greatly affects rheology and deformation 45 

processes of Tibet. However, this inferred partial melt cannot continue unbroken beneath and 46 

south of the YZS. No continuous melt-weakened layer, as expected for ongoing channel-flow 47 

extrusion of the Himalaya, is continuously present from the Lhasa Block of southernmost Tibet 48 

into the Tethyan Himalaya. Geodynamic models have to be re-assessed to accommodate this 49 

new observation. 50 
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1. Introduction 60 

 The Himalaya-Tibetan Plateau provides a universal benchmark for testing theories on 61 

processes of continental collision. Tibet has reached an average elevation of about 5 km above 62 

sea level with an average crustal thickness of about 70 km from the Himalaya to the Kunlun 63 

mountains (Figure 1) [e.g., Mechie et al., 2011], resulting from continent-continent collision 64 

between India and Asia [Argand, 1924]. However, despite it being the type example of 65 

continental collision, the details of the processes are inadequately known and even more poorly 66 

understood. 67 

Project INDEPTH has been collecting geophysical data across the Himalaya-Tibetan 68 

Plateau since 1992 [Zhao et al., 1993], with the role of fluids in orogenesis as one of the main 69 

objectives since the initiation of the second phase of INDEPTH [Nelson et al., 1996]. 70 

Determining the nature and distribution of fluids within the lithosphere in active orogens is 71 

crucial for understanding geodynamic behavior, as the presence of fluids dramatically reduces 72 

viscosity thereby altering rheology [e.g., De Meer et al., 2002; Rosenberg and Handy, 2005]. 73 

The magnetotelluric method (MT), which makes use of naturally-occurring external magnetic 74 

fields and their induced electric currents within the Earth, is particularly useful in determining 75 

the presence and distribution of fluids to substantial depths within the lithosphere [e.g., Jones, 76 

1992; Wannamaker et al., 2009]. In addition, viscosity and electrical conductivity are 77 

suggested to be intimately related at the grain scale [e.g., Tozer, 1979]. 78 

Project phases INDEPTH-II (1994-95) and –III (1998-2001) collected MT data along 79 

six separate profiles totaling 1600 km (Figure 1), that revealed the existence of anomalously 80 

high electrical conductivity in the middle-to-lower crust across the entire region from the 81 

Himalaya to the Kunlun mountains [Wei et al., 2001]. These high conductivities, like those 82 
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interpreted from the earlier isolated MT measurements in southern Tibet (Figure 2) [Pham et 83 

al., 1986], have been interpreted to represent partial melting in the crust, with the possible 84 

presence of accompanying hydrothermal fluids [Nelson et al., 1996; Chen et al., 1996; Wei et 85 

al., 2001; Li et al., 2003; Bai et al., 2010; Rippe and Unsworth, 2010; Le Pape et al., 2012]. 86 

The INDEPTH interpretations of a partially molten mid-crust in Tibet, initially reported in 87 

Nelson et al. [1996], have galvanized a whole generation of geodynamic modelers. 88 

In 1995 broadband (BBMT) and long-period (LMT) MT data (together, coverage of 89 

100 Hz–10,000 s) were acquired along our NNE-trending ‘100-line’ (Figure 2) crossing the 90 

YZS at ~90 ºE [Chen et al., 1996]. In 2001, approximately 200 km to the east along strike, MT 91 

data were acquired along a new ‘700-line’ N-S profile crossing the YZS at ~92 ºE [Spratt et 92 

al., 2005] (Figure 2). Smoothed regional-scale models of these and other MT profiles further 93 

west crossing the YZS were taken to show remarkable along-strike continuity of large-scale 94 

conductivity structures from 77 ºE to 92 ºE, a distance of some 1,500 km [Unsworth et al., 95 

2005] (Figures 3c, 4a), attesting to the similarity of collisional processes along the whole 96 

length of the suture zone. 97 

This present paper compares and interprets new, high-resolution conductivity models 98 

along the 700-line and 100-line profiles (Figures 1, 2), developed from re-analyses and re-99 

modeling of the data, and thereby provides strong constraints on viable tectonic models of this 100 

region. We confirm, in greater detail than previously shown, the along-strike similarity of 101 

crustal conductivity structures in southern Tibet. Contrary to prior smoothed models, we 102 

highlight important cross-strike variations in conductivity that result from structural and 103 

compositional changes, and differences in the amount and types of fluids within the crust. 104 
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2. Geological background  105 

The Himalayan orogen, initiated by continental collision between India and Asia at ~57 106 

Ma [e.g., Leech et al., 2005], conjoins the well-known tectonostratigraphy of the Sub-107 

Himalaya, Lesser Himalaya, Greater Himalaya (GHS) and Tethyan Himalaya. These zones are 108 

separated respectively by the Main Boundary Thrust (MBT), Main Central Thrust (MCT) and 109 

South Tibetan Detachment (STD), and together lie between the Main Frontal Thrust (MFT) 110 

and the YZS [e.g., Yin, 2006] (Figure 1). The YZS separates the Himalayan terranes from the 111 

Lhasa block that had earlier amalgamated with Asia prior to the collision of India [Yin, 2006].  112 

The southern ends of our 100- and 700-lines lie above the Greater Himalayan 113 

assemblage of ortho- and para-gneisses derived from a Neoproterozoic to Paleozoic passive 114 

margin deformed and intruded during early Paleozoic thrusting onto the Indian margin, and 115 

further deformed and intruded by leucogranites during Himalayan orogeny [Yin, 2006]. 116 

Located on the northern rim of the Himalaya range, the South Tibetan Detachment (STD) is a 117 

low-angle, east-west trending, north-south extending, normal fault system (Figure 1b) 118 

separating the Greater Himalaya from the Tethyan Himalaya [Yin et al., 2006]. Although the 119 

Himalayan thrust faults are all presumed to sole into a single Main Himalayan Thrust (MHT), 120 

along which India is currently underthrusting southern Tibet (Figure 1) [Zhao et al., 1993], it is 121 

unclear whether the STD also soles into the MHT forming a wedge from which the GHS 122 

undergoes ductile extrusion [Grujic et al., 1996], or whether the STD becomes the roof fault of 123 

an extruding channel permitting middle- and lower-crustal flow outwards from beneath Tibet 124 

[Nelson et al., 1996; Beaumont et al., 2004].  125 

 The Tethyan Himalaya are the largely unmetamorphosed Paleozoic-Mesozoic rift and 126 

passive margin sequence deposited on the Indian continental margin; in the region of our 127 
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profiles they are dominantly Mesozoic clastics and carbonates [Pan et al., 2004; Antolín et al., 128 

2011]. Windows within the Tethyan sequence expose the North Himalayan Gneiss Domes, 129 

including the Kangmar dome [Lee et al., 2000] (KD on Figure 2) crossed by our 100-line and 130 

the Yalaxiangbo or Yadoi dome [Zeng et al., 2011] (YXD on Figure 2) crossed by our 700-131 

line. The better-known Kangmar dome has been interpreted variously as a metamorphic core 132 

complex [Chen et al., 1990], as an antiform formed above a large ramp in, or duplex above, the 133 

MHT [Hauck et al., 1998], as due to duplex development along a north-vergent backthrust 134 

system [Makovsky et al., 1999], or as upwelling of a ductile mid-crustal channel being 135 

extruded from beneath the Tibetan plateau [Beaumont et al., 2004]. The Yalaxiangbo dome 136 

and the Renbu (or Ramba) dome (RD on Figure 2) [Guo et al., 2008] are both intruded by 137 

leucogranites; published ages are 43–35 Ma in the former [Zeng et al., 2011] and 11–7 Ma in 138 

the latter [Leech, 2008]. 139 

 The Tethyan Himalaya are separated from the Lhasa block by the ophiolitic mélanges 140 

of the Yarlung-Zangbo Suture zone (YZS) (also termed the Indus-Zangbo suture zone and 141 

Indus-Yarlung Tsangpo suture zone [Meyerhoff et al. [1986]) between India and Asia that 142 

extends discontinuously for ~1,500 km along the Yarlung River valley [Yin, 2006]. The YZS is 143 

bounded to the north by the south-vergent Gangdese thrust (GT), and to the south by the north-144 

vergent and younger Renbu-Zedong (RZT) or Great Counter Thrust [Yin et al., 1994, 1999] 145 

(Figure 2). The RZT and the STD were active coevally in the Miocene and may be 146 

kinematically linked [Yin et al., 1999]. The Lhasa block (or Lhasa terrane) to the north of the 147 

YZS has a late Precambrian to Cambrian basement overlain by Paleozoic and Mesozoic 148 

sedimentary rocks, but in its southern part is intruded by, and consists primarily of, the 149 

Cretaceous-to-Eocene Andean-type Gangdese batholith and Linzizong volcanics that formed 150 
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during the northward subduction of the Tethyan ocean beneath Asia [Kapp et al., 2007].  151 

