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Abstract
Broadband and long-period magnetotelluric data were acquired over the northern part of the Cambay rift zone along an east–west profile ~ 200 km in length. The decomposed TE- and TM-mode data were inverted using a 2-D nonlinear conjugate gradient algorithm to obtain the lithospheric structure of the region. A highly conductive (~ 1000 S) layer was identified within the Cambay rift zone and interpreted as thick Quaternary and Tertiary sediments. The crustal conductors found in the profile were due to fluid emplacement in the western part, and the presence of fluids and/or interconnected sulfides caused by metamorphic phases in the eastern part. The demarcation of the Cambay rift zone is clearly delineated with a steeply dipping fault on the western margin, whereas the eastern margin of the rift zone gently dips along the NE–SW axis, representing a half-graben structure. A highly resistive body identified outside the rift zone is interpreted as an igneous granitic intrusive complex. Moderately conductive (30–100 Ω-m) zones indicate underplating and the presence of partial melt due to plume–lithosphere interactions.[image: A40623_2017_725_Figa_HTML.gif]
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Introduction
The western continental margin of India (WCMI) demonstrates its evolution through the mid-Cretaceous and Tertiary periods (Courtillot et al. 1988; White and McKenzie 1989; Storey et al. 1995; Bhattacharya and Chaubey 2001 and references therein). The structural architecture of the WCMI was also modulated by two major geodynamic events, the activity of the Reunion hotspot and the collision that formed the Indo-Eurasian continental plate. The interaction between the Reunion hotspot and the Indian continental lithosphere during the Cretaceous–Tertiary boundary (~ 65 Ma ago) resulted in a huge flood of basaltic eruptions, which formed the Deccan volcanic province (DVP) over the western and central Indian sub-continent (Raval and Veeraswamy 2000; Veeraswamy and Raval 2004). It covers an area of more than 500,000 km2, almost one-sixth of the total surface area of the Indian Peninsula. The eruption of the DVP by the Reunion hotspot has been inferred as late syn-rift-to-breakup volcanism contemporaneous with the separation of the Seychelles and India ~ 65 Ma ago. As the Indian plate started moving northward, the adjacent offshore areas were influenced by the Reunion hotspot, resulting in various magmatic intrusions within the stretched continental crust of the WCMI (Bhattacharya and Chaubey 2001; Chaubey et al. 2002; Royer et al. 2002). The region was uplifted around the impingement location of the hot mantle plume and developed a four-way radially deviating mega-fracture pattern. The roughly N–S trending fractures produced further extensional stresses, eventually resulting in the breakup between the Seychelles and Indian plates along these fracture arms. The western continental margin then reactivated along the eastern parts of these extending fractures. The Narmada geofracture zone formed along the third arm, whereas the fourth arm resulted in the Cambay basin, due to extensional stresses associated with the separation and movement of the Indian plate away from the Seychelles. The second-stage rifting of the Cambay basin is considered to be coeval with the breakup of the Indian plate and the Seychelles as well as the eruption of Deccan basalts in the Late Cretaceous (Raval and Veeraswamy 2000; Veeraswamy and Raval 2004) by generating significant variations in volcanic intensity as observed in the Baikal rift zone, a Rio Grande rift system. Several geophysical studies were carried out to understand the tectonics, sediment thickness, and rifting processes of the Cambay basin (Kaila et al. 1990; Tewari et al. 1991, 1995; Mishra et al. 1998; Singh et al. 2003; Dixit et al. 2010; Kumar et al. 2016). Most authors have reported ~ 1–5-km-thick Tertiary and Quaternary sediments, inferring that lower crustal magmatic underplating occurred associated with plume interaction and rifting events.
