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Abstract The state of Sikkim in northeast India, located in the central segment of the Himalayan oro-
gen, was plagued by the recent 2011Mw 6.9 earthquake. Study of local earthquakes recorded at the network
of 27 broadband seismic stations in Sikkim Himalaya unveiled seismogenic zones extending down to lower
crustal depths with a predominant strike-slip faulting mechanism. Persistent seismic activity in a region with
a complex tectonic setting makes it imperative to study site characteristics crucial for determining the local
site conditions. Here, we harness the noise and local earthquakes recorded at the Sikkimnetwork to compute
horizontal-to-vertical spectral ratio (HVSR) for site characterization. Comprehensively, local geology and to-
pography are observed to incite distinctly intricate trends in the HVSR curves. The thick sedimentary deposit
of the Himalayan foreland basin causes high amplification (∼7) at low resonant frequencies (<1 Hz). HVSR
curves in the western section of Main Central Thrust Zone exhibit distinct double amplification peaks (∼2.5
at 1 Hz and 5 Hz) possibly due to the parallely dipping sheets of the duplex structure. Whereas, the eastern
section of Main Central Thrust Zone exhibits a rather unclear trend owing to its proximity to the transitioning
lithological unit. The central section prone to landslides has characteristic peaks at 2 Hz and 8 Hz, possibly
indicating the contrasting composition of the sliding surfaces. Collective effects of towering topography and
highwind speed are observed to result in anomalously high amplification (∼25) at low frequencies (<1 Hz) in
north Sikkim. Directional amplification along discrete azimuth signifies the pronounced effect of topography
and geometry of lithotectonic units in site response. In conclusion, locally varying site response with preva-
lent seismicity amplifies the seismic hazard risk potential of Sikkim Himalaya. In particular, central Sikkim is
prone to high seismic hazard potential owing to severe seismic hazard level, higher landslide susceptibility,
crustal seismicity and high peak amplification.

1 Introduction
Local geology, geomorphology and topography have
a strong control over the characteristic seismic mo-
tion of a site resulting during incident energy of earth-
quake signals. The degree of amplification, duration of
seismic shaking and its resonant frequency are highly
dependent on the local site conditions (Reiter, 1990;
Aki and Richards, 2002; Souriau et al., 2007; Bonnefoy-
Claudet et al., 2009; Pilz et al., 2009; Gosar et al., 2009).
For orogenic regions having a highly complex structural
and geological composition, active tectonic and seismic
activity, the interplay of these parameters tends to in-
cite complicated response during seismic events. Es-
timation of local site characteristics in such regions is
thus crucial for seismic hazard assessment and territo-
rial urban planning.
Horizontal-to-vertical spectral ratio (HVSR) is a well

established non-invasive method for determination of
local site characteristics such as peak amplification
and its corresponding resonant frequency (Nakamura,
1989). Since orogenic regions do not have a simple 1D
layered structure, HVSR curves of earthquakes and mi-
crotremors are computed along with that of noise to
distinguish and identify the effects of topography and
faults (Singh et al., 2019; Yassminh et al., 2019; Rigo
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et al., 2021). Earthquake HVSRs often deviate from
noise HVSR trends due to the wavefield composition of
earthquake signal, ground motion strength, and ampli-
fication dependent on frequency (Molnar et al., 2022).
HVSR of earthquake signals can thus be effectively har-
nessed to determine the 1D structure vertically below
the seismic station (Kawase et al., 2011; Rong et al.,
2020). A comprehensive study of earthquake and noise
HVSRs can thus aid in deciphering the site characteris-
tics of orogenic regions with complex structure.

A dense network of 27 broadband seismic stations
was deployed in April 2019 (Uthaman et al., 2021) to
monitor the persistent seismic activity and to deci-
pher the lithospheric architecture of Sikkim Himalaya
(Fig. 1). Ambient noise analysis for data validation at
the 27 sites revealed the stations stabilized soon after
installation and the heterogeneity of the region induced
spatially and temporally varying trends (Uthaman et al.,
2022). Analysis of data from this network aided in deter-
mining the spatially varying seismicity (Uthaman et al.,
2023c) with peculiar faulting mechanisms (Uthaman
et al., 2023b) arising in a structurally complex crust
(Singh et al., 2023; Uthaman et al., 2023a). With spatial
variations observed in both noise and seismicity trends,
it is imperative to determine the response of the site to
incident energy and unravel its cause. In this study, we
determine the local characteristics of 27 sites in Sikkim
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Figure 1 Sikkim seismic network plotted over the geological map of Sikkim Himalaya. Inverted black triangles represent
the seismic stations. Grey filled circles are epicentres of local earthquakes (>Mw 2.8). Yellow filled squares represent the
locations of landslides that occurred in the region. Legend describes the major lithotectonic units and the corresponding
rock type group found in Sikkim Himalaya. Dextrally deforming Dhubri-Chungthang Fault Zone (DCFZ) is highlighted by grey
filled rectangle. Major thrust faults are illustrated by red lines. MCT: Main Central Thrust; MBT: Main Boundary Thrust; MFT:
Main Frontal Thrust; STDS: South Tibetan Detachment System; RW: Rangit Window. Inset: Map of India with study region
highlighted in red.