Consequent upon crustal thickening during the collision process, minor N-S diking and 152 

associated east-west extension initiated by the mid-Miocene, ~18 Ma [Yin et al., 1994], and 153 

date termination of N-S thrusting on the RZT. Among the youngest features of the Plateau are 154 

the still active north-south trending extensional grabens, such as the well-known Yadong-Gulu 155 

rift in which our 100-line was located, and the discontinous alignment of normal faults (Coma, 156 

or Sangri-Cuona, rift) along which the southern part of our 700-line is located [Armijo et al., 157 

1986]. Significant geothermal activity exists, often within these graben systems, including a 158 

prominent cluster in the Coma rift around stations 738–745 [Hou & Li, 2004].  159 

 Southern Tibet is becoming known as a major metallogenic province [Hou and Cook, 160 

2009]. The Tethyan Himalaya in the area of Figure 2 contain more than 20 known mineral 161 

deposits, notably Sb-Au and Ag-Pb-Zn ore bodies between the Lhunze Thrust and the STD [Qi 162 

et al., 2008]. A prominent cluster of such deposits (Mazhala–Zhaxikang) spans about 30 km 163 

centered on station 740. The exposed mineralization results from middle to late Miocene 164 

geothermal systems driven by leucogranite intrusion, with regional structural control by the 165 

STD and the north-south normal fault systems [Hou & Cook, 2009; Yang et al., 2009]. North 166 

of the YZS the Gangdese belt also contains more than 20 mineral deposits of Cu-Mo porphyry 167 

and Cu-Ar and Pb-Zn skarn deposits in the area of Figure 2 [Li et al., 2006; Hou et al., 2009]. 168 

The skarns formed at 30–20 Ma associated with calc-alkaline intrusions [Li et al., 2006] and 169 

the porphyries at 11-17 Ma associated with monzonitic stocks in turn related to deep-crustal 170 

(adakitic) and upper-mantle (ultra-potassic) melts [Hou et al., 2009]. Although these deposits 171 

occur across a wide area, the Liangguchu and Shuangbujiere skarn deposits occur within 3 km 172 

of stations 769 and 770 [Li et al., 2006]. The Bairong Cu-Mo sulfide deposit is about 20 km 173 
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east of station 185 [Hou et al., 2009]. 174 

3. Geodynamic models and deformation of the Tibetan Plateau 175 

Currently popular hypotheses for the deformation of Tibet are that the entire lithosphere 176 

deforms homogeneously (‘vertical coherent deformation’) as a thin viscous sheet [e.g., 177 

England and Houseman, 1986; Flesch et al., 2005], or that deformation is dominated by a 178 

more rapid ductile flow in the middle and/or lower crust above a stronger upper mantle 179 

(‘channel flow’) [e.g., Zhao and Morgan 1987; Shen et al., 2001; Beaumont et al., 2004]. 180 

Many seismic and magnetotelluric experiments within Tibet provide proxies for lithospheric 181 

temperature and evidence of crustal fluids, and inferred vertical strength profiles all have 182 

minima in the crust, thereby permitting, though not requiring, channelized flow at the present 183 

day [Klemperer, 2006].  184 

The sparse Sino-French heat-flow [Francheteau et al., 1984] and electrical conductivity 185 

[Pham et al., 1986] data, collected in the early 1980s between the locations of our 100- and 186 

700-lines (Figure 2), provided initial evidence for partial melt within the upper crust of 187 

southern Tibet. INDEPTH seismic reflection data north of the YZS identified “bright spots” 188 

within the Yadong-Gulu rift interpreted as localized melt bodies [Brown et al., 1996], or 189 

aqueous fluids that would in turn trigger melting in the hot Tibetan crust [Makovsky and 190 

Klemperer, 1999]. INDEPTH MT data recognized high conductivities associated with these 191 

seismic bright spots, but showed that anomalously high conductivity was also present beyond 192 

the confines of the rift, and continues to deep crustal depths in the Lhasa block [Chen et al., 193 

1996; Li et al., 2003]. Inversions of INDEPTH passive seismic data (receiver functions and 194 

surface waves) show that wave-speeds are abnormally low in the middle and lower crust of the 195 
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Lhasa block, but that the low-velocity zone is greatly reduced, and shallower, south of the YZS 196 

[Kind et al., 1996]. These data-sets were used to infer widespread melting of middle-lower 197 

crust of the Lhasa block and its extrusion as the Greater Himalaya and Northern Himalayan 198 

gneiss domes [Nelson et al., 1996], an interpretation subsequently formalized in “channel-199 

flow” models [Beaumont et al. 2004, 2006; Jamieson et al., 2004, 2006].  200 

Temperature estimates for the upper-middle crust, at approximately 20 km depth 201 

beneath the southern Tibetan Plateau, range from ~400–700˚C [Francheteau et al., 1984; 202 

Henry et al., 1997; Alsdorf and Nelson, 1999; Beaumont et al., 2004]. Although these 203 

temperature estimates are too low for dry melting, the presence of water that lowers the solidus 204 

is suggested by the seismic and MT data [Makovsky and Klemperer, 1999; Li et al., 2003]. 205 

Whether such melting is temporally and spatially ubiquitous, albeit at low melt fraction, or 206 

whether it is patchy, will exert important controls on the deformation style of the crust. Initial 207 

attempts (including our own) to generalize localized seismic and MT observations into regional 208 

models [Nelson et al., 1996; Beaumont et al., 2004; Unsworth et al., 2005] are being 209 

challenged by newer, more spatially extensive datasets that suggest melting may be a 210 

discontinuous phenomenon [Hetényi et al., 2011; Le Pape et al., 2012; this paper]. 211 

4. Magnetotelluric method 212 

Common causes for high electrical conductivity in the Earth’s crust include graphite or 213 

carbon films, fluids (either aqueous fluid or partial melt), interconnected metallic minerals, or 214 

any combination of these [e.g., Jones, 1992; Duba et al., 1994; Bedrosian, 2007]. 215 

Distinguishing between these causes requires additional geophysical, geochemical, petrological 216 

and/or geological observations. Laboratory measurements [Partzsch et al., 2000] show a strong 217 
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increase in electrical conductivity, ~1.5 orders of magnitude, over a narrow temperature 218 

interval due to an increase of partial melt (to >15%) to form an interconnected fluid network. 219 

Quenching studies showed that the partial melt connected efficiently at low melt fractions (2%) 220 

even on laboratory time scales [Partzsch et al., 2000]. The electrical conductivity of partial 221 

melts is dependent on the type of melt, the amount of fluid present and its connectivity [e.g., 222 

Pommier et al., 2010; Pommier and Le-Trong, 2011]. The MT method is sensitive to this 223 

dramatic increase in electrical conductivity, and has proven to be particularly useful in 224 

identifying regions of partial melt associated with active orogenesis [e.g., Schilling et al., 225 

1997]. 226 

The magnetotelluric (MT) method provides information on the present-day, in-situ 227 

electrical conductivity of the subsurface by measuring natural time-varying electromagnetic 228 

fields at the Earth’s surface [e.g., Jones, 1992; Bedrosian, 2007; Chave and Jones, 2012]. 229 

Electric currents in the Earth (telluric currents) are induced by natural time variations in the 230 

Earth’s magnetic field, driven by distant thunderstorms and solar winds. These electric 231 

currents, in turn, produce time-varying (induced) secondary electric and magnetic fields.  232 

The MT method involves comparison of the horizontal components of the total electric 233 

(E) and magnetic (H) fields of the Earth, measured at the surface. These are related to each 234 

other by a 2x2 complex impedance tensor (Z) that varies as a function of frequency and 235 

position of observation [e.g., Jones, 1992; Bedrosian, 2007; Chave and Jones, 2012]. MT 236 

response curves (amplitudes and phase lags with varying frequency) are calculated from the 237 

mutually perpendicular electric and magnetic fields at each station. The vertical magnetic field 238 

is also recorded and is related to the horizontal magnetic components by the geomagnetic 239 

transfer function (TF). With increasing depth there is an exponential decrease in the amplitudes 240 
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of these fields. The depth of penetration, or ‘skin depth’, at which the amplitude of the fields 241 

reduces to a factor of 1/e of that at the surface, increases at lower frequencies and in more 242 

resistive rocks [e.g., Jones, 1992; Bedrosian, 2007].  243 

The MT tensor is typically analyzed to determine the regional geoelectric strike 244 

direction as well as the degree of dimensionality [e.g., Jones and Groom, 1993]. Within a two-245 

dimensional (2-D) Earth (in which conductivity structure varies laterally so that the apparent 246 

resistivity is different along and across geologic strike), the impedances need to be calculated 247 

in both directions (or modes) [e.g., Jones, 1992; Bedrosian, 2007]. Maxwell’s equations 248 

formally decouple into two separate and independent modes. The transverse-electric (TE) 249 

mode describes current flowing parallel to geoelectric strike, and is predominantly sensitive to 250 

current concentration and flow patterns. The transverse-magnetic (TM) mode, on the other 251 

hand, describes current flow perpendicular to strike, and is dominantly sensitive to charges 252 

induced on conductivity gradients, and hence has very high lateral sensitivity. The vertical 253 

magnetic mode transfer function, TF, which is only present in the TE mode case, senses 254 

anomalous current flow in multi-dimensional structures; it is inherently insensitive to layered 255 

strata of uniform conductivity. 256 

In a 2-D Earth, tensor estimates from TE, TM and TF can be modeled together or 257 

independently using forward and inverse modeling to provide estimates of subsurface 258 

resistivity structures. Inversions of only the TM-mode data result in models that identify lateral 259 

boundaries, as the TM-mode is primarily sensitive to charge accumulation on lateral 260 

conductivity gradients. The TE-mode data are more sensitive to current flow, so to the 261 

conductance of structures, identifying the depth to conductive zones, and thin sub-vertical 262 

high-conductivity units. The vertical-field transfer functions (TF), typically displayed as 263 
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induction vectors with the real vectors reversed to point towards current concentrations in the 264 