Though various geophysical studies have been carried out, information on the deeper structure across the basin is limited. The MT method has been successfully used in delineating deep crustal and upper mantle structures (Jones 1992; Gokarn et al. 2001; Rao et al. 2014b; Abdul Azeez et al. 2017), the presence of partial melts (Unsworth et al. 2005) and areas of magmatic underplating (Wannamaker et al. 2008) by studying the variations in the electrical resistivity of Earth’s interior. Although several MT studies have been carried out to understand the resistivity structure of the Mesozoic rift basins at the western margin of India, and to delineate areas of magmatic underplating and intrusions in the rift zones induced by the Reunion plume (Rao et al. 2004; Naganjaneyulu and Santosh 2010; Abdul Azeez et al. 2013; Patro and Sarma 2016 and references therein), no studies have yet been made to image the deep resistivity structure across the Cambay rift. In order to decipher the deeper structure and sediment thickness in the northern part of the basin, an MT study was performed as shown in Fig. 1. The detailed modeling of the lithospheric geoelectric structure in the study region, combined with geodynamic and tectonic information, establishes a plausible deep crustal resistivity structure, increasing the understanding of evolutionary processes and the impact of the Reunion plume on the structure of the crust and mantle.[image: A40623_2017_725_Fig1_HTML.gif]
Fig. 1Regional geological map of western continental margin of India (WCMI) (modified from Mishra et al. 1998; Biswas 1982, 1987). The top right panel shows northern Cambay basin showing locations of the MT profile. Red triangles represent LMT + BBMT stations, blue triangles represent BBMT stations, and the purple stars represent major cities




                     

Regional tectonic framework
The WCMI is made up of the Kutch, Cambay and Narmada rift basins that developed during the breakup of the Indian continent from Gondwanaland during the Mesozoic era. These basins were formed by rifting along with the three major Precambrian tectonic trends of western India, Dharwar (NNW–SSE), Aravalli–Delhi (NE–SW) and Satpura (ENE–WSW), that controlled the tectonic style of the basins, and these rifting events were synchronous with the major events of Indian continental drifting history (Biswas 1982, 1987 and references therein). These trends can be seen as metamorphic belts, which represent the three major orogenic cycles. The Aravalli–Delhi and Dharwar trends represent the oldest orogenic cycle and are followed by the Satpura. The Narmada-Son lineament developed along the Satpura trend by dividing the Indian shield into two blocks. The NNW–SSE Dharwar trend swings eastwards and syncs with the ENE–WSW Precambrian orogenic trends. The extension of the NNW–SSE trend parallel to the WCMI in the western part of the peninsular Indian shield led to the formation of the Cambay basin during the Mesozoic period. Though the formation of the basin took place during the Mesozoic, the Cambay basin is named a Tertiary basin because of its higher rate of subsidence during the Tertiary. The NNW–SSE-trending Cambay rift basin extends from Barmer in the north to the offshore region in the south (Gupta 1981). Initially, the basin started rifting perpendicular to the eastern and western faults, which formed parallel to the axis of the basin. The rift is wider on its southern side and narrow in the northern Barmer and Sanchore regions. The NE–SW Aravalli–Delhi trend splits into three directional components in the western margin of India. The main NE–SW Aravalli trend continues across the Cambay basin into Saurashtra, while the Delhi trend swings E–W by forming a series of step faults, continuing into the Kutch basin. The third component bends counterclockwise and merges with the ENE–WSW Satpura trend.
The Cambay basin is surrounded by the Precambrian Aravalli group of formations in the NE and is bounded by discontinuous faults, including Deccan traps in the east and west as shown in Fig. 1. Deccan volcanism dates to the Mesozoic era, near the Cretaceous–Tertiary boundary, and subdued early rifting by erupting thick Deccan basalts over the Cretaceous sediments, shaping the basin basement. Subsequently, the basin was filled with Tertiary and Quaternary sediments consisting of sandstone, siltstone, claystone, and shales. Biswas (1982) categorized the Cambay rift as a present-day active rift that continues to be a low-lying area. Due to the large sediment thickness, the Cambay basin has become one of the major hydrocarbon-producing sedimentary basins in India.

Geophysical studies
A large number of hydrocarbon exploration surveys have been carried out resulting in geological, geophysical, and well log data sets of the Cambay basin. Despite the availability of fairly good information on shallow depths along the rift basin, not much is known about its deeper structure, the sedimentary thickness over the northern region, or the presence of Mesozoic sediments beneath the Deccan basaltic basement. Initially, gravity surveys (Negi 1951; Qureshi 1964; Rao 1968) were carried out to study the basement structure and nature of subsurface formations. These studies revealed a high Bouguer gravity anomaly within the basin compared to the surrounding regions, inspiring a few studies (Tewari et al. 1991, 1995) to attempt to establish a relationship with Precambrian trends. Most studies attributed the high gravity to various features like a Moho upwarp accompanied by high-density lower crust, a large thickness of volcanic material within the basin, and intrusion from the upper mantle.
