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Short title: Active tectonics in the Darjeeling piedmont 16 

Statement of significance: 17 

Active tectonics necessitate to select key zones for detailed studies. In the Himalaya, and 18 

specially in its piedmont, the quality of natural outcrops is poor due to strong weathering, 19 

heavy vegetation and/or anthropogenic influence. In this paper, we show that the HVSR 20 

(Horizontal-to-Vertical Spectral Ratio) method allows exploring the structures beneath the 21 
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plain south of the Himalayan mountain front. This method is easy to apply in any context and 22 

we show that it has allowed revealing the subsurface structures down to 600 meters even in 23 

jungle areas. We have correlated geomorphologic scarps evidenced by geomorphologic 24 

profiles but nearly invisible in the jungle, to thrust structures evidenced at depth. Two of these 25 

scarps of about ten meters affect the 3.7 ± 0.7 ka old surface and imply that about half of the 26 

convergence is expressed south of the Himalayan front in this zone. 27 

 28 

Key words: Himalayan mountain front, active tectonics, geomorphology, passive seismic 29 

records, Horizontal-to-Vertical Spectral Ratio 30 

 31 

32 



3- Active tectonics in the Darjeeling piedmont 
 

Terra Nova 

 33 

Abstract  34 

The pattern of active deformation of frontal structures in Darjeeling Himalaya is complex 35 

with out-of-sequence reactivations in the chain and development of scarps associated to 36 

earthquake ruptures reaching the surface in the piedmont. To clarify the distribution of active 37 

deformation in this area, we analyze passive seismic records by the Horizontal-to-Vertical 38 

Spectral Ratio method along three NS trending profiles. We image the Siwalik sedimentary 39 

rocks / recent deposits interface under the piedmont and show folded and faulted geometries. 40 

Two of these faults are located under scarps of about ten meters affecting the 3.7 ± 0.7 ka old 41 

surface of the Tista megafan. Such features imply that about half of the convergence is 42 

expressed south of the Himalayan front while the other part occurs out-of-sequence in the 43 

chain, suggesting a very limited activity of the Main Frontal Thrust itself. 44 

 45 

1. Introduction 46 

Studying active tectonics in the Himalayas is of primary importance to assess the seismic 47 

hazard related to Himalayan earthquakes that overpass Mw 8 (Bilham, 2019). Indeed, 48 

Himalayan tectonics follow a rather simple seismic cycle and display a succession of ruptures 49 

along the Main Himalayan Thrust (MHT) that transfer most of the Himalayan convergence to 50 

the mountain front during great earthquakes (Bilham, 2019). Therefore, the ~20 mm/yr 51 

Holocene shortening is frequently considered as almost entirely concentrated at the front of 52 

the Himalayan range (e.g., Lavé and Avouac, 2000) and trenches are performed through the 53 

Main Frontal Thrust (MFT), the southern emergent tip of the MHT. While trenching is an 54 

effective method for reconstructing the calendar of paleo-earthquakes (e.g., Bollinger et al., 55 

2014) and constraining paleoseismic features, it is often difficult to localize the emergence of 56 
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ruptures and the use of preliminary geophysical acquisition methods is necessary to establish 57 

the location of paleoseismic trenches. Subsurface structures of the plain south of the 58 

Himalayan front have already been imaged by seismic reflection in the first kilometres of 59 

sediments (e.g., Duvall et al., 2020; Almeida et al., 2018; Bashyal, 1998) and GPR (Ground 60 

Penetrating Radar) documenting 10-20 m depth around fault scarps (Pati et al., 2012).  61 

The objective of this paper is to show the possibility of imaging subsurface structures down to 62 

depths of a few hundred meters, using the geophysical Horizontal-to-Vertical Spectral Ratio 63 

(HVSR) method (Bard, 1999; Nakamura, 1989). We apply this method in the piedmont of 64 

Darjeeling Himalaya (India) where the pattern of active deformation is especially complex 65 

(Figure 1). In this area, out-of-sequence reactivations occur in the chain (Mukul, 2000) while 66 

recent deformation in the piedmont is distributed over several faults (e.g., Nakata, 1989). Our 67 

study from HVSR analysis of passive seismic records therefore localizes subsurface structures 68 

allowing a better understanding of the active deformation distribution. 69 

 70 
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Figure 1: Overview of the study area. Top right inset shows by a red box the location of the 71 

map in the Himalayan range. Blue box shows location of Figure 2. Main thrusts of the 72 

Himalayan fault system shown in red: MCT for Main Central Thrust; MBT for Main 73 