Earth (so-called Parkinson convention and adopted by international convention, Hobbs, 1992), 265 

identify conductors, particularly at greater depths. Combined inversion of the TE-mode, TM-266 

mode, and TF-data shows a more complex, but more accurate, image of the true electrical 267 

conductivity structure beneath a profile. These combined inversions are formally joint 268 

inversions, in that trade-offs are often made – albeit in many cases by the inversion code, and 269 

“hidden” from the user – between the various modes and data. 270 

5. Previous MT models: 100-line, 700-line and Sino-French data 271 

In the early 1980s, eight isolated MT soundings in the period range 0.001–1000 s were 272 

carried out along a north-south-trending, 200-km-long profile crossing the Yarlung-Zangbo 273 

Suture zone [Pham et al., 1986] (stations T1-T8 in Figure 2). Stations north of the YZS 274 

discovered remarkably low resistivities, ~3 m, within the depth range ~12–33 km. The 275 

location of these high conductivities within the Himalayan geothermal belt was taken to imply 276 

partial melts at depth [Pham et al., 1986]. Two stations in the Tethyan Himalaya (T3 and T4 in 277 

Figure 2), at about the latitude of the North Himalayan gneiss domes and where high heat flow 278 

implies a shallow Quaternary intrusion [Francheteau et al., 1984], found a similarly low 279 

resistivity layer in the TE mode, from ~3–14 km depth, that was strongly anisotropic and much 280 

more resistive in the TM mode [Pham et al., 1986]. The single station at the southern margin 281 

of the Tethyan Himalaya (T2 in Figure 2) did not observe unusually low resistivities [Pham et 282 

al., 1986]. 283 

The INDEPTH group made the first closely-spaced, broader-band recordings in 1995, 284 

(our 100-line, stations 101 to 195 on Figure 2), along the Yadong-Gulu rift, across the 285 
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Kangmar Dome and the YZS, terminating in the southern part of the Yangbajain graben 286 

(Figure 2). This profile consisted of 28 stations at ~10 km spacing, and recorded data in the 287 

period ranges of 0.001–30,000 s [Chen et al., 1996], although the range of interpretable quality 288 

data is typically only 0.01–3,000 s (acquisition took place during the sunspot minimum 289 

between Sunspot Cycles 22 and 23, so the longer period data are of poor quality). The 100-line 290 

profile data have been modeled using several different approaches (Figure 3). Chen et al. 291 

[1996] inverted both 2-D MT modes (TE+TM) and vertical field transfer function (TF) data 292 

(Figure 3a). Wei et al. [2001] derived models from the TM-mode only (Figure 3b), and 293 

Unsworth et al. [2005] derived smooth models using the TM-mode phase only and the TF data 294 

(Figure 3c). Herein we model re-analyzed and corrected data using the apparent resistivities 295 

and phases from both TM and TE modes (Figure 3d), showing derived phase differences 296 

(discussed below) between the model and the data in Figures 3e (TE mode) and 3f (TM mode).  297 

When considering how well a model fits MT observations, phase is used in preference 298 

to resistivity. Residual effects of static shifts of apparent-resistivity curves are often present, 299 

and would yield an expression of systematic bias at individual sites. Given modern MT 300 

systems, very good data can be modeled to within 1º. For poorer quality data taken in difficult 301 

terranes, or those with strong distortion, then the phases should typically be within 5º. Very 302 

poor data have phase misfits in excess of 15º, and those models should be seriously questioned. 303 

In our case, the majority of the data misfits are <5º, meaning that the major features are robust 304 

and irrespective of data choice, inversion parameter choice, etc. The geometry and 305 

conductivity of finer features may vary significantly with such choices, but here we focus on 306 

the first-order features. 307 
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All of the published models show resistive material at the southern end of the profile, 308 

but increasing conductivity further north (resistivities <200 Ωm below depths of 10–20 km), 309 

starting ~150 km south of the YZS (Figure 3). Directly beneath or north of the YZS the crust 310 

becomes extremely conductive at depth with resistivities <30 Ωm, interpreted as partial 311 

melting in the crust [Chen et al., 1996; Nelson, et al., 1996]. Because of the extreme 312 

conductivity of the crust, low sunspot activity, and the limited bandwidth recorded, the 1995 313 

data (100-line) were not able to characterize clearly the conductivity structure of the deepest 314 

crust and uppermost mantle beneath the top of the high conductivity zone north of the Yarlung-315 

Zangbo Suture. 316 

The 300-km-long 700-line profile comprises 28 broadband MT sites (BBMT) at 317 

nominal 10 km spacing, and 15 long period sites (LMT) collocated with alternate BBMT sites 318 

for a total period range of 0.004–30,000s (Figure 2). This profile was designed to augment the 319 

100-line profile and also obtain to higher quality data at longer periods through extended 320 

acquisition at selected sites. Unsworth et al. [2005] modeled the 700-line data using the TM-321 

mode phases and TF data (Figure 4a), excluding the TM-mode apparent resistivities and the 322 

TE-mode data altogether, as part of a regional analysis of the entire Himalaya. Their model for 323 

the 700-line profile shows strong similarities to the structures along the 100-line profile. They 324 

interpret the high conductivity zone as saline fluids and partial melts interconnected beneath 325 

the YZS. Our new model (Figure 4b), based on TM and TE data, provides significantly higher 326 

spatial resolution allowing us to recognize geologically significant variability within the 327 

continuous conductor modeled by Unsworth et al. [2005]. 328 
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6. New data modeling, 100-line and 700-line 329 

 We derived and interpret new models for re-analyzed and corrected data from both the 330 

100 and 700-lines (Figures 3d and 4b), and compare and contrast them with the previously-331 

published models (Figures 3 a,b,c and 4a). In order to determine the 2-D conductivity structure 332 

of the region, regional MT data are modeled using a linearized, iterative inversion code. Such 333 

solutions are non-unique and many of the features exhibited need to be tested or appraised to 334 

determine how sensitive or robust they are to the measured data using both linearized [e.g., 335 

Schwalenberg et al., 2002] and non-linearized [e.g., Ledo et al., 2004; Solon et al., 2005] 336 

approaches.  337 

 Modern robust methods, and analyses for internal consistency, distortion, 338 

dimensionality and strike [Spratt et al., 2005] were used to obtain new regional 2-D responses 339 

for the 100 and 700-line stations from 0.001 to 10,000 s. These data were analyzed for galvanic 340 

distortion and dimensionality using the McNeice and Jones (2001) decomposition codes, then 341 

the data were checked for internal consistency and inconsistent data removed [Parker and 342 

Booker, 1996], a step not practised in developing the prior models. It was determined that a 2-343 

D model could validly represent the data at geoelectric strike angles of 108° (700-line) [Spratt 344 

et al., 2005], and 95° (100-line), with adopted error floors of 7% or greater. (The error floor is 345 

the level below which errors are reset to that level. Errors that are larger than the error floor are 346 

not affected. Parametric error estimates are often too small, as basic assumptions have been 347 

violated. Chave and Jones [1997] demonstrate that jackknife estimates are far superior to 348 

parametric estimates. Herein, most errors were derived using parametric methods. Poorly 349 

estimated errors, either too low or too high, will yield biasing in the model. To correct for this, 350 

an error floor is set. In this case, the error floor of 7% means an error floor of 7% in apparent 351 
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resistivities, and 2º in phase.) The distortion-corrected, 2-D regional MT responses were 352 

modeled using several combinations of data and model parameters in order to thoroughly 353 

explore model space for the 2-D structure of the region [see Spratt et al., 2005]. Modeling was 354 

undertaken using Rodi and Mackie’s [2001] RLM2DI inversion algorithm, as implemented in 355 