The extensive deep seismic sounding (DSS) studies carried out over the Cambay basin for hydrocarbon exploration (Kaila et al. 1990; Tewari et al. 1991, 1997; Dixit et al. 2010) revealed major structural trends in the basin and supported the explanation of magmatic underplating beneath the Kutch and Cambay rift basins. The Cambay basin is complex in nature, containing horst structures and E–W directional faults that divide the basin into four sub-basins. DSS studies inferred (a) a basement depth of ~ 2–7 km underneath the four sub-basins, (b) presence of a 2–3 km-thick, prominent low-velocity zone (5.5–5.8 km/s) within the upper crust at a depth of 10–12 km, (c) a high-velocity layer (7.3–7.4 km/s) in the lower crust and Moho depth at 31–33 km. Mishra et al. (1998) carried out gravity surveys along a geotransect covering the Cambay and Narmada rift basins. Their study reported a sediment 2–3 km thick over the ridges, 5–6 km in the depressions of the Cambay rift basin, and a Moho depth of 31–32 km. These DSS and gravity studies concluded that the presence of the high-velocity layer represents an underplating of the crust due to mantle upwarp during the Deccan volcanic eruption, and suggest that the region is an uplifted tectonic block. Due to the presence of this high-velocity layer of crust in the region of the WCMI, it is believed that the Reunion plume has affected its crustal portions. Plume interaction signatures have been traced through the Cambay basin to the immediate east of the Saurashtra peninsula (Campbell and Griffiths 1990).
Rao et al. (2015) analyzed near-surface shear velocities (NSV) using a network of permanent broadband stations over northwestern DVP. The Cambay basin region shows very small NSV values of 1.03–2.25 km/s, indicating the presence of sediments within the rift basin. This study inferred an average crustal thickness of 32.5 km and an average V
                        p/V
                        s value of ~ 1.67, indicating a felsic crust. These results are also supported by DSS models (Kaila et al. 1981, 1990) and gravity studies (Singh et al. 2003).
Kaila et al. (1990) and Tewari et al. (1991) summarized that the crustal extension, mantle upwarp and continental rifting are related to Deccan volcanism and high-velocity lower crustal zones. Crustal thinning and the decrease in V
                        p/V
                        s values are possibly related to crustal heating and its resulting structural differentiation (Negi et al. 1992). Studies of near-surface shear velocities (NSV) and boreholes drilled in the Cambay basin clearly support the deposition of Quaternary and Tertiary sediments, mainly sandstone, siltstone, claystone and shales, into different marine incursive, lacustrine environments, controlled by steep faults on its margins (Roy Chowdhury and Hargraves 1981; Biswas 1982, 1987; Mohan 1995).
Verma et al. (1968), Gupta et al. (1970) and Gupta (1981) carried out geothermal studies to correlate heat flow (75–93 mW/m2) with basin tectonics, characterizing the Cambay basin as a high heat flow region. These studies attributed high heat flow to igneous intrusion beneath the crust from the Pliocene to Miocene and concluded that the central region is a relatively high heat flow zone. The bottom hole measurements from thermal studies (Panda and Dutta 1985; Sonam et al. 2013) between areas of active north-to-south subsidence also inferred higher (20–75 °C/km) geothermal gradients. Studies of teleseismic data across the Cambay rift zone (Kumar et al. 2016) reported that the presence of carbonated partial melt beneath it leads to a ~ 10% reduction in shear velocity. Thus, the velocity structure outlined implies a shallow lithosphere ~ 60 km beneath and ~ 110 km on either side of the rift zone, and suggesting that a now-inactive plume resulted in magma formation that thinned the lithosphere across the Cambay rift zone.

MT data acquisition and processing
Magnetotelluric data were acquired with two sets of instruments. Broadband magnetotellurics (BBMT) with period between 0.003 and 3000 s were obtained using a Phoenix Geophysics MTU-V5 system, and long-period magnetotellurics (LMT) with period between 10 and 30,000 s were acquired using a LIMS system from LIVIV, a Ukraine firm. Data were acquired at 24 stations spaced 8–10 km apart along a profile, covering a total distance of ~ 200 km in an E–W direction between 71°03′E–72°52′E and 24°46′N–24°42′N across the northern part of the Cambay rift basin during 2014–2015. BBMT data were acquired at all 24 stations for 30–40 h, and LMT data were acquired at 12 alternative BBMT stations for 18–22 days. Electric field variations were measured using nonpolarizable Pb/PbCl electrodes arranged in orthogonal directions and having a dipole length of 60 m. Magnetic field variations were measured using MTC-50 induction coil magnetometers at the BBMT stations and three-component ring core fluxgate magnetometers at the LMT stations. The BBMT time series data were processed using the robust remote reference technique of Jones and Jödicke (1984) and Jones et al. (1989). The LMT data were processed using the LEMIMT software package supplied by LIVIV. Where LMT data were available, the responses were merged with corresponding BBMT responses to obtain response estimates over periods between 0.003 and 30,000 s. For most of the stations, the data quality was acceptable, up to 1000 s for BBMT sites and 10,000 s for LMT sites. Unfortunately, due to unavoidable cultural noise sources at some LMT stations, long-period responses of more than 10,000 s were discarded due to poor data quality.

