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We analyse magnetotelluric data recorded in the 
Garhwal Himalaya corridor, India, to study dimen-
sionality and strike direction of the geoelectric struc-
ture. The geoelectric structure dimensionality in the 
corridor shows spatial variation with period. Geoelec-
tric strike directions of the main Himalayan thrusts 
associated with the main arc – Main Frontal Thrust, 
Main Boundary Thrust and Main Central Thrust – are 
N72W  8, N70W  3 and N71W  6 respectively. 
Cross-strike directions oriented transverse and oblique 
with respect to the main arc geometry are also deline-
ated. Transverse feature is constrained using 3D mod-
elling. 
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THE Himalaya is one of the youngest and highest moun-
tain ranges, which originated from continental collision 
tectonics and underthrusting of the Indian Plate beneath 
the Eurasian Plate. Regional N–S compression caused 
crustal shortening, horizontal extrusion and lithospheric 
delamination1,2. In this process, leading upper brittle por-
tion of the subducting Indian crust has been sliced and 
stacked up southwards to form the Himalayan mountain 
belt. The Himalayan system is normally considered as 
laterally continuous along its arc1. However, Valdiya3 
pointed out large-scale fracture, fault and folds trending 
normal and oblique to the Himalayan tectonics trend.  
Undersurface extension of the Aravalli into the Lesser 
Himalaya was first postulated by Auden4. On the basis of 
along-strike variations in topography and relief, and the 
rate of convergence and shortening rates5–9, the Himala-
yan arc was characterized into transverse zones that sepa-
rate the mountain range into sectors with distinct 
thicknesses of major sedimentary units, deformation style 
and present-day seismicity. Mitra et al.10 speculated that 
the Delhi–Haridwar basement ridge divides the lateral 
variations in the felsic component of the upper–middle 
Indian crust under the Ganga Basin. Khattri and Tyagi11 

using seismological data, explained the existence of obli-
que and transverse tectonics features in the Garhwal  
Himalayan region. Accordingly, the dominant structural 
trend is along the Himalayan mountain axis which swings 
from northwest in the western side to northeast trend in 
the east. A number of faults having strikes at high angles 
with the main Himalayan axis arc were identified. Some 
of these trend in NE–SW direction and have been postu-
lated as continuation of the Aravalli trend into the  
Himalaya11. Recently, Godin and Harris12 discussed using 
gravity data and their relationship to upper crustal faults, 
basement cross-strike discontinuities in the Indian crust 
beneath the Himalayan orogen. Existence of a transverse 
conductor has been explained on the basis of geomagnetic 
induction response13 and is called the Trans-Himalayan 
Conductor (THC), which follows the strike of the Aravalli 
range of the Indian shield. Transverse tectonics in the 
Sikkim Himalaya was explained by Manglik et al.14 on 
the basis of magnetotelluric (MT) studies. The geoelectric 
strike directions delineated in the MT data are consistent 
with the seismotectonic model of the Sikkim Himalaya. 
The model was obtained on the basis of focal mecha-
nisms of moderate earthquakes and composite fault plane 
solutions of microearthquakes. In the present article, we 
analyse MT data to study, in terms of dimensionality and 
directionality, the oblique and transverse tectonics fea-
tures and determine geoelectric strike directions in the 
Garhwal Himalayan Corridor (GHC). Further, a 3D geo-
electrical model generated by integration of dimensionality 
and tipper responses has been presented. 

Geology of the study area 

The study area is located in Uttarakhand and MT data 
were recorded along the Roorkee–Gangotri (RKG) profile. 
Figure 1 shows the location of MT and tipper data sites. 
We shall refer to this section along the profile as Garhwal 
Himalayan corridor (GHC) in subsequent discussions; 
Geologically, the GHC is divided into four concentric  
litho-tectonic domains, separated by three south-verging 
thrusts. The Main Frontal Thrust (MFT), the southern-
most tectonic boundary in the Himalaya, demarcates the
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Figure 1. Location map of the study area showing magnetotelluric (MT) and tipper sites on a simplified 
tectonic map. Also plotted are the phase tensor ellipses and real induction arrows at representative period 
(609 s) in Weise convention at sites where tipper data are available. VT, Vaikrita thrust; MT, Munsiari 
thrust; MBT, Main Boundary Thrust; MFT, Main Frontal Thrust; IGP, Indo Gangetic Plain; SH, Sub  
Himalaya; LH, Lesser Himalaya; HH, Higher Himalaya (compiled from Valdiya15 and Mahesh et al.19). 