Boundary thrust; MFT for Main Frontal Thrust. Locations of thrusts are from Tobgay et al. 74 

(2012) in Bhutan, Abrahami et al. (2018) in India and Mugnier et al. (2011) in Nepal.  75 

 76 

2. Geomorphology and tectonics of the Darjeeling Himalayan piedmont 77 

The southern emerging tip of the MHT places the Neogene synorogenic Siwalik Group, or 78 

less frequently the pre-orogenic rocks, over the modern quaternary alluvia of the Ganga-79 

Brahmaputra plain along the Main Frontal Thrust (MFT) and the Main Boundary thrust 80 

(MBT) respectively, forming the southern important relief of the range, 300 to 400m above 81 

the plain. The Siwalik Group consists in an overall coarsening upward molassic sequence, its 82 

upper part being a moderately endured conglomeratic layer. The modern alluvia form fans and 83 

megafans at the outlet of the range which consist in poorly sorted and loosy sands to boulders 84 

beds (Dhital, 2015).  85 
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Figure 2: Structural map of the Darjeeling Himalayan Piedmont with location of the seismic 87 

profiles (see section 4 for their acquisition). The Gish Transverse Fault (GTF) separates the 88 

western Dharan salient from the eastern Gorubathan recess and is indicated by the orange line. 89 

Thrusts are represented in red. East of the GTF, the MBT, MFT1 and Bharadighi fault are 90 

from Nakata (1989). RT (Ramgarh Thrust) and Batabari fault are from Srivastava et al. 91 

(2017). West of the GTF, MFT1, T1 and T2 are suggested from HVSR geophysical data (see 92 

Figure 4B). MFT2 and MFT3 are respectively from personal field work, and 93 

Jayangondaperumal (personal communication), MBT and RT are from Mukul (2010).  94 

Red, yellow and pink circles represent ambient noise seismic recording sites along the 95 

Siliguri, Tista and Gish profiles (respectively 17, 23 and 13 recording sites). See 96 

“Fig4_supporting information.kmz” for precise location of the profiles with the google earth 97 

software. 98 

 99 

 100 
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Our study is located in the Siliguri area, south of the Darjeeling Himalaya (Figure 1). There, 101 

the Himalayan mountain front is sinuous and characterized by the major Dharan salient and 102 

Gorubathan recess separated by the main Gish Transverse Fault (GTF) (Figure 2). The 103 

Quaternary alluvia are in contact with sedimentary rocks of the Siwalik group in the Dharan 104 

salient or with pre-orogenic rocks in the Gorubathan recess. East of the GTF, several active 105 

faults were described (Srivastava et al., 2017 and references therein): the MBT, MFT, the 106 

Batabari fault and the Bharadighi back-thrust (Figure 2). West of the GTF, the location of the 107 

active faults is still under discussion (Jayangondaperumal, personal communication). The late 108 

Quaternary alluvium of the Tista River onlaps the Siwaliks and seals the MFT (Abrahami et 109 

al., 2018), suggesting that the MFT has not been active since several kyrs. In contrast, 110 

geomorphologic markers suggest that the MBT fault system is still active (Mukul, 2000) in 111 

the Dharan salient. The Tista megafan ahead of the Himalayan front is strongly incised –about 112 

37m– and the climatic or tectonically driven origin of this incision is still debated (Abrahami 113 

et al., 2018). Due to the strong vegetal cover of the area, geomorphologic studies are difficult 114 

although preliminary RTKGNSS (Real-Time Kinematic Global Network Satellite System) 115 

profiles (Figure 4A) suggest that scarps affect the top of the Tista megafan dated at 3.7 ± 0.7 116 

ka (Abrahami et al., 2018). The HVSR method is therefore used to image the geometry of the 117 

structures beneath the Tista megafan and determine the origin of its incision. 118 

 119 

3. Horizontal-to-Vertical Spectral ratio analysis of passive seismic records 120 

Methods using seismic noise have been broadly used in the past decades for soil- structure 121 

interaction investigation (Guéguen et al., 2007; Hinzen et al., 2004; Paudyal et al., 2012), risk 122 

assessment (Bhandary et al., 2014), landslide characterization (Méric et al., 2007), building 123 

assessment (e.g., Guillier et al., 2014) and even for the exploration of Mars (Knapmeyer-124 

Endrun et al., 2017). The HVSR method consists of using the seismic ambient noise 125 
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vibrations (Stehly et al., 2006) recorded at a single station, from which the ratio between the 126 