Dimensionality and geoelectric strike
The multi-site and multi-frequency decomposition approach of McNeice and Jones (2001) was applied to identify and analyze galvanic distortions and to determine the most appropriate geoelectric strike direction over the profile. The RMS error and galvanic distortion parameters obtained from the tensor decomposition are presented in Additional file 1: Fig. S1a, b, and the summary of geoelectric strike directions are shown in Fig. 2. The multi-site, multi-frequency analysis of the profile suggests that the regional strike is best defined in the direction N5°E and N50°E for the Cambay rift zone and Aravalli and Delhi formations of Precambrian age, respectively. The galvanic distortion parameters, twist (± 10°) and shear (± 15°), are much lower than the normal ranges for the stations covering both geological formations, indicating that the MT data contains only minor galvanic distortion. At some stations in the Cambay rift basin, the strike angle is N45°E, due to the 1-D nature of the data, and during some periods the data is affected by strong noise. The noisy data from those periods were discarded prior to performing the 2-D inversion. The distortion model best fits most of the stations, data with RMS error < 2 for the two respective geoelectric strike directions. For station 316 at the eastern boundary of the Cambay rift zone, the RMS misfit is large, which may be due to current channeling at the edges of the geological bodies (Rao et al. 2014a). As a result of geoelectric strike estimation and galvanic distortion analysis, response estimates were derived for the 2-D MT modes, with TE and TM representing the current flow parallel and perpendicular to subsurface geoelectric strike direction, respectively. The strike direction obtained from this approach has a 90° ambiguity, but local geology and induction arrows can be used to resolve it. The strike direction is consistent with major N–S gravity trends in the Cambay basin and NE–SW trends in the Aravalli and Delhi formations. The real induction arrows, using the Parkinson convention where arrows point toward conductive anomalous zones, are plotted for the periods 1, 10, 100, 500, 1000 and 2500 s as shown in Fig. 3. Most of the induction arrows for short periods point toward the thick sediments deposited within the Cambay rift zone. The vectors at a period of 1000 s, and at some stations, at periods of 500 and 2500 s, are perpendicular to geoelectric strike directions estimated using the McNeice and Jones algorithm. The randomness in the direction of the induction arrows in the Cambay rift basin may be attributed to a variation in thickness of the sediments and errors arising from measurement of the vertical magnetic field. The vertical magnetic field data for all periods from the 310, 314, and 316 stations, and selected periods for some stations, removed due to strong noise. After resolving the 90° ambiguity, the MT impedances were rotated into N5°E for the stations 301–315 and N50°E for stations 316–324 to generate TE (parallel to strike) and TM (perpendicular to strike) modes. The tensor-decomposed regional impedances of TE- and TM-mode data for a few stations are shown as apparent resistivity and phase curves in Fig. 4.[image: A40623_2017_725_Fig2_HTML.gif]
Fig. 2Rose diagrams showing regional geoelectric strike directions computed from McNeice and Jones (2001) for periods between 0.001 and 10,000 s. a For stations 301–315 and b for stations 316–324
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Fig. 3Real induction arrows (Parkinson convention) at different periods. a 1 s, b 10 s, c, 100 s, d 500 s, e 1000 s and f 2500 s. See text for explanation
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Fig. 4Apparent resistivity and phase curves for representative stations of data used in 2D inversion. Blue color + represents TM mode and red color * represents TE mode




                     

Depth of penetration
The Niblett–Bostick depth approximation (Niblett and Sayn-Wittgenstein 1960; Bostick 1977; Jones 1983) was applied to the profile dataset to estimate the maximum penetration depth at each site. This approach is based on a 1-D approximation from the method and is strictly valid only if 2-D transverse electric (TE) and transverse magnetic (TM) modes are fully decoupled in the orthogonal directions and penetrate to the same depth as 1-D signals (Jones 2006). The validity of this approach to estimating the penetration depth of two orthogonal modes is approximate, especially where the TM and TE modes may not be completely decoupled due to 3-D effects at regional scale, but, nevertheless, it is superior to a period-based analysis. Figure 5 illustrates the variation of penetration depth for the orthogonal TE and TM modes at stations across the entire profile. The penetration depth is shallower in the Cambay rift basin due to thick conductive sediments, whereas it is much deeper across the Precambrian group of Aravalli and Delhi formations due to the presence of highly resistive rocks at crustal depths. The maximum penetration depth is ~ 100 km over the Cambay rift basin and > 500 km over the Precambrian Aravalli and Delhi formations. By considering the penetration depths across the entire profile, the structure and features of lithospheric resistivity can be adequately imaged.[image: A40623_2017_725_Fig5_HTML.gif]
Fig. 5Niblett-Bostick penetration depths for all sites on the profile. Each colored circle represents a measurement at a certain period and depth with the color indicating the period. The penetration depths are plotted separately for the TE mode (left column) and the TM mode (right column) of dots beneath each site. The depth ranges are 0–100 km (top panel) and 0–1000 km (bottom panel)




                     

Two-dimensional inversion