 
 
contact between the Indo-Gangetic alluvium to the south 
and the Sub-Himalaya to the north15. The Sub-Himalaya 
begins to the north of the MFT with an average elevation 
of 600 m, and rises abruptly above the Indo-Gangetic 
Plain (IGP) along the MFT. The Sub-Himalaya predomi-
nantly consists of 5–6 km thick tertiary and quaternary 
sediments. The Lesser Himalayan (LH) domain, which 
follows on the north, has an average elevation of 2500 m 
with profile elevation increasing towards the north. The 
LH domain largely consists of Precambrian rocks that are 
folded and fractured1. This domain is separated from the 
Sub-Himalaya (SH) by the north-dipping Main Boundary 
Thrust (MBT), which hades northwards11,16 at 30–40. 
The next major thrust is the Main Central Thrust (MCT) 
in the north. In the study area, the MCT zone is bounded 
by the Munsiari Thrust (MT) in the south and Vaikrita 
Thrust (VT) in the north17–19. The northernmost region of 
the profile is the Higher Himalayan (HH) crystalline zone 
containing most of the famous peaks of the mountain 
range and has an average elevation of 4500 m. In the 
study area, the dominant structural trend of the main Hi-
malayan thrusts: MFT, MBT and MCT is northwest. A 
number of faults and other structural features that have 
strike in NE–SW direction have been postulated. An  

example of such a feature is the extension of northeast-
trending Aravalli11. Auden4 first indicated the rejuvena-
tion of the Aravalli Mountain which, he believed,  
extended northeastward into the Himalaya. Prolongation 
of the Aravalli in the NNE–SSW direction towards 
Garhwal is also reflected in gravity anomaly20. Recently, 
the cross-strike discontinuities in the Indian crust beneath 
the Himalaya have been studied by Godin and Harris12 
using gravity data. They have explained the northern  
limit of cross-structure under the Himalaya. 

Structure dimensionality and geoelectric strike 

Determination of geoelectric structure dimensionality and 
directionality is an import step in MT data analysis and 
interpretation; it is the main focus of the present study. 
The data recorded from GHC were corrupted to different 
degrees by distortion due to different types of geological 
and man-made noise sources. To deal with noisy data, we 
used impedance invariants and phase tensor-based tech-
niques for the determination of geoelectric dimensionality 
and strike directions21,22. The basic philosophy of the 
technique is discussed here briefly. The MT impedance
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Table 1. Dimensionality criteria modified after Martí et al.23 

Case Criterion Geoelectric dimensionality 
 

1 I3 = I4 = I5 = I6 = 0  1D 
2 I3  0 or I4  0; I5 = I6 = 0; I7 = 0 or Q = 0 2D 
3a I3  0 or I4  0; I5  0; I6 = 0; I7 = 0 3D/2D twist 
  2D affected by galvanic distortion (only twist) 
 

3b I3  0 or I4  0; I5  0, I6 = 0; Q = 0 3D/1D or 2D 
   Galvanic distortion over a 1D or 2D structure (non-recoverable  
    strike direction) 
 

3c I3  0 or I4  0; I5 = 0 ,I6 = 0; I7 = 0 or Q = 0 3D/1D or 2D 
  Galvanic distortion over a 1D or 2D structure resulting in a diagonal  
    MT tensor 
 

3d I3  0 or I4  0; I5  0; I6  0 and I7 = 0 3D/2D 
  General case of galvanic distortion over a 2D structure 
 

4 I7  0 3D (affected or not affected by galvanic distortion) 
5 Any or all of I3, I4, I5 or I6 is undefined. Undetermined dimensionality, dimensionality not estimated (NE) 

 
 
tensor can be written as a linear relationship between the 
orthogonal horizontal components of electric (E) and 
magnetic (H) fields as: 
 