Fourier amplitude spectra of the horizontal (averaging NS and EW components) to vertical 127 

components are estimated.  128 

 129 

Figure 3: An example of foreland outcrops and of Horizontal-to-Vertical Spectral Ratio 130 

(HVSR) acquisition. (A) Picture of the incised sediment deposits of the Tista River 131 

(Darjeeling, Siliguri area). The red arrow refers to the location of the ambient vibration 132 

recording station (See Figure 3C). (B) Sedimentary log of the megafan incised by the Tista 133 

River. (C) Graph of the H/V spectral ratio amplitude versus frequency. The lowest frequency 134 

peak (f0) is linked to the interface (I0) between endured fluvial sediments and Upper Siwaliks 135 
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sedimentary rocks whereas the highest frequency peak (f1) is linked to the interface (I1) 136 

between loose fluvial sediments and endured fluvial sediments. Width of the light and dark 137 

gray bars on fo and f1 indicate the standard deviation. From the measured height H1 of the cliff 138 

and the recorded frequency f1, we calculated the velocity VS1. 139 

 140 

Seismic noise recordings were collected using a Cityshark II station connected to a 5 s. 141 

Lennartz seismometer, performing frequency analysis down to 0.2 Hz (Guillier et al., 2008). 142 

The sample frequency was set to 200 Hz with a duration of acquisition between 15 and 30 143 

minutes (description of the data in Appendix A: supplementary data). The geopsy open-source 144 

pack software was used (www.geopsy.org; Wathelet et al., 2020). Recordings were processed 145 

using 50 s time windows, with a 5 % Tukey taper applied to both ends of each window and 146 

the individual HVSR curves were smoothed using the Konno and Ohmachi (1998) method 147 

with a constant of 40 before the computing of the final HVSR curve. As the frontal basin is 148 

very extended, we use a 1D model for the interpretation of the HVSR. 149 

From each in situ recording, we obtain a HVSR curve (Figure 3C) from which one or two 150 

peaks are extracted: the fundamental frequency of the site (f0) which is at the lowest 151 

frequency (following the recommendations in Bard, 2008) corresponding to the deeper 152 

interface and, when existing, a higher frequency (f1) corresponding to a shallower interface. 153 

The determination of the main frequencies (f0 and f1) on the HVSR curve is automatically 154 

done by the geopsy software. The amplitudes of the peaks are directly linked to the difference 155 

of Shear-wave velocity (impedance contrast) at a lithological interface. From Bard’s 156 

guidelines (2008), a peak can be identified on a HVSR curve only if its amplitude is higher 157 

than 2.0, meaning that the impedance contrast between the two layers permits the peak 158 

development (Albarello and Lunedei, 2013). Lower peaks are generally discarded unless there 159 

is a spatial continuity in the data. 160 

http://www.geopsy.org/
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If the HVSR curve displays only one peak, f0 corresponds to the interface between a 161 

superficial layer and a stiffer layer whatever its thickness.  162 

The depth of the interface (H) is:  H = Vs / (4*fx)  (1) 163 

where (fx) is the peak frequency and (Vs) the Shear-wave velocity (Hinzen et al., 2004). 164 

If two peaks are identified on the HVSR curve (Figure 3), the f1 peak is interpreted as the 165 

interface between a superficial loose layer, the thickness of which is directly calculated from 166 

eq (1), and a stiffer sediment layer. The f0 peak characterizes the interface between the latter 167 

sediment layer and a third stiffer rock layer. The thickness of this layer is estimated from the 168 

HVSR curve best fitting SH transfer function (SH being the Shear-wave polarized in the 169 

horizontal plane) that is obtained from modeling with different thicknesses. 170 

 171 

Table 1: Parameters used for SH transfer function computing. 172 

 173 

LAYER Thickness (m) Vp 

(m/s) 
Vs (m/s) Density 

(kg/m3) 
Qp 

Quality 

Qs 

Factor      

1 (loose sediments) Defined by Eq.1 500 250 1800 50 25 

0 (endured 

sediments) 
Value to define 1000 500 2100 100 50 

Rock (Siwaliks) infinite 2000 1000 2500 200 100 
 174 

 175 

The surface S-wave velocities are uncommonly obtained from drilling and assumptions 176 

usually have to be made that depend on the lithology of the sediments, their compaction and 177 

the burial depth. In this study, we performed an ambient seismic noise recording on a cliff 178 

where the superficial boundary (the interface I1 between loose sands and a conglomeratic 179 

endured layer; Figure 3) was outcropping, therefore providing the height H1 of the upmost 180 

sand layer. From the depth H1 of ~ 32.5 m and the frequency f1 of ~ 1.9 Hz recorded from this 181 

layer (Figure 3C), we calculated a corresponding Vs1 of 250 m/s (eq. 1). As peak interfaces (I1 182 
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and I0) are well expressed, the corresponding impedance contrast at each interface should be ≥ 183 