The decomposed TE- and TM-mode responses were inverted using the 2-D inversion algorithm of Rodi and Mackie (2001) as implemented within the WinGLink software package of Schlumberger/WesternGeco. This algorithm searches for the smoothest model from a homogeneous half-space by attempting to iteratively determine the best fit of the observed data with the squared Laplacian, a smoothing term, of the horizontal and vertical resistivity gradients (Mackie and Madden 1993). Unreliable data points, with large scatter and error bars, were removed from the dataset prior to 2-D inversion. The starting model of the homogeneous half-space was a mesh containing 84 rows and 256 columns and having a uniform resistivity of 100 Ω-m. The data were assigned an error floor of 10% (2.9°) and 5% (1.45°), for phases 15 and 10%, for the TE- and TM-mode resistivities, respectively. The tipper data were included in the inversion scheme after 70–100 iterations. The absolute error for the tipper data was set to 0.025 in the inversion scheme. The smoothing parameters alpha and beta were set to be 1, and block dimensions of 500 m and 1000 m were assigned for the horizontal and vertical gradients, respectively. Different models were generated with various combinations of data, including the TE and TM modes and the vertical transfer function, and uniform grid Laplacians with different smoothing operators starting from 100 to 1 at different orders were used. In the 2-D inversion algorithm, the regularization parameter τ plays a key role in controlling the optimization between data fit and roughness of the model. In order to determine an appropriate smoothing operator, several inversions were performed using different regularization parameters. The tradeoff between the inverse smoothing operator τ and the model misfit is plotted in Fig. 6 as an L-curve (Hansen 1992). Since the smoothing operator at the knee of the L-curve is considered to be preferable, the value of 7 was chosen as an appropriate smoothing operator for the model. The inversion was carried out iteratively until it found the best fit with the observed data by projecting all stations onto a single profile and line. The final RMS error of the inverted single profile model was 2.70. To validate the final model, with two different strike directions along a single profile obtained from the joint inversion using TE, TM, and tipper data, separate models were run from two different geoelectric strike directions (N5°E, N50°E) using parameters similar to that used for modeling the single profile (Fig. 8). The major features in the 2-D inversion models obtained along two profiles with different strike directions are similar to that obtained with a single profile using two different strike directions. The apparent resistivity and phase pseudo-sections of the observed and modeled single-profile, two-strike-direction data are shown in Fig. 7 to facilitate a comparative model assessment. The dots on the pseudo-sections correspond to data at different periods. In the apparent resistivity pseudo-sections of the TE and TM modes, the demarcation of conductive and resistive features can be easily recognized. The final geoelectric model obtained from the joint TE, TM and tipper data inversion is shown in Fig. 8, along with the RMS misfit of the joint inversion at each individual site listed at the top of the model. The RMS misfits for stations 316, 320 and 323 are high due to the misfit between the modeled and observed TE mode data, which may be due to current channeling at the edges of the geological bodies (Rao et al. 2014a) as shown in Fig. 1. In Fig. 9, observed and modeled data responses are shown, at representative stations covering major sections of the profile, for the model used in Fig. 8.[image: A40623_2017_725_Fig6_HTML.gif]
Fig. 6Roughness against model fit tradeoff curve (L-curve) obtained for different smoothness regularization parameters (τ) versus RMS values for 2-D inversion models
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Fig. 7Observed (Groom–Bailey decomposed) and modeled apparent resistivity and phase pseudo-sections in the transverse electric (TE) and transverse magnetic (TM) modes. The dots over the pseudo-sections at each site position and period correspond to the observed data points. Triangles indicate the location of the sites from west to east
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Fig. 82-D smooth inversion model of the profile (vertical exaggeration 1.0). The triangles indicate the location of the sites used from west to east by indicating geological formations across the profile. The RMS values of the joint inversion with respect to the final model at each individual site are shown in the top panel
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Fig. 92-D inversion data fit to the observed data and computed responses for representative stations. Open red star represents TE observed response, open blue circle represents TM observed response, red solid line represents TE computed response, and the blue solid line represents TM computed response




                     

Results and discussion
Figure 8 shows the resistivity model derived from 2-D inversion of the MT data together with major identified surface geological features, in order to understand the relationship between tectonic and geological processes and the resistive structures. The geoelectric cross section over the E–W profile across the Cambay rift basin reveals the different structural features beneath this region. The resistivity model shows significant contrasts (~ 1–10,000 Ω-m) from west to east, indicating a rather heterogeneous subsurface structure. For the sake of convenient discussion, the major resistive and conductive features in Fig. 8 are denoted with alphanumerics (R1, R2…C1, C2… etc.). Based on the resistivity variations across the profile at crustal depths, it is divided into two major segments, with the conductive features on the western side and resistive features on the eastern side.