 ,xx xyx x

y yyx yy

Z ZE H
E HZ Z
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where Ex, Ey, Hx, Hy and Zij are the components of electric 
and magnetic fields, and impedance tensor respectively. 
Weaver et al.21 have developed dimensionality criteria 
based on seven rotational invariants (I1 to I7). 
 These criteria were modified by Martí et al.23. We 
modified these criteria further, in view of data quality 
(Table 1). 
 We have developed an algorithm in Matlab environ-
ment and implemented these criteria to determine the  
dimensionality in MT data recorded in the GHC. Figure 2 
shows the dimensionality of geoelectric structure in the 
corridor along the profile. Data affected by galvanic  
distortion and 3D conductivity structure are grouped into 
four cases mentioned in Table 1 as ‘3a’, ‘3b’, ‘3c’ and 
‘3d’. This method cannot be applied to the impedance 
tensor having very large error (>30%) or I7 > 1, and thus 
dimensionality cannot be estimated for such data points. 
In Figure 2, these regions are shown in red and are indi-
cated as ‘NE’ on dimensionality scale. 
 In the period >2 s, major region along the profile is 
represented by 2D structure (Figure 2). The southern  
region, in the short period range (<2 s), is the IGP sedi-
mentary section represented by layered (1D) structure. 
Phase tensor ellipse22 in the short-period band reduced to 
a circle with less than 5 phase difference between mini-
mum to maximum phase22. Underneath the IGP, only at 
longer periods (>2 s), and for majority of northern re-
gions, for all periods, the structure is 2D while it is 3D 
only for a few localized regions. For the 2D region, we 

have estimated geoelectric strike direction. Three  
approaches – Groom–Bailey24, Bahr25,26 and phase ten-
sor22 – were used to determine consistent average strike 
directions in the four lithotectonic zones. These methods 
generate the geoelectric strike directions with 90 ambi-
guity. This ambiguity has been removed by constraining 
the strike direction to be consistent with the main Hima-
layan arc (northwest–southeast) in the region27. Phase 
tensor-based method is considered to be more accurate 
for determination of geoelectric strike direction due to the 
fact that phase is not affected by small-scale electric dis-
tortions22. We have recalculated strike for the entire data 
and observed that strike directions obtained using phase 
tensor method22 are consistent. Figure 1 shows phase ten-
sor ellipse along with induction arrows plotted in the 
Weise convention at representative period (609 s). It can 
be seen that the major axis of the ellipses are consistently 
oriented approximately in north–south direction at 15 
sites located mainly in the southern zone of the profile. 
However, induction arrows at these sites are not aligned 
along the axis of the ellipse. On the contrary, induction 
arrows are generally oriented towards northwest, indicat-
ing conducting body in southeast and almost parallel to 
the MT profile. Anomalous behaviour of induction  
arrows has also been explained by Arora and Adam13: 
‘because of the superposition of the fields of two or more 
bodies with non-parallel strikes, the induction arrow  
pattern becomes complex and ambiguous’. 
 In 216 data points in the period band of 13–1024 s, 
phase tensor ellipses show N13E average geoelectrical 
strike direction in southern region at 15 sites. Since this 
consistently appeared in a large number of sites and data 
points, it cannot be ignored for this dataset. It has been 
found that a consistent dominant geoelectrical strike  
direction in the southern region at periods greater than 
13 s is N13E. This was also observed in an earlier 
work28, where it was modified using the 90 ambiguity in
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Figure 2. Geoelectric structure dimensionality variations with period in the Garhwal Himalayan corri-
dor along the MT profile. NE on colour scale indicates that dimensionality criteria cannot be used for this 
region. 

 
 
view of the main Himalayan arc configuration (north-
west–southeast). However, the geological literature also 
suggests the possibility of structural features transverse to 
the main arc3,11. In view of this, we retain this direction 
and refer to it as the strike direction of a possible trans-
verse geological structure in the southern part of the pro-
file. Such transverse structure could be interpreted as an 
extension of the Aravalli trend into the Himalaya, i.e. 
THC13. Average geoelectric strike directions for major 
regions in the corridor are shown in Figure 3 by lines  
labelled a–f along with two boundaries shown by dotted 
lines – labelled g and h – indicating the extension of these 
features along the profile. This study suggests the follow-
ing dimensionality and directionality features in the four 
lithotectonic regions in the GHC: 
 1. Southernmost region of the profile is represented 
by 1D structure in the period range 0.01–2 s. In this  
period range phase tensor ellipses have low ellipticity, 
approaching a circle and geoelectric strike is highly un-
stable. To relate this observed geoelectric dimensionality 
and strike direction to the geological features in depth, 
the period range is converted to an approximate depth  
using Niblett–Bostick method29,30 and to an azimuthally  
invariant determinant impedance response. Accordingly, 
this region represents 1D sedimentary structure in the 
southern part of the profile and is extended to a depth of 
about 6 km. This depth range of the IGP sediments is 
consistent with the 2D geoelectrical model of the  
region28. 
 2. Below the IGP sediments, the structure is repre-
sented by 2D with an average strike of N13E at 15 sites 
in the period band of 13–1024 s. This period bandwidth 
decreases from 13–1024 s in the IGP to 256–1024 s in the 
northern end. Depth conversion indicates that the top of 