2.0 therefore providing a S-wave velocity Vs0  ≈ 500m/s for the underlying endured fluvial 184 

sediment layer and a S-wave velocity Vsrock ≈ 1000m/s in the Siwalik rocks.  185 

Whatever the methodology to retrieve S-wave profile from HVSR spectrum (Arai and 186 

Tokimatsu, 2004; Bonnefoy-Claudet 2004; D’Amico et al., 2004; Picozzi et al., 2005; Gosar, 187 

2017; van Ginkel et al., 2020), the thickness of the layer depends on the HVSR curves. When  188 

a single peak is displayed, the S-wave velocity down to the Siwalik rocks is of 500 m/s, 189 

allowing to derive directly the thickness of the upper layer from f0 (Eq. 1). When a double 190 

peak is observed (Figure 3C), we derive H1 (± ) from f1 using Eq. (1) and Vs1=250 m/s. 191 

Following Nakamura’s (2019) interpretation, the HVSR curve is the transfer function of the 192 

soil. To define the thickness of the deeper endured fluvial sediment layer H0, we proceeded by 193 

SH transfer function modeling (Wathelet et al., 2020; tool gpsh) which computing follows the 194 

reflectivity method (Kennet and Kerry, 1979) as implemented by Theodulidis et al. (1996). 195 

For such computing, it is needed for all layers: the thickness, Vp, Vs, Qp, Qs, and the density 196 

where Vs is known. Qs is estimated to Vs/10 (rule of thumb, Dal Moro, 2014; 2015) and Qp 197 

is estimated to 2Qs when the Vp/Vs is estimated to 2 (Gercek, 2017) and the density for 198 

layers 1, 0 and bedrock are respectively fixed to 1800, 2100 and 2500 kg/m
3
 (Table 1). 199 

Finally, we compute the SH transfer function with different thicknesses, conserving the 200 

models with a lower frequency peak fitting in the f0 (± ). This leads to an averaged thickness 201 

(H0± ). 202 

From the ambient seismic data acquired along the Tista and Gish rivers and their processing, 203 

we calculated the depth of the peak interfaces on a large area south of the mountain front and 204 

extracted the geometry of the underlying structures. 205 

 206 

4. Subsurface structures inferred from HVSR method 207 
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The passive seismic data were acquired along three approximately N-S trending profiles 208 

(Figure 2) located on the Tista megafan and the Gish Fan.  209 

The results of the HVSR method show peaks of the H/V ratio at two different frequencies in 210 

about 80% of the locations (Figure 4B), therefore indicating two interfaces with contrasted S-211 

wave velocities and three distinct layers. Following the method section, interface (I1) was 212 

attributed to a superficial contact within the Quaternary deposits (velocity contrast Vs1/Vs0) 213 

and interface (I0) to the contact between Quaternary sediments and the Neogene Siwalik 214 

sedimentary rocks (velocity contrast Vs0/Vsrock) (Figures 3 and 4). The (I1) shallowest 215 

interface presents depths of a few meters to a few tens of meters. The (I0) deeper interface 216 

displays depths varying from ~100 to 600 m below the surface and globally deepens 217 

southwards. Very close to the mountain front, it shows a complex pattern and its depth locally 218 

changes abruptly (Figure 4B).  219 

 220 

5. Discussion: Interpretation of the HVSR data and comparison with the Tista megafan 221 

morphology  222 

The interpretation of the HVSR data (Figure 4B infers that the top of the Siwaliks is affected 223 

by thrusts and folds, a structuring already imaged by seismic reflections beneath the piedmont 224 

of East-Central Himalaya (e.g., Duvall et al., 2020), where the thrust faults branch off the 225 

same basal decollement as the MFT. The interpretation assumes that MFT and other thrust 226 

faults dip ~20° northward (Almeida et al., 2018) and that the folds associated to the blind 227 

thrusts have asymmetrical limbs, by analogy with the fault-related folds observed in the 228 

Siwaliks (e.g., Mugnier et al., 1999). Three major thrusts are inferred along each profile 229 