The conductive layer C2, with widely varying conductance values of ~ 300–1000 S, is delineated between stations 303–313. This conductive feature (300–1000 S) is attributed to the Tertiary and Quaternary sediments deposited over the Cambay rift basin and particularly its western region. DSS and gravity studies (Kaila et al. 1990; Mishra et al. 1998; Dixit et al. 2010) have reported a maximum sediment thickness of 2–3 km over the ridges and 5–6 km over the depressions, and seismic velocities (5.5–5.8 km/s) have suggested a past accumulation of sediments. The present MT study shows the presence of thick sediments (1–5 km) beneath the Cambay rift zone as denoted by C2, corroborating the DSS and gravity studies. The syn-rift event caused widespread volcanism to subdue the initial rifting effects. The Deccan basaltic lava eruption created a thick basaltic lava cover that formed the basement, which then accumulated a thick layer of marine and lagoonal fine clastic sediment between the Late Paleocene and Mid Miocene, until the rifting process ceased (Biswas 1987). The conductive features C1a and C1b of 400–600 S conductance, observed at a depth of ~ 6 km, may be due to fluid emplacement at crustal depths. The thermal perturbations due to magmatic activity might have affected the composition and configuration of the crust during the Late Mesozoic in the form of a low-density layer, as mid-crustal emplacement of fractionated fluids spread throughout the regions of the western margin of the profile. The low-density and low-velocity crustal zone of these areas was found from gravity and DSS studies. Additionally, the mixing of rhyolitic and basaltic magmas may have occurred in the crust as the Cambay rift and Barmer basins connected during the Late Cretaceous (Kilaru et al. 2013). However, the combined appearance of low density, low velocity, and low resistivity supports the more likely scenario of fluid emplacement into crustal depths.
The outlined resistive features R1 and R6 (~ 5000 Ω-m) in the western part of the profile at depths of ~ 2 km may relate to the Precambrian basement. To validate the presence of R1 and R6, a sensitivity analysis was carried out. The R1 and R6 features were replaced with the 50 Ω-m resistivity of the surrounding formation. The model responses with and without these resistive features are shown in Additional file 1: Fig. S2a, b along with the observed data. After the removal of R1 at stations 301–302 and R6 at 306–308, a larger misfit was calculated at these sites between the model and the observed data. A decrease in apparent resistivity and an increase in the phase are shown after the removal of the resistors for different periods, of > 1 s for R1 and of > 100 s for R6. This sensitivity test indicates that the detection of the R1 and R6 resistors is robust, and they can be considered as reliable features. R1 and R6 may be related to the pre-existing Precambrian Malani igneous suite basement, which did not significantly revive due to the Deccan basaltic eruption. The Precambrian basement is delineated beneath stations 301–307, excepting station 303. This station is located adjacent to the junction of the Luni river and the Rann of Kutch. Bajpai et al. (2001) identified a shallow NE–SW fault system along the Luni river. This could be the cause for the absence of a basement at station 303 as indicated in the sounding curve as a large difference between the TE and TM modes up to a period of 1 s. The eastern part of the profile shows highly resistive features denoted as R2, R4 and R5 (5000–10,000 Ω-m) beneath stations 313–324. Though R2 is identified beneath station 313, it extends toward the west to station 309, at crustal depths of 15–20 km beneath C2, whereas the resistive features R4 and R5 extend to upper mantle depths. These stations, located over the Precambrian Aravalli and Delhi group formations, consist primarily of intensely folded, deformed and metamorphosed Proterozoic rocks deposited over the Archean basement. The Aravalli–Delhi fold belt is one of the major Precambrian tectonic trends in western India and represents the oldest orogenic cycle of metamorphic belts in the western margin of India. It has witnessed four major regional tectono-magmatic and metamorphic events from ~ 3000 Ma to ~ 750 Ma (Rao et al. 2000). The reactivation of these tectonic trends controlled the major fault systems of the WCMI. Thus, the delineated high resistivity features R2, R4 and R5 may be due to the high-grade metamorphic rocks of the Aravalli and Delhi group of formations. The resistive feature R2 extends beneath the Cambay rift basin and may indicate an extension of these formations toward the western margin.