Geosystem’s WinGLink interpretation software package. This code searches iteratively for the 356 

smallest RMS (root mean squared) misfit, while simultaneously attempting to trade off the fit 357 

to the observed data (data misfit) with model roughness. The models found represent minimum 358 

structure required to fit the data with an acceptable misfit.  359 

 The inversion runs were initiated with a uniform half-space of 200 Ωm and a mesh 360 

consisting of columns with minimum 2 km width, increasing at the model edges (74 columns 361 

for the 700-line, 91 for the 100-line), and rows increasing from 500 m thick at the surface to 362 

2.5 km thick at 40 km (700-line, 51 rows) and from 300 m to 3 km (100-line, 45 rows). The 363 

error floors, determined from the acceptable misfit values obtained in the distortion analysis, 364 

were set to 7%, equivalent to a 2º, error in the phases. The resistivities were set with a higher 365 

error floor of 20% to account for residual static shift or site gain effects, since these were 366 

expected to be small [Groom and Bailey, 1989]. The tradeoff between data misfit and model 367 

smoothness is controlled by the regularization parameter tau, where a low value results in a 368 

closer fit to the actual data but a rough model, and a high value sacrifices fit for smoothness. 369 

After running several models from a uniform half-space using various values of tau, it was 370 

determined that a value of 3 resulted in the smoothest models with acceptable fits to the data 371 

(lowest RMS value). Many 100s of iterations were run to obtain each final model, in order to 372 

be sure we reached the minimum misfit value obtainable by the data. Several of the modeling 373 

parameters (including the option to invert for static shift), as well as the conductivity values of 374 
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some features, were adjusted between model iterations, where the program was stopped, 375 

altered and restarted, in order to observe the effects of the changes and to reach the most 376 

appropriate final models with an acceptable misfit value.  377 

 Inversions were run using the TM data alone, the TM and TF data together, the TM and 378 

TE data together, and, finally, the TM, TE, and TF data. The models of differing data 379 

components (TM-only, TM+TE, and TM+TE+TF) demonstrate that the general electrical 380 

structure along the length of the profile is consistent throughout the data, although the shape 381 

and depth of the different features vary marginally between models [Spratt et al., 2005]. The 382 

RMS misfit value for each model was reduced for the 700-line from 15.9 for a uniform half-383 

space to 1.8 for the TM-only data, 2.9 for the TE and TM data and 4.1 for the TM, TE and TF 384 

data; and for the 100-line from 10.5 for a uniform half-space to 2.6 for the TM-only data, 2.8 385 

for the TE and TM data and 4.6 for the TM, TE and TF data. The TM data alone were 386 

sufficient to capture important regional details, but the TM+TE model that also has a 387 

reasonable misfit value appears to result in a higher resolution of thin near-vertical features that 388 

do not appear in the TM-only models. The TM+TE models were therefore used for further 389 

analysis and along-strike comparison (Figures 3d, 4b). 390 

The measured and calculated phase differences of both the TM and TE data (Figures 3 391 

e,f and 4 c,d) show a generally good fit (< ±5° for most periods at most sites) over the entire 392 

frequency range. This, together with the consistencies between models utilizing different data 393 

components, different approaches to static shifts, and different satisfactory misfit values, 394 

indicates that the main model features are robust irrespective of the data used or the inversion 395 

parameters. 396 
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6.1 Hypothesis Testing 397 

 There exists a uniqueness theorem for perfect continuous MT data over a 1-D Earth 398 

[Bailey, 1970], but MT models are inherently non-unique due to data insufficiency, inadequacy 399 

and inaccuracy. Linearized model appraisal is useful, but is notoriously imprecise in highly 400 

non-linear methods such as EM [e.g., Ledo et al., 2004; Solon et al., 2005]. Thus, forward 401 

modeling is required to verify model features and to determine model sensitivity. Hypothesis 402 

testing involves altering the conductivity values of individual cells in the final model and 403 

forward calculating the MT responses of the altered model for each site. Pseudosections 404 

showing the difference between the original responses and those from the altered model allows 405 

a comparison between the apparent resistivities and phases calculated from the original and 406 

altered models. This technique was applied to key features in the final models shown in 407 

Figures 3d for the 100-line and 4b for the 700-line. 408 

Conductor C, at the northern end of both profiles, was replaced with a resistive block 409 

below 60 km depth on the 700-line, to determine the depth of penetration beneath this region 410 

(Figure 5a). Phase difference plots between calculated responses of the original versus the 411 

altered model show no significant differences in either the TM- or TE-mode data (Figure 5a). 412 

This demonstrates that our data were unable to penetrate the high conductivity of C below 60 413 

km, and are insensitive to the deep crust north of the YZS, consistent with the 100-line model 414 

of Chen et al. [1996] (Figure 3a). We mark the corresponding area of our final model as a 415 

“zone of no penetration” (Figure 9b).  416 

To test the existence of resistor D that separates mid-crustal conductors B and C, the 417 

two conductors were connected on the 700-line (Figure 5b), removing the gap between the two 418 

and forming one long conductor, as suggested in the modeling by Unsworth et al. [2005] 419 



Spratt et al. India-Asia collision zone from INDEPTH MT Page 20 

 

(Figure 4a). The overall RMS misfit of the altered model is increased from 2.8 to 4.2, and 420 

phase difference plots between the responses calculated from the original model versus the 421 

altered model show distinct differences > ±10º (Figure 5b), indicating that the resistive break is 422 

required by the data. The response to the break is predominantly observed in the TM data and 423 

is due to the sensitivity to charges on the boundaries between the conductors and the resistive 424 

region that are absent when the two conductors are connected. In contrast, the TE data are 425 

sensitive to the geometry of current distribution, and the difference in current flow between the 426 

two models is minor and below our ability to detect (phase differences < ± 5º, Figure 5b TE 427 

mode).  428 

To further analyze the shape and extent of resistor D, we increased the resistivity below 429 

conductors A and B on the 700-line to match the resistivity observed within feature D (Figure 430 

5c). The RMS of the altered model barely changes from the original model, and phase 431 

difference plots do not reveal significant differences in either the TE- or TM-modes. Hence the 432 

intermediate resistivity values beneath ~30 km depth below features A and B in the 700-line 433 

model could be a shadowing effect of these shallower high-conductivity features, and the true 434 

resistivity values could be similar to those observed within feature D. Hypothesis testing (not 435 

shown) modifying the region below B to a depth of 100 km to be either highly conducting 436 

(700Bcond: 1 m) or highly resistive (700Bres: 10,000 m) and inspecting the difference 437 

between the forward responses of the two models (700Bres-700Bcond) shows that there is 438 

almost no sensitivity in the TE mode to the region below B, but detectable sensitivity at some 439 

sites in the TM mode (approx. ±6º). This is because in the TE mode the currents flowing in B 440 

mask the geometry of currents flowing below it, whereas in the TM mode there is a significant 441 

difference in the geometry of charges on conductivity boundaries that result in observable 442 
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responses. Using either 700Bcond or 700Bres as the start model, and finding the closest 443 

acceptable model to it when inverting, yields models that give the minimum and maximum 444 

permitted resistivity below B, which are 10 m and 1,000 m respectively. We thus mark the 445 

corresponding area of our final model (Figure 9b) as a “zone of poor resolution”. 446 

Similarly, along the 100-line profile, feature D was tested by altering conductivity 447 

values in three different ways (Figure 6). We replaced the conductor linking feature C to the 448 

surface with a resistor linking D and E (Figure 6a); we connected conductors B and C with a 449 

conductor that cut across resistor D (Figure 6b, analogous to Figure 5b for 700-line); and we 450 

moved the upward continuation of conductor C to the surface, south of the YSZ and again 451 

cutting across resistor D (Figure 6c). In each case the RMS value of the forward inversion 452 

increased significantly from the original model, from 2.8 to 3.5, 3.9 and 4.7, respectively, and 453 

the phase differences between the original and altered models was >15° beneath feature D in 454 

the TM-mode.  455 

We conclude that resistive zone D separating conductors B and C on both profiles is 456 

required by the data and is not an artifact of our modeling methodology. Indeed, the 457 

smoothness criterion in the objective function is trying to connect the two conductors, as that 458 

would result in a lower total roughness, but the misfit component of the objective function 459 

works against this and requires D to exist in order to minimize the misfit. 460 

Note that for both profiles, sensitivity to the existence of the resistive break is in the 461 

TM-mode data, not the TE-mode data. Arguments about 3-D effects on 2-D interpretations can 462 

be made about some TE-mode data features, but not about TM-mode data features as the TM-463 

mode is generally far less sensitive to 3-D structure [e.g., Jones, 1983; Wannamaker et al., 464 

1984; Ledo, 2005].  465 
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6.2 Focused Models 466 