(Figure 4B) and their map pattern suggests that the northern thrust is located in the continuity 230 

of scarps related to the MFT1 segment in the Gorubathan Recess (Nakata, 1989) and of the 231 
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MFT3 segments in the Dharan Salient (Figure 2). The T1 fault could be in the continuity of 232 

the Batabari fault. 233 

 234 

Figure 4: Morphologic profiles and subsurface structures inferred from HVSR method. (A1) 235 

Topographic profile through the Tista megafan drawn from our RTKGNSS data. Black 236 

rectangles A2 and A3 refer respectively to the topographic profile through the southern (A2) 237 

and northern (A3) scarps; in brown, profile from a weighted average of 20 RTKGNSS (Real-238 

Time Kinematic Global Network Satellite System) data. (B) Ambient seismic data (See the 239 

data in “Fig.4B_Supporting Information.xls”) from the Darjeeling area and their 240 

interpretation. Location of the data on figure 2. Dips of the Neogene Siwalik strata along the 241 

Gish and Tista sections are from our own data and Acharyya et al., (1987). Grey points 242 

correspond to the (I1) interface within Quaternary deposits; orange points and green lines 243 
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correspond to the (I0) interface which is interpreted as the Quaternary/Siwaliks contact. 244 

Suggested thrusts are represented in dashed gray lines. Note that the vertical scale is strongly 245 

exaggerated and the bottom left inset indicates the real values of the dips.  246 

 247 

This interpretation suggests that two scarps, that are evidenced by geomorphologic profiles 248 

but nearly invisible in the jungle and that affect the Tista megafan with a total offset of ~ 18 ± 249 

2m, would be related to the activity of the T1 and T2 thrusts (Figures 4A and 4B). Similar 250 

fault scarps, but more pronounced in height, were also evidenced eastward in the Gorubathan 251 

Recess piedmont and were associated to the surface ruptures of ~ A.D. 1100 (Kumar et al., 252 

2010) and/or A.D. 1255 (Mishra et al., 2016) earthquakes (Figure 1). The two escarpments 253 

along the Tista profile could be linked to earthquakes occurring since the abandonment of the 254 

upper surface of the fan, dated at 3.7 ± 0.7 kyrs. Part of the Tista megafan incision is then 255 

linked to uplift along the faults related to these scarps and the rest of the 37 m could be due to 256 

climatic fluctuations (Abrahami et al., 2018) or to more distributed uplift. The mean uplift 257 

associated to each escarpment (Figure 4A) is at least 2.5 ± 0.8 mm/yr. Taking into account the 258 

structural studies of fault scarps (e.g., Jayangondaperumal et al., 2013), the slip beneath a 259 

scarp is at least twice the uplift, and the shortening absorbed by the two scarps would 260 

therefore be ~10 mm/yr, i.e., about half of the estimated Himalayan convergence (e.g., Lavé 261 

and Avouac, 2000).  262 

 263 

6.  Conclusions  264 

We demonstrate that the HVSR method is a very powerful and simple tool that helps imaging 265 

the subsurface structures. In the case of the Darjeeling piedmont, our work allows a better 266 

mapping of the complex thrust network and shows that about half of the active shortening is 267 

distributed along several thrusts ahead of the Himalayan front. Nonetheless, the HVSR 268 
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method only records the major interfaces characterized by strong velocity contrasts and does 269 

not furnish a detailed picture of the structures. We therefore suggest that this method is only 270 

useful for preliminary mapping studies. It may indicate the key zones where more detailed 271 

surficial studies, such as GPR or trenching can be performed and allows to relate them with 272 

regional deeper structures, therefore improving the general knowledge of the Himalayan 273 

tectonics. Finally, it participates in identifying the active structures and is therefore of the 274 

upmost importance for assessing seismic hazard in densely populated regions. 275 
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 336 

 337 

Figure 3: An example of foreland outcrops and of Horizontal-to-Vertical Spectral Ratio 338 

(HVSR) acquisition. (A) Picture of the incised sediment deposits of the Tista River 339 

(Darjeeling, Siliguri area). The red arrow refers to the location of the ambient vibration 340 

recording station (See Figure 3C). (B) Sedimentary log of the megafan incised by the Tista 341 

River. (C) Graph of the H/V spectral ratio amplitude versus frequency. The lowest frequency 342 

peak (f0) is linked to the interface (I0) between endured fluvial sediments and Upper Siwaliks 343 

sedimentary rocks whereas the highest frequency peak (f1) is linked to the interface (I1) 344 

between loose fluvial sediments and endured fluvial sediments. Width of the light and dark 345 

gray bars on fo and f1 indicate the standard deviation. From the measured height H1 of the cliff 346 

and the recorded frequency f1, we calculated the velocity VS1. 347 
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