The crustal conductors C3 and C4 are delineated within the Aravalli and Delhi group formations. A sensitivity test was carried out to validate these conductors at crustal depths within the resistive formations. These conductors were replaced with the surrounding formation resistivity of 10,000 Ω-m. The model responses with and without the conductors are shown in Additional file 1: Fig. S2c. A larger misfit was calculated between the model and the observed data after replacement. The increase in apparent resistivity and a decrease in phase seen for most of the periods support the existence of the conductors. The sensitivity test indicates that the detection of the conductors is robust and that they can be reliably considered as features of the final model. Conductive features, in general, can be explained at crustal depths with various subsurface mechanisms, such as the presence of fluids in interconnected pore spaces (Hyndman and Shearer 1989), high permeability due to fault gouge, interconnected graphite, sulfides, and oxides (Glover and Vine 1992), and magmatic underplating (Wannamaker et al. 2008). Graphite can be immediately ruled out, however, as there are no reports of its presence in the study area. The Aravalli–Delhi fold belt consists of polyphase metamorphic rocks and has witnessed major tectono-magnetic, metamorphic events and is associated with numerous transverse, oblique faults and shear zones (Rao et al. 2000). However, the presence of fluids and their permeability within faults, as well as interconnected sulfides along the grain boundaries occurring during different metamorphic phases, could be possible mechanisms that formed the C3 and C4 conductive features. Thus, the conductors C1a and C1b were formed in the Cambay rift due to the emplacement of fluids, and the conductors C3 and C4 in Aravalli–Delhi formations were formed due to sulfide mineralization during various metamorphic phases and the presence of fluids within the fault and shear zones.
The resistive feature R3 (2500–5000 Ω-m) may be due to the felsic-intermediate granulitic composition of igneous intrusives, observed across the Son-Narmada region of central India (Naganjaneyulu and Santosh 2010 and references therein). This is a signature of the dominant distribution of the felsic components of polyphase metamorphic rocks and their granulitic composition. The clear variation of resistivities from R3 (2500–5000 Ω-m) to C5 (30–100 Ω-m) can be seen beneath station 307, and its vertical drop may represent the fault between two separate formations. The Cambay basin is well known to be bounded by two steep faults on the eastern and western margins and divided into different crustal blocks. The seismic activity over the region suggests that these deep faults may be currently active (Kaila et al. 1981; Biswas 1987). The observed vertical dipping feature may be related to the western margin of the Cambay rift zone, whereas the eastern margin of the basin is dipping toward NE–SW at R4, which may represent a half-graben structure.
The conductors C5 and C6 (30–100 Ω-m) lie beneath the Cambay rift zone and Aravalli–Delhi formations, respectively. These conductors are isolated at shallow, ~ 20 km depths but are connected at a depth of ~ 60 km. The possible subsurface mechanisms for the moderate conductors are explained below in detail. In general, anomalies in high electrical conductivity can be ascribed to the presence of fluids, partial melt, graphite and/or sulfide mineralization. In general, partial melt generation needs a minimum temperature of 700 °C (Thompson 1992). The Cambay rift zone geotherm presented by Kumar et al. (2016) shows that temperatures do not exceed 700 °C at the depth of ~ 30 km. This indicates that temperatures at depths < 30 km are not enough to produce partial melt, and so partial melting is unlikely to be an appropriate mechanism for forming the C5 and C6 conductors. The high density of 3.1 g/cm3, seismic velocity of 7.3–7.4 km/s, and conductivity of 30–70 Ω-m in the lower crust can be explained by magmatic intrusions into the crust due to underplating. In general, the release of fluids migrating upwards during underplating results in lower resistivities. The wide correlation between the mantle plume and flood basalts (Courtillot et al. 1988; Raval and Veeraswamy 2000; Veeraswamy and Raval 2004; Isozaki 2009) suggests a huge basaltic eruption occurred from the rising mantle plume during the interaction. The buoyant basaltic melt rose to the surface due to its low density, and when it reached the neutral density point at the Moho, underplating occurred raising the Moho depth. Due to a density contrast between the melts and lower crust, some portion of the melts continued to migrate upward and penetrate the lower crust. After reaching another neutral point at the mafic–felsic crustal boundary, the melts were trapped and crystallized into layer intrusions. Tectonic processes could then have resulted in an eruption