 To better define upper-crustal structure, we undertook more detailed and focused 467 

modeling by selecting only higher-frequency data, at periods in the range of 0.004 to 100 s, 468 

from selected groups of stations with much finer modeling and inversion meshes. The resulting 469 

focused models (Figures 7, 8) better represent the shallow structure because the responses of 470 

local structures have a higher influence on the average misfit value, whereas our crustal-scale 471 

models (Figures 3, 4) are smoothed because the modeling program is simultaneously fitting all 472 

of the data along the profile and is able to misfit some local data structure (see, Jones, 1993, 473 

for a discussion on this). This issue is particularly evident, for example, when comparing the 474 

southern edge of conductor C that on the regional-scale models clearly extends up towards the 475 

surface in the 700-line model, but not in the 100-line (Figures 3d, 4b), whereas the focused 476 

models clearly show conductor C also reaching close to the surface on the 100-line (Figure 7c). 477 

Where the focused models geographically overlap (Figure 7c with 7b, 8c with 8b, 8b with 8a) 478 

the derived models differ because they are fitting different subsets of the data. The preferred 479 

model is the central part of each focused model, away from edge effects.  480 

6.3 Geometric Description of Crustal and Focused Models 481 

The models generated for the 700-line and the 100-line profiles show remarkable 482 

similarities. Five seemingly equivalent first-order features (conductive regions A, B, C and 483 

resistive regions D and E) can be identified on both Figures 3d and 4b. 484 

1. Feature A (100-line: Figures 3d, 7a; 700-line: Figures 4b, 8a) is a conductive region of 485 

~1 Ωm, located near the southern end of the 700-line and 100-line profiles from near-486 

surface down to a depth of 5–10 km.  487 
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2. Feature B (Figures 7b, 8b) is a group of conductive zones, also of ~1 Ωm, in the region 488 

of the North Himalayan gneiss domes and always south of the YZS that spans a greater 489 

depth range, down to ~20–30 km (although in general the base of conductors are poorly 490 

defined).  491 

3. Feature C is a northward-dipping conductor of ~1 Ωm that is located beneath and north 492 

of the YZS. At the north end of both profiles beneath the Gangdese batholith 493 

conductive region C is below ~25–30 km (Figures 3d, 4b), but closer to the suture it 494 

trends upwards and becomes shallower than ~10 km at ~25 km south of the YZS (700-495 

line) or at ~10 km south of the YZS (100-line) (Figures 7c, 8c).  496 

4. Feature D (Figures 3d, 7c, 4b, 8c) is a near-vertical resistive structure, of ~2,000 Ωm 497 

that clearly separates the mid-crustal conductors B and C. At the latitude of feature D, 498 

the entire crustal thickness is resistive, except the very near surface.  499 

5. Feature E (Figures 3d, 7c, 4b, 8c) is a highly resistive region (>10,000 Ωm) that lies 500 

directly above the large conductive region of feature C, extending from the surface in 501 

the vicinity of the YZS, down to the top of C at >25 km depth.  502 

The features in the 100-line and 700-line models were imaged using independent data 503 

sets measured during separate field seasons, during different times in the solar cycle. The 504 

similarities in the geometries and properties of the conductivity structures along the two 505 

profiles are most simply interpreted as representing continuity along-strike. Such along-strike 506 

continuity suggests that the observed conductivity patterns are regional and related to orogen-507 

scale processes, and requires consistent interpretations between the two profiles. There are of 508 

course some more minor differences between the 700-line and 100-line results, presumably 509 

due to local differences in shallow geological structure. For example, the detailed geometry of 510 
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the separate conductors forming B differs from the 100-line (Figure 7b) to the 700-line (Figure 511 

8b), and B is somewhat shallower and of lower conductance on the 100-line. Conductor C is 512 

connected to the surface on the 700-line (Figure 8c), but does not reach shallower than 5 km on 513 

the 100-line (Figure 7c).  514 

 Perhaps the most important difference between our new models and those previously 515 

published is the presence of feature D, the resistive region separating two conductive zones 516 

(features B and C) located 10–30 km south of the YZS, evident on the regional models 517 

(Figures 3d, 4b) and confirmed on the focused models (Figures 7c, 8c). This resistive structure 518 

has strong implications for the extent, connection and distribution of fluids in the crust, hence 519 

on the geodynamic processes active in Tibet. Compared to previous models, our new models, 520 

from re-analyzed and corrected data, use both the TM and TE-modes, use a finer mesh and 521 

lower smoothing parameter, and fit the data better.  522 

7. Geological Interpretations of Conductors 523 

7.1 Conductor A 524 

Conductor A at the southern end of both profiles is interpreted to represent aqueous 525 

fluids within the Tethyan sedimentary sequence [Spratt et al. 2005]. The 100-line is in a region 526 

where the generally east-west trend of the STD is disrupted by the NNE-trending Yadong-Gulu 527 

rift (Figure 2). INDEPTH wide-angle seismic profiling along our 100-line shows that the 528 

Neogene rift-related sediments are never thicker than 1 km [Makovsky et al., 1996a] so clearly 529 

lying above the highest conductivities. INDEPTH reflection profiling along the 100-line was 530 

used to interpret the STD from surface outcrop to depth [Hauck et al., 1998] (dashed line in 531 

Figure 7a), bounding the base of the highest conductivities. The interpretation of conductor A 532 
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as meteoric or connate fluids in the Tethyan sedimentary rocks agrees well along the 700-line 533 

profile where the base of the prominent conductor may mark the STD, the surface trace of 534 

which is just south of station 710 but runs south-north just west of stations 710–720. In Figure 535 

8a we show the structural interpretation of Hauck et al. [1998] translated 200 km east, fully 536 

aware that in this location the surface outcrop of the STD runs approximately north-south 537 

[Long et al., 2011] and close to stations 710–720. The STD may be significantly shallower 538 

than shown directly beneath these stations which, however, may be sensing the conductivity 539 

structure of the sedimentary series deepening to the east of our profile. Both the 100- and 700-540 

lines show significant variability of conductivity within the Tethyan sedimentary series, 541 

presumably due to fluid circulation driven by terrain-induced advective flow to depths of 542 

several kilometers [Hochstein & Yang, 1992] in the Yadong-Gulu and Coma rifts respectively, 543 

as attested to by the numerous hot and warm springs along the southern parts of our profiles 544 

[Hou and Li, 2004] (Figure 9).  Conductivity variability may also relate to the large range of 545 

lithologies present (carbonates, slates, sandstones) [Pan et al., 1994], and their different 546 

porosities and permeabilities.  547 

7.2 Conductors B 548 

Moving northwards along the 100- and 700-lines, conductors B lie in a region where 549 

the detailed shallow subsurface geometry is poorly known beneath the North Himalaya Gneiss 550 

Domes on the 100-line (Kangmar dome), and essentially unknown on the 700-line 551 

(Yalaxiangbo dome). Conductor B was previously interpreted by Unsworth et al. [2005] as a 552 

continuous zone of ponded melt in the middle and upper crust connected to conductors A and 553 

C, but in our more complete modeling it is discrete and appears far more complex. Comparison 554 

with previously published cross-sections [Lee et al., 2000] (Figure 7b) shows that our MT 555 
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measurements clearly image the resistive core of the Kangmar dome bounded by the STD that 556 

separates highly resistive orthogneisses below from conductive Tethyan Himalaya sedimentary 557 

rocks above. Both Lee et al. [2000] and Makovsky et al. [1999] suggest Tethyan Himalayan 558 

rocks are also present at depth beneath the Kangmar dome, albeit carried along south-dipping 559 

and north-dipping thrusts respectively. At 10–20 km depth, south-dipping reflections on 560 

INDEPTH seismic data (projected from ~20 km east; dashed lines on Figure 7b) may represent 561 

back thrusts carrying Tethyan sedimentary material [Makovsky et al., 1999], providing a 562 

possible cause of somewhat elevated conductivities vertically beneath the Kangmar dome 563 

(southern region labeled B in Figure 7b). However, the northern and more conductive segment 564 

labeled B lies at the same depth as the bright spot of the “Yamdrok-Damxung reflection band” 565 

imaged ~50 km due east on INDEPTH reflection data [Brown et al., 1996; Hauck et al., 1998] 566 

(dashed oval on Figure 7b). This bright spot is close to Yamdrok Tso (Yamdrok lake) in which 567 

Francheteau et al. [1984] measured heat flow of 146 mW/m2 (Figure 2) and argued, from the 568 

magnitude of the heat flow and the rapid spatial gradient in heat flow declining to the south, 569 

that an anomalous heat source, presumably magmatic, intruded within the past 1 Ma at less 570 

than ~10 km depth [Jaupart et al., 1985]. Two MT soundings close to the lake and the seismic 571 

bright spot (Figure 2) were interpreted as showing resistivities as low as 3 Ωm in the 3–14 km 572 

depth range [Pham et al., 1986], further corroborating the interpretation of a shallow magma 573 

body. We therefore interpret at least the portions of conductor B at ~15 km depth and below as 574 

including a magma body, though the observed resistivities are so low, ~1 Ωm, comparable with 575 

the resistivity of felsic partial melt, that saline aqueous fluids that can have conductivities 100 576 

times greater than felsic melts are likely also present [cf. Li et al., 2003]. The portion of 577 

conductor B above 10 km (above the dotted line in Figure 7b), most prominent beneath stations 578 
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140 and 143, could be an apophyse of the deeper intrusion, or more probably meteoric or 579 

connate waters in the Tethyan Himalayan sequence.  580 

Separating magmatic and aqueous sources for conductor B on the 700-line is similarly 581 

difficult. The portion of B that rises to the surface between stations 745 and 747 (Figure 8b) is 582 

plausibly related to the hydrothermal system within the Tethyan Himalayan sequence that 583 

drives the hot springs scattered between stations 740 and 747 [Hou and Li, 2004]. These 584 

springs reach the surface south of the north-dipping Lhunze thrust (with its surface trace 585 

between stations 745 and 747), and north-dipping conductor B may mark aqueous fluids rising 586 

along, or trapped beneath, this thrust being potentially driven by a magmatic source at greater 587 

depth. (The Lhunze thrust crosses our line of section obliquely (Figure 2) and in Figure 8b is 588 

shown in its geometric position with respect to the MT stations, not to the line of section.) 589 