this transverse structure with a strike of N13E is dipping 
at an angle of approximately is ~23 toward NNE. This 
feature appears at 15 sites in the MT data and thus is sig-
nificant for the present dataset. This feature, nearly trans-
verse to the main Himalaya arc, shows parallelism with 
the Aravalli trends. A similar feature was postulated by 
Valdiya3 and Auden4. Subsequently, it was termed as 
Trans-Himalayan Conductor by Arora and Adam13. 
 3. The other dominant geoelectric strike directions 
observed in the MT data corresponding to that of major 
thrusts (MFT, MBT and MCT) as shown in Figure 3, and 
labelled as b–d are N72W  8, N70W  3, and 
N71W  6 respectively. It can be seen that uncertainty 
in the strike values is more in the southern- and  
northernmost regions for MFT and MCT. Higher uncer-
tainty is due to the instability in the strike direction in the 
southern end (1D sedimentary structure in the IGP) and 
presence of multi-conductor with non-parallel strike in 
the MCT zone. 
 4. Besides the above features in the region, two  
features trending NNW direction are also observed in the 
SH and MCT zone and interpreted as localized fractures 
in the region. These features are labelled as ‘a’ and ‘e’ in 
Figure 3. The feature ‘a’ in the MCT zone with strike of 
N24W  7 appears to be correlated with strike of focal 
plane of Uttarakashi earthquake of 19 October 1991 (ref. 
31). Strong ground motion study31 of Uttarkashi earth-
quake revealed that strike of the focal plane NP1  
is N28W, which closely matches with feature ‘a’ in  
Figure 3. Another similar feature identified by character 
‘e’ has a strike of N10W  5. To further study  
transverse conducting feature in the GHC corridor, we 
discuss 3D modelling of tipper response in the following 
section. 
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Figure 3. (i) Elevation plot along Roorkee–Gangotri profile. (ii) Geoelectric strike variation along the 
profile in four lithotectonic regions: the strike directions are shown by six different bars labelled ‘a’ to ‘f’ 
in ellipse insets. The orientation (with respect to north indicated in each inset) of these bars signifies the 
strike direction of the features in each region. For the features ‘a’–‘e’ extension of the bars along the  
x-axis additionally illustrates the sites where these features are sensed. However, feature ‘f’, is sensed on 
sites lying within the horizontal range of the dotted line ‘g’, which also defines period sensitive to the top 
boundary surface of this transverse feature. The short-period region in the southwest (SW) of the profile, 
bounded by the dotted line ‘h’ represents 1D structure. 

 
 
Three-dimensional modelling of tipper response 

The tipper vector in magnetotellurics defines tipping of 
the horizontal components of magnetic field vectors and 
is also known as induction vector in the geomagnetic 
depth sounding literature13. It can be defined in a horizon-
tal plane in terms of a linear relationship between  
horizontal (Hx, Hy) and vertical magnetic (Hz) field com-
ponents as: 
 
 Hz = TzxHx + TzyHy, (2) 
 
where Tzx and Tzy are components of the tipper. In fre-
quency domain these are complex quantities represented 
in terms of real and imaginary components. Amplitude 
and direction of the tipper vector can be defined as: 
 
 |Re T| = sqrt((Re Tzx)2 + (Re Tzy)2), (3) 
 
and 
 
 T_anlge = (180/pi) * phase(Re T). (4) 

Tipper vector is sensitive to the lateral electrical inho-
mogeneities and it can be used to locate conductive struc-
ture in a region. Real tipper vectors in Parkinson32 
convention point towards the zone of high conductivity, 
whereas in Weise convention they point away from the 
zone of high conductivity. In the following we model  
tipper response recorded from the GHC. 
 Using the MT data recorded from the GHC, stable  
tipper responses have been estimated at 26 sites. Figure 1 
shows location of these sites. Figure 4 a is a plot of the 
real tipper in the Weise convention at a representative  
period (1024 s). It is observed that tipper vector is consis-
tently trending toward the northwest direction at greater 
than 100 s period. This behaviour is observed at 15 sites 
located in the IGP, SH and at a few sites in the LH. This 
behaviour of tipper suggests the existence of a conductive 
structure oriented in southeast direction and continuing 
nearly parallel to the profile in the IGP to LH regions. To 
further study the possible causes of tipper vector behaviour, 
3D modelling was performed to fit the observed tipper 
amplitude and direction of tipper with those modelled by 
adjusting the parameters (depth, conductivity, thickness
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Figure 4. Observed and computed tipper response for selected period. a, Observed tipper response at 1024 s period.  
b–d, Comparison of observed and computed tipper at 362, 609 and 1024 s respectively. 