of the trapped melts and processes like fracturing, bubbling, and vaporizing, contributing to the reduction of melt density, which led to a basaltic eruption on the surface. Depending on temperature and pressure conditions and the presence of fluids, the mafic components of the melt would be altered into metamorphic assemblages, including amphibolites and meta-gabbros (Naganjaneyulu and Santosh 2010 and references therein). The heat flow values in this part of the Cambay rift zone are higher at 75–96 mW/m2, with mean 83 ± 7 mW/m2, than that of stable continental areas of whose value is ~ 46 mW/m2 (Verma et al. 1968; Gupta et al. 1970; Gupta 1981), a difference that may alter the melts to garnet-bearing high-pressure granulites. A reflective lower crust, with average velocities of 7.4–7.8 km/s, is observed in the Baikal and Kenya rift zones, suggesting the intrusion of mafic material into the crust. Lower average crustal velocities of 7.2–7.5 km/s observed from seismic studies within the Cambay rift zone (Kaila et al. 1990; Dixit et al. 2010) are nevertheless higher than the expected normal lower crustal velocities beneath this area, which is interpreted as due to magmatic underplating of the crust. These intrusions may partially compensate for the crustal thinning caused by lithosphere extension during the rifting process. These are typical signatures related to rift systems as reported over the Baikal rift zone, Walvis Ridge rift basin and Rio Grande rift system (Hermance and Pedersen 1980; Morley 1994; Smith 1994; Birt et al. 1997; Zhao et al. 2006; Thybo and Artemieva 2013; Jegen et al. 2016). The conductivity observed for the C5 and C6 conductors at depths of < 30 km are related to underplating, and at depths > 30 km may be due to a different subsurface mechanism. Kumar et al. (2016) reported a 10% drop in shear velocity over the Cambay rift zone and inferred that little more than 1% of the partial melt in the asthenosphere and identified temperature contrasts provided a realistic explanation for the shear velocity drop. Schilling et al. (1997) suggested that the melt fraction of > 3% is sufficient to explain low resistivities, assuming melt interconnectivity from MT studies and the presence of a zone of low seismic velocities at similar depths and high heat flow values (> 100 mW/m2). A bulk resistivity of 3 Ω-m requires a melt fraction of ~ 5–14% (Unsworth et al. 2005). Dong et al. (2015) suggested that the 0.2–1% melt fraction with a geotherm > 800 °C is sufficient to allow hydrous melting at upper mantle depths in order to obtain moderate conductivities. The presence of little more than 1% melt and a geotherm range 800–1200 °C (Kumar et al. 2016) may therefore be a possible mechanism for conductivities observed at depths > 30 km of C5 and C6 conductors, corroborating the ~ 50 Ω-m conductivities observed for the Baikal rift zone at depths of 40–60 km (Berdichevsky et al. 1980). Thus, the moderate conductive features C5 and C6 resulted from underplating and the partial melts generated by plume–lithosphere interactions. It is possible that thermal perturbations associated with plume activity might have affected the composition of the lithosphere resulting in the emplacement of partially molten material into crustal depths. The depth variations of conductor C5 across the profile imply that the effects of the plume were not uniform across it, and most of the upper mantle of the Cambay rift zone was altered. The lithospheric–asthenospheric boundary (LAB) cannot be resolved in the model as Kumar et al. (2016) reported at ~ 60 km beneath rift zone and ~ 110 km on either side of the rift. A transition in seismic velocity was observed at those depths, whereas a transition in electrical resistivity was not observed to depths of ~ 80 km. Depth constraints and a lack of resistivity contrast in the model make it impossible to delineate the electrical LAB.

Conclusions
Magnetotelluric studies across the northern Cambay basin have identified thick ~ 1000 S conductive sediments, becoming shallower (~ 400 S) toward the western part of the profile. A moderate conductive zone (30–100 Ω-m) is shown, representing underplating and partial melt emplacement, which may have been caused by plume–lithosphere interactions. The crust beneath the western part of the profile shows an igneous granitic intrusion. Delineated crustal conductors may be related to the presence of fluids associated with fault and shear zones and sulfide mineralization during different stages of metamorphism. Precambrian rocks of the Aravalli and Delhi formations with resistivity of 5000–10,000 Ω-m were identified on the eastern side of the rift basin. The eastern margin of the rift basin dips in the NE–SW direction, representing a half-graben structure. Plume interaction has significantly altered the lithosphere, and deciphering information about the LAB is not possible due to depth constraints.
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