Such fluxing fluids may also act as mineralizing agents, and their deposits can also be 590 

conductive [e.g., Livelybrooks et al., 1996]. The Cuomei-Longzi belt [Qi et al., 2008], that 591 

crosses the 700-line near station 740 with an alignment of Sb-Pb-Zn deposits, is likely to 592 

contain numerous conductors and may contribute to the anomalies that we observe here and 593 

elsewhere along the 100- and 700-lines. However, these potentially conductive ore bodies of 594 

magmatic-tectonic origin (i.e. not strata-bound due to depositional origin) are small and 595 

isolated by resistive country rock.  Similar bodies elsewhere are not typically directly 596 

observable using regional MT methods [e.g., Livelybrooks et al., 1996; Heinson et al., 2006] 597 

except at the highest frequencies (10 Hz–10 kHz, so-called “audio-MT” or AMT [e.g., Jones & 598 

Garcia, 2003]. Thus, if conductor B on the 700-line only represents mineralization, it would be 599 

an extraordinary, world-class deposit. The more realistic dominant source for this conductor is 600 

aqueous fluids. 601 



Spratt et al. India-Asia collision zone from INDEPTH MT Page 28 

 

The south-dipping northern portion of B that spans a depth range 20–10 km or even 602 

shallower (Figures 8b and c), by analogy with our interpretations above of the 100-line (Figure 603 

7b), could represent a magma body similar to that seismically imaged 100 km due west.  604 

Although brines in Tethyan sedimentary rocks beneath the Yalaxiangbo dome are a possible 605 

alternative, regional cross-sections across the Yalaxiangbo dome (admittedly less well-studied 606 

than the Kangmar dome) do not show Tethyan sedimentary rocks beneath the dome [Yin et al., 607 

2010]. Although it is intriguing that the northern part of conductor B is shallowest beneath the 608 

granitic core of the Yalaxiangbo dome, even if magmatic the conductor cannot be directly 609 

related to the exposed granites, for which the youngest age yet reported is 35 Ma [Zeng et al., 610 

2011]. The exposed granites (stations 753, 755) do not appear particularly resistive; just as on 611 

the 100-line, the most resistive lithologies appear to be the Cambrian orthogneiss (around 612 

stations 749, 750, and 758) (Figure 8b).  613 

7.3 Conductor C 614 

Conductor C, northward-dipping beneath the YZS in both profiles, and below the 615 

Gangdese batholith further north, is confidently interpreted as partial melt where the conductor 616 

is in the mid-to-lower crust (Figure 9). This interpretation is based on many other geophysical 617 

data that support the presence of partial melting in the Lhasa Block below 15 km depth, 618 

including observations of seismic bright spots and shear-wave conversions close to the 100-619 

line (Figure 2), a shallow Curie isotherm derived from satellite magnetic data, high heat flow, 620 

observations of a low seismic velocity zone, and interpretations of INDEPTH line-200 MT 621 

data [Klemperer, 2006, and refs. loc. cit.]. The dashed lines in Figure 7c delineate a reflective 622 

band, the “Yarlung Zangbo reflector” recognized on wide-angle seismic data by Makovsky et 623 

al. [1999]. Nelson et al. [1996] presumed these reflections at ~20 km depth represented magma 624 
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bodies, even though the geometry of the seismic experiment did not allow observation of 625 

shear-wave conversions capable of testing whether these reflections south of the YZS represent 626 

fluids. In contrast, because upper-crustal attenuation of seismic shear waves decreases from 627 

north-to-south across the suture [Makovsky et al., 1996], and because the Yarlung Zangbo 628 

reflector also deepens northwards, becoming deeper than the magmatic bright spots observed 629 

close to station 195, Makovsky et al. [1999] suggested this reflective band was related to an 630 

ophiolitic slab. However, ophiolites, even when serpentinized, are typically not conductive 631 

because their magnetite is disseminated and not connected [e.g., Weckmann et al., 2007]. The 632 

geology is well-mapped along the 700-line where opposing thrust systems (Gangdese thust and 633 

Renbu-Zedong thrust) bound the YZS, here a mélange of ophiolitic and sedimentary material 634 

[Yin et al., 1994, 1999], and it is clear that the ophiolitic mélange has high resistivity (around 635 

station 769) (Figure 8c).  636 

In the Lhasa Block the tops of the seismic bright spots appear to represent saline fluids 637 

released from, and accumulating above, cooling magma bodies [Makovsky & Klemperer, 638 

1999], an interpretation consistent with the coincident MT observations [Li et al., 2003].  639 

Hence we infer magmatic and/or aqueous fluids migrating upwards through the brittle crust 640 

may be the origin of the fingers of high conductivity projecting upwards immediately south of 641 

the YZS on the 100-line and 700-line. Although the thrust geometries on Figure 8c must be 642 

regarded as conjectural at even 5 km depth, where conductor C reaches the surface the highest 643 

conductivities are presumably contained within the Tethyan series above the RZT. Station 764 644 

is in Triassic turbidites [Antolin et al., 2011], with no geothermal indicators reported within 40 645 

km [Hou and Li, 2004], suggesting that the shallowest part of this anomaly is due to meteoric 646 

or connate fluids, not to a very shallow magma body. Less structural data is available directly 647 
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across the YZS for the 100-line than for the 700-line, and the geometry of the RZT and GT 648 

shown in Figure 7c from Makovsky et al. [1999] is only a cartoon. Nonetheless, the geometry 649 

of the tongues of high conductivity (B and C in Figures 7c and 8c) approaching shallow depths 650 

is not suggestive of solid-phase conductors dismembered by low-angle thrusting, and our 651 

preferred interpretation of conductor C at ≥10 km depth is magma and associated brines. On 652 

the 100-line where the highly-conductive tongue approaches the surface immediately south of 653 

the YZS (Figure 7c), hot springs are known along the Yarlung River <20 km east of station 654 

165, lending additional support to interpretation of the shallowest part of conductor C as young 655 

intrusions and associated magmatic fluids. 656 

7.4 Resistor E 657 

The highly resistive feature E is shown in the MT model north of the Yarlung-Zangbo 658 

suture to depths of the order of 20 km. This regional feature undoubtedly represents the 659 

resistive Gangdese batholith of the Lhasa block (Figure 9). It is noteworthy that in this 660 

metallogenic province there are numerous Cu-Au skarn and porphyry deposits, including some 661 

within 3 km of stations 769 and 770 [Li et al., 2006]. There is no evidence in our MT data of 662 

the effects of near-surface conductors related to these economic mineralized deposits, which 663 

disinclines us to interpret other anomalies along our profiles as mineralized zones, even though 664 

we cannot rule out this possibility.  665 

7.5 Resistor D 666 

Feature D on both profiles is a resistive unit (~2000 Ωm) south of the YZS that clearly 667 

separates the two mid-crustal conductors B and C, as shown by our hypothesis testing (Figures 668 

5b, 6b). Although the inferred resistivity of D is greater than that shown in our models for 669 
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Greater Himalayan material beneath the STD (Figures 7a, 8a), hypothesis testing (Figure 6c) 670 

shows that we lack resolution to demonstrate that these regions have different resistivities.  671 

Hence D, lying structurally beneath the Renbu-Zedong Thrust, is most simply interpreted as 672 

Greater Himalayan basement.  The gross similarity of the sequence conductor B–resistor D–673 

conductor C on both the 100- and 700-lines is striking; yet D is aligned with exposed ophiolites 674 

on the 100-line (centered on station 160) but 20 km south of the ophiolite belt on the 700-line 675 

(centered on station 762) (Figure 2). Our two profiles are separated by 200 km along-strike, 676 

and have just a 20-km difference in cross-strike location of D with respect to the suture zone. 677 

We could regard this 20-km difference as trivial, and infer that the upper-crustal portion of D 678 

relates to the suturing process, in which case D could even represent YZS ophiolitic mélange 679 

that we know is resistive in the shallow subsurface between the RZT and Gangdese thrust 680 