 
 
and length) of the conductor by trial and error method. 
The directions of observed and computed tipper are also 
matched through the similarity index, Cn, defined as 
 

 obs cal

obs cal
cos ,

| || |n
T T

C
T T

   (5) 

 
where Tobs and Tcal are observed and computed tipper re-
spectively. 
 Initial 3D geoelectrical model has been constructed  
using simplified 2D block model obtained through 2D in-
version of MT data28 and by incorporating a conducting 
body to the southeast and parallel to the profile as indi-
cated by tipper behaviour. Figure 5 a and b shows XY 
planes at surface (zero depth) and 20 km depth of 3D 
model respectively, obtained after fitting the tipper vec-
tor. Figure 4 b–d shows the corresponding observed and 
computed tipper at three representative periods. It may be 
mentioned here that 3D modelling is performed by incor-
porating the broad feature of the 2D model and transverse 
conducting feature. Parameters of the 3D model are  
adjusted manually to improve the fit between the ob-

served and computed tipper responses. Fit between the 
observed and computed responses is generally improved 
with this experiment. However, the fitting is poor for 
sites located in the northern region. This may be due to 
ambiguous behaviour of the tipper in the presence of mul-
tiple conductors with non-parallel strikes13. Similarity in-
dex (Figure 6) is also poor at the site in the MCT zone. 
These observations suggest the existence of transverse 
conductor in the GHC along with other conducting  
features associated with the thrust zones along the main 
Himalayan arc. These two are nearly perpendicular in  
nature and hence explain transverse tectonics in the GHC. 

Discussion and conclusion 

Geoelectric structure dimensionality and directionality 
analysis indicates the existence of transverse and oblique 
features in addition to the main Himalayan arc in the 
GHC. Three such features, one transverse feature in the 
IGP and two oblique features in the SH and MCT zone, 
are delineated in the present analysis. The transverse  
feature in the IGP continues to the northeast (N13E) in
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Figure 5. a, Electrical structure of top surface layer (xy-plane) of simplified 3D model slice. b, Electrical structure at 
20 km depth (xy-plane) of simplified 3D model slice. Trans-Himalayan conductor fitted by tipper responses is indicated as 
THC. 

 
 

 
 

Figure 6. Similarity index computed between observed and fitted tipper responses at representative  
periods. 

 
 
the SH and LH domain. Such a feature was earlier indi-
cated in the literature and is related with the possible  
extension of the Aravalli3. Whereas two oblique features, 
aligned with a strike of N10W in the SH and N24W in 
the MCT zone, are local in nature. These appear to be  
associated with fault planes of possible past earthquakes 
in the region. The strike of the MCT zone feature is con-
sistent with that of the fault plane of Uttarakashi earth-
quake of 19 October 1991 (ref. 31). 
 The tipper response also supports the existence of 
transverse conducting feature in the region. The 3D tipper 
modelling approach was used to present geoelectrical 
model of the region. Initial model for this study has been 
developed by transforming a 2D geoelectrical model into 
a simplified block model and by adding in it a 3D feature 
consistent with the tipper response and transverse strike 

in the IGP region. Parameters of the additional transverse 
conducting structure have been adjusted iteratively by fit-
ting observed and computed tipper responses. Due to the 
presence of multi-conductors with non-parallel strike, 
good fitting could not be achieved at all sites. Following 
are the main features of the final 3D geoelectrical model 
obtained by this experiment. 
 The IGP sediments extend from the southernmost end 
of the model domain with 6 km thickness and resistivity 
of 30 Ohm-m. Further north of the IGP formation resis-
tivity is 5 Ohm-m, representing the MBT. Ramp structure 
near the MCT in the depth range from 6 to 30 km is mod-
elled in three steps. The MCT conductor with resistivity  
4 Ohm-m has been added in the MCT zone. THC with a  
resistivity of 10 Ohm-m is extended from the southern 
end of the profile to the MCT zone in the north, parallel 
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and 50 km east of the existing MT profile. The thickness 
of the THC is 15 km which is adjusted in the depth range 
from 15 to 30 km to fit the computed tipper with that  
observed. The proposed 3D model of the study region is 
generated from a limited set of MT data, which needs to 
be further improved by adding more MT sites and by 
conducting full 3D inversion of the complete dataset. 
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