(Figures 7c, 8c). Or we could regard this difference as representing post-suturing modifications 681 

in conductivity geometry.  Our interpretation of C as having a geologically recent magmatic 682 

component implies C can cross-cut older structure, and suggests that the location of D is 683 

simply a manifestation of the southern extent of recent intrusions propagating upward from the 684 

major partial melt zone beneath the Gangdese batholith. 685 

The existence of resistor D fundamentally distinguishes our new models from those of 686 

Unsworth et al. [2005] in which the conductors C and B to the north and south of the YSZ are 687 

electrically connected. We can place upper limits on how much fluid can be present within 688 

resistor D [cf. Keranen et al., 2009]. We estimate a high upper bound of <2.5% melt within 689 

resistor D with the widely used modified Archie’s Law [Hermance, 1979], that predicts weakly 690 

interconnected hence large volumes of melt to achieve a specific conductivity, with a melt 691 

resistivity of 1 Ωm and infinite matrix resistivity. However, if resistor D were deforming at the 692 
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present day we would expect melt to be interconnected along grain boundaries [Jin et al., 693 

1994], the upper Hashin-Shtrikman bound would apply, and melt content would be limited to 694 

<0.1%, far too low to facilitate any deformation [Rosenberg & Handy, 2005]. Clearly, resistor 695 

D is not a deforming partially molten zone, and we interpret it as a melt-absent region of the 696 

orogen, in contrast to conductors B and C south and north of the YZS.  697 

It is noteworthy that on the 100-line resistor D cuts vertically through the seismic wide-698 

angle “Yarlung Zangbo reflector” (YZR) of Makovsky et al. [1999] projected 50 km west from 699 

its suggested location (Figure 7c). We do not see this as a conflict, as the data from the portion 700 

of the YZR crossed by resistor D (dotted lines below 20 km in Figure 7c) are significantly less 701 

clear than data further north or south. Makovsky et al. [1999] pointed to ambiguity of 702 

identification of reflections in this location as due to interference from S waves.  In contrast, 703 

we suggest that the YZR is simply not continuous between the well-imaged segments further 704 

south and further north (dashed lines below 20 km in Figure 7c). A search for analogous 705 

reflectivity closer to the 100-line at the YZS successfully imaged the northern part of the YZR 706 

but identified no comparable reflections close to our stations 155 and 160 [Zhao et al., 1997].  707 

8. Tectonic Implications  708 

Modern geodynamic models for Tibet all emphasize the importance of a weak middle-709 

lower crust capable of flow [e.g., Zhao and Morgan, 1987; Shen et al., 2001; Beaumont et al., 710 

2004] that is attested to by a wide range of geophysical data [summarized in Klemperer, 2006], 711 

including our conductor C beneath and north of the YZS. A continuing debate is whether 712 

boundary conditions at the edges of the Tibetan Plateau allow crust to flow beyond the Plateau 713 

margins, in particular at the southern, Himalayan margin.  714 
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Beaumont et al. [2004] used coupled thermal-mechanical models to show how ductile 715 

extrusion between the MHT and the STD (Figure 1), together with the effects of surface 716 

denudation, can explain many geologic features observed in the Himalaya-Tibetan system, as 717 

well as the INDEPTH geophysical observations [Nelson et al., 1996] that were central to the 718 

development of this “channel-flow” model. P-T-t transects across the Greater Himalaya have 719 

been argued to support [e.g., Jamieson et al., 2004] or repudiate [e.g., Kohn, 2008] channel-720 

flow extrusion of these rocks during the Miocene. Channel-flow that is active at the present-721 

day seems to require a melt-weakened channel that extends continuously from the 722 

uncontroversial hot, weak middle-lower crust of the Lhasa and Qiangtang blocks, at least as far 723 

south as the surface expression of the STD, and be in the upper crust, above the MHT. Such a 724 

continuous zone of shallow melt extending north and south of the YZS has been proposed from 725 

both MT [Unsworth et al., 2005] and seismic [Caldwell et al., 2009] data. Other higher-726 

resolution seismic data clearly show that the intensity of reflectivity anomalies is spatially 727 

variable [Brown et al., 1996; Hetényi et al., 2011]. Brown et al. [1996] suggested the brightest 728 

reflections are magma chambers within a laterally continuous reflector zone marking variably 729 

molten and cooled intrusions, arguably the top of a weakened zone of channelized flow, 730 

whereas Hetényi et al. [2011] argue that the absence of a pronounced upper-crustal low-731 

velocity zone beneath some of their seismic stations brings into question the mechanical 732 

viability of the channel flow model, though they fail to show that lower degrees of partial melt 733 

still consistent with melt weakening are not present.  734 

Our results, modeling additional components of almost the same data that were used by 735 

Unsworth et al. [2005] to infer a continuous low-resistivity layer from the Lhasa block to the 736 

Tethyan Himalaya, are the first to show unequivocally that a melt-weakened layer is not 737 
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continuously present within the upper crust of southernmost Tibet. Our focused modeling in 738 

the vicinity of the YZS (Figures 7c, 8c) shows a highly resistive block D from near-surface to 739 

≥25 km depth. Our hypothesis tests (Figures 5b, 6b) demonstrate that any conductor 740 

breaching resistor D would yield unacceptable fits to the recorded data. Simple calculations 741 

using appropriate resistivities for basement lithologies and crustal melts show that partial melt 742 

within resistor D, if any, is limited to ~1% at most, and more realistically ~0.1%. Thus on our 743 

two separate transects separated by >200 km we have shown that a continuous partially melted 744 

channel is not present.  745 

Channel flow could still be operating today if the crust represented by resistor D is 746 

sufficiently weak to flow even in the absence of melt. This we consider highly unlikely given 747 

the high resistivity of resistor D of some 2,000 m. Alternatively, channel flow could be 748 

operating today if our transects are not representative, so that at other locations along strike 749 

there is melt-weakened crust continuously present from north to south, perhaps in a complex 750 

3D network at a kilometric scale, allowing for a complex channel structure. Such a situation 751 

has recently been reported for melt progression north of the Kunlun Fault, where the MT data 752 

yield unequivocal evidence for anisotropy [Le Pape et al., 2012]. The observed electrical 753 

anisotropy is interpreted by those authors as the manifestation of finger-like melt penetration in 754 

contrast to pervasive melt penetration. If resistor D is related to the thrust geometry of the 755 

suture zone and formed as a continuous block along strike, then we have no reason to expect 756 

that cross-sections between the 100- and 700-lines would find substantially different structures. 757 

If instead resistor D simply marks the southern limit of geologically recent intrusions 758 

propagating upward from beneath the Lhasa block, then such intrusions might reach different 759 

distances south of the suture at intervening locations. Indeed, preliminary MT profiling along-760 
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strike along the YZS suggests a variability in conductivity west of the 100-line and east of the 761 

700-line as dramatic as we observe across-strike on our profiles [Wei et al., 2010]. Finally, we 762 

note that in numerical thermo-mechanical models of channel flow in the India-Asia collision, 763 

the distance which Indian crust underthrusts Asian crust north of the ISZ is sensitive to small 764 

changes in crustal strength [Beaumont et al., 2006]. For a range of models that all show 765 

channel-flow, Indian crust may underthrust 200 km north of the YSZ or not underthrust at all 766 

[Beaumont et al., 2006; Jamieson et al., 2006]. If resistor D is a barrier to outward flow of 767 

material from beneath the Lhasa block, it must modify, but need not prohibit, channel-flow 768 

extrusion of the Himalaya; channel-flow extrusion of the Greater Himalaya could be entirely 769 

separate from a larger-scale flow of Tibetan crust [Klemperer, 2006]. In this case the 770 

deformation patterns might more closely represent the ductile-extrusion model of Grujic et al. 771 

[1996] than the channel-flow model of Nelson et al. [1996]. Beyond these caveats about the 772 

way simple channel-flow models might need to be modified to operate within the constraints of 773 

our MT models, we note that our MT observations only bear on the geometry of channel flow 774 

(if any) today, and do not constrain the existence or nature of such flow in the Miocene that is 775 

best tested against exposures of the exhumed putative channel in the Greater Himalaya 776 

between the MCT and STD [Jamieson et al., 2004; Kohn, 2008].  777 

9. Conclusions  778 

Re-modeling, focused inversion and hypothesis testing of two MT transects across the 779 

Yarlung-Zangbo suture provide a significantly improved, and different, image of conductivity 780 

from previous models (Figure 9). The new models were derived from carefully selected and 781 

analyzed data, and used both the apparent resistivities and phases of both the TE and TM 782 
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modes, whereas the prior models by Unsworth et al. [2005] used only the TM-mode phases 783 

and the TF data. 784 

From the South Tibet Detachment to the North Himalayan gneiss domes, isolated high 785 

conductivities in the upper 10 km are probably hydrothermal fluids within Tethyan Himalayan 786 

sedimentary rocks, and these anomalies therefore help constrain the subsurface location of the 787 

STD. Tethyan sedimentary rocks are also associated with elevated conductivity in the near-788 

surface north and south of the Kangmar Dome and above the Renbu-Zedong thrust, and 789 

perhaps locally beneath the Kangmar Dome. 790 

North of the Kangmar Dome and south and north of the Yalaxiangbo Dome, high 791 

conductivities probably represent magma chambers and associated aqueous fluids at 10–20 km 792 

depth, and their associated hydrothermal systems in the shallower crust. Other possible magma 793 

chambers are present beneath the Gangdese thrust, continuing and deepening north to join the 794 

well-known high-conductivity zone and presumed zone of mid-crustal partial melting beneath 795 

the Gangdese batholith at ≥20 km depth. 796 

In stark contrast to previous models published along both transects, the conductive zone 797 

beneath the Gangdese batholith (Lhasa block) does not continue unbroken beneath the YZS 798 

and the Tethyan Himalaya. Our new results show that the continuity of this partial-melt zone is 799 

far less than indicated by our first cartoons [Nelson et al., 1996] and re-created as an essential 800 

feature of derivative numerical models [Beaumont et al., 2004, 2006]. On both of our transects 801 

the conductive zone is broken by a near-vertical resistor from near-surface to the base of the 802 

crust that cannot have any significant melt present. This ~10 km wide resistive zone may 803 

confine any ductile extrusion of the Himalaya to be purely south of the YZS at the present day, 804 

or may prove to be discontinuous along-strike and permit a complex 3D channel-flow. 805 
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Figure captions 1043 

Figure 1. (a) Terrane map of the Tibetan Plateau and INDEPTH magnetotelluric profiles, showing location of 1044 

Figure 2. (b) Cross-section of the Himalaya and southern Tibetan Plateau, modified from Nelson et al. [1996] 1045 

(vertical exaggeration ~130%). MFT–Main Frontal Thrust; MBT–Main Boundary Thrust; MCT–Main Central 1046 

Thrust; MHT– Main Himalayan Thrust; STD–South Tibetan Detachment; YZS–Yarlung-Zangbo Suture; Ybj–1047 

Yangbajian graben; BNS–Banggong-Nujiang Suture.  1048 

 1049 

Figure 2. MT site locations along 100- and 700-lines across the Yarlung-Zangbo suture in Southern Tibet. Yellow 1050 

squares show the location of data used in focused inversions (Figures 7 and 8). LT–Lhunze thrust; RZT–1051 

Renbu-Zedong thrust; GT–Gangdese thrust; KD–Kangmar dome; RB–Renbu dome; YXD–Yalaxiangbo 1052 

dome; all other abbreviations as in Figure 1. Geology from Pan et al. [2004]; Yin [2006]; Antolin et al. [2011]; 1053 

Long et al. [2011]; Zeng et al. [2011]. Heat-flow measurements from Francheteau et al. [1984]; Sino-French 1054 

MT recording sites from Pham et al. [1986]; reflection profiles and seismic reflection bright spots from Brown 1055 

et al. [1996] and Hauck et al. [1998]; geothermal manifestations from Hou and Li [2004]; mineral deposits 1056 

from Li et al. [2006], Qi et al. [2008], Hou et al. [2009] and Yang et al. [2009]. 1057 

 1058 

Figure 3. Conductivity models for the 100-line profile, re-plotted with a uniform resistivity color scale, from (a) 1059 

Chen et al. [1996], (b) Wei et al. [2001], (c) Unsworth et al. [2005], (d) preferred model (this paper). Reds 1060 

represent regions of high conductivity and blues represent resistive regions. Five major first-order features also 1061 

recognized on the 700-profile (Figure 4) are three conductive zones (A, B, and C) and two resistive regions (D 1062 

and B). Dashed boxes show the areas selected for focused inversions in Figure 7. Black triangles mark 1063 

recording locations. (Sites 121, 165 and 175 (Figure 2) were not used in the inversion in (d) as in this line of 1064 

projection they are closer to the adjacent station than the inversion mesh size.) Pseudosections show the phase 1065 

difference between the observed data and the model response in (e) the TE-mode and (f) the TM-mode. 1066 

 1067 

Figure 4. Conductivity models for the 700-line profile. (a) Unsworth et al. [2005], (b) preferred model, this paper 1068 

(modified from Spratt et al. [2005]). (Site 780 (Figure 2) was not used in the inversion in (b) as in this line of 1069 

projection it is closer to the adjacent station than the inversion mesh size.) Dashed boxes show the areas 1070 

selected for focused inversions in Figure 8. Pseudosections show the phase difference between the observed 1071 

data and the model response in (c) the TE-mode and (d) the TM-mode. 1072 

 1073 

Figure 5. Hypothesis testing of the 700-line model.  Specific resistivity values are altered, and pseudosections are 1074 

plotted of the phase difference between our preferred model (Figure 4b) and the altered model, in both the TE-1075 

mode and the TM-mode. (a) Adding a resistive block (dark purple) beneath the high conductivity zone (C) 1076 

results in no significant differences between the phases in either the TE- or TM-modes, indicating our data are 1077 

insensitive to the deep structure north of the YZS. (b) Connecting the two mid-crustal conductors B and C 1078 

with conductive material (yellow-orange) across resistor D results in large differences in the phases in the TM 1079 
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mode. (c) Altering the resistivity values below conductors A and B to match those observed within feature D 1080 

yields no significant phase differences, showing that the deeper crust here could be more resistive than shown 1081 

in the final model. 1082 

 1083 

Figure 6. Hypothesis testing of the 100-line model. (a) Replacing the shallow part of conductor C with a resistor 1084 

linking D and E. (b) Connecting conductors B and C with a conductor that cuts across resistor D (analogous to 1085 

Figure 5b). (c) Continuing conductor C to the surface south of the YSZ and again cutting across resistor D. 1086 

The RMS value increases significantly in each case and significant phase differences are observed, particularly 1087 

in the TM-mode.  1088 

 1089 

Figure 7 Focused models of upper-crustal conductivity structure along the 100-line profile. Letters A, B, C, D 1090 

mark the same distinctive features as in Figure 3. Black lines mark the location of fault zones and seismic 1091 

reflectors taken directly from other papers, dashed where confidently imaged or from constrained geologic 1092 

cross-sections, dotted where extrapolated or from schematic or cartoon cross-sections. (a) Focused model 1093 

across the southern end of the 100-line. Mesh has 41 rows and 145 columns. Dashed line is STD interpreted 1094 

from INDEPTH reflection data [Hauck et al., 1998]. (b) Focused model across the Kangmar dome. Mesh has 1095 

41 rows and 145 columns. Dashed line above 10 km depth is boundary between Kangmar gneisses (Greater 1096 

Himalayan Sequence, GH) and sedimentary rocks (Tethyan Himalaya, TH) from structural cross-section of 1097 

Lee et al. [2000] that is “interpretative and schematic” below about 3 km depth. Dashed lines below 10 km 1098 

depth are prominent reflections beneath the Kangmar dome (imaged ~20 km east), and a bright spot of the 1099 

“Yamdrok-Damxung reflection band” (imaged ~50 km east) from INDEPTH reflection data [Brown et al., 1100 

1996; Hauck et al., 1998]. (c) focused model across the YZS. Mesh consists of 51 rows and 126 columns. 1101 

Dotted lines are Renbu-Zedong thrust (RZT) and Gangdese thrust (GT) from the cartoon by Makovsky et al. 1102 

[1999], and (shallower dotted line at south end) schematic STD from Lee et al. [2000]; dashed lines at depth 1103 

bound the “Yarlung Zangbo reflector” from INDEPTH wide-angle seismic data [Makovsky et al., 1999], 1104 

dotted where not clearly imaged.  1105 

 1106 

Figure 8 Focused models of upper-crustal conductivity structure along the 700-line profile. (a) Focused model 1107 

across the STD. Mesh is 50 rows and 106 columns. Dotted line is speculative STD, following geometry along 1108 

100-line [Hauck et al., 1998] (Figure 7a) extrapolated 200 km to the east. (b) Focused model across the 1109 

Lhunze thrust and Yalaxiangbo dome. Mesh is 51 rows and 141 columns. Dotted line is speculative STD 1110 

(upper boundary of Yalaxiangbo dome) following geometry along 100-line, extrapolated 200 km to the east. 1111 

(c) Focused model across YZS. Mesh is 41 rows and 142 columns. Dashed lines are RZT and GT from 1112 

structural cross-section of Yin et al. [1994, 1999]; dotted line is speculative upper boundary of Yalaxiangbo 1113 

dome from Lee et al. [2000] (Figure 7b) and Yin et al. [2010]. 1114 

 1115 
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Figure 9 Conductivity model and geologic interpretation of (a) 100- and (b) 700-line MT profiles in southern 1116 

Tibet, with no vertical exaggeration.  Conductive zone A is interpreted as geothermal fluids; conductors C as 1117 

regions of partial melt; and conductive zones B as magma in some areas and water in others.  1118 
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