Himalaya and its adjoining foreland basin to under-
stand the local site effects in such a heterogeneous and
complex region. We have used the classical approach of
Nakamura (1989) to determine the HVSR curves of am-
bient noise and local earthquake records. Results indi-
cate local site response to behighly influencedby the lo-
cal geology and topography, indicating a very complex
and heterogeneous seismic hazard scenario.

2 Tectonic and geological setting
The Himalayan orogen serves as a natural laboratory
to study the on-going evolution in an active continent-
continent collision zone with highly complicated struc-
tural and geological composition. Sikkim Himalaya
lying in the central part of the orogen has a region-
ally varying geological composition separated by major
thrust faults illustrated in Fig. 1. Region to the south
of the Main Frontal Thrust (MFT) is the Himalayan
foreland basin composed of thick sedimentary deposits
brought down by the Teesta river (Wesnousky et al.,
1999). The Main Boundary Thrust (MBT) and MFT

bound the fluvial deposits of the Siwalik Group (Gautam
and Rösler, 1999). Straddled between the MBT and the
overturnedMain Central Thrust (MCT), lined by Lingtse
Gneiss (Bhattacharyya et al., 2015), is the metasedi-
mentary rocks of the Lesser Himalayan Sequence (LHS)
composed of Daling Group (Paul et al., 1996). Nested
in the western curve of MCT is the Lesser Himalayan
Duplex (LHD) inside the Rangit Window (RW), formed
of parallelly dipping thrust sheets (Bhattacharyya and
Mitra, 2009). To the north, the Kanchenjunga Gneiss
predominant Greater Himalayan Sequence (GHS) is
bounded by theMCTand the SouthTibetanDetachment
System (STDS) (Dasgupta et al., 2009; Bhattacharyya
et al., 2015). Striking structural and geological varia-
tion across a span of ∼200 km, with equally varying to-
pography coupled with persistent seismicity amplifies
the seismic hazard risk potential of the region. The
present study of local site characterization attempts at
determining the seismic hazard potential of Sikkim Hi-
malaya.
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3 Data and Methods
We have used data recorded at the 27 seismic stations
in Sikkim Himalaya (Fig. 1). The network consisted of
a combination of 3-component Trillium 120P/Q, Tril-
lium Horizon and Trillium Compact broadband sen-
sors which were equipped with Centaur digitizers. All
the instruments were procured from Nanometrics Inc.
While the Trillium Horizon sensors were buried, Tril-
lium 120P/Q and Trillium Compact were installed on a
pier. The different format of installation had minimal
interference of ambient noise (Uthaman et al., 2022).
The digitizers recorded data in continuous mode at a
sampling rate of 50 samples per second from April 2019
to May 2023. The sampling rate is adequate for anal-
ysis of HVSR (Wathelet et al., 2020). The dense spa-
tial coverage of the network aids in site characteriza-
tion of closely located sites thus increasing the reso-
lution of obtained results. We have used Geopsy soft-
ware (Wathelet et al., 2020) to calculate the horizontal-
to-vertical spectral ratio (HVSR) for determination of
site characteristics. We used records of both ambient
noise and local earthquakes to characterize the local
site response. As the region is observed tohave a tempo-
ral variability of ambient noise (Uthaman et al., 2022),
care has been taken by using data recorded during
summer months to avoid extreme influence of thermo-
barometric variations.

3.1 Analysis of noise
Since our network was operational during the restric-
tions imposed due to the COVID-19 pandemic, we had
a record of signals with least interference from the
otherwise persistent anthropogenic noise (Uthaman
et al., 2022). We have thus analysed the night-time
data (7:00pm – 9:00pm [GMT] which corresponds to
12:30am – 2:30am [IST]) from 20 March 2020 to 10 May
2020, coinciding with the time period during which the
restrictions of lockdownwere imposed. Though thenet-
work stabilized soon after installation (Uthaman et al.,
2022), using the data recorded almost a year after in-
stallation takes into account the longer duration often
required for broadband seismometers to stabilize post
deployment (Acerra et al., 2004). This ensured the anal-
ysis of the most stationary part of the signal which is
essential to extract HVSR of background noise as per
the Nakamura (1989) method. The 2-hour long raw
data was split into window lengths consisting of at least
50 – 60 s with 1% overlap (Fig. 2). A recording duration
of >30 mins ensures resolvability of up to 0.2 Hz funda-
mental frequency (Acerra et al., 2004). An anti-trigger
algorithm (Withers et al., 1998) was applied to eliminate
interference of any transient signals (short-term aver-
age (STA)=1 s, long-term average (LTA)=30 s). Windows
with STA/LTA ratio between 0.20 and 2.50 were retained
for computation of HVSR. Amplitude spectra within
0.2 – 25 Hz were subjected to a cosine taper followed by
Konno-Ohmachi (Konno and Ohmachi, 1998) smooth-
ing of width 40. Investigation of HVSR curves was re-
stricted to the frequency range of 0.2 – 25 Hz, which
is adequate for seismic hazard assessment through site
characterization. We have additionally computed az-

imuthal variation of HVSR curves taking into consider-
ation the drastically varying geology and topography of
the study area (Uthaman et al., 2022). HVSR curveswere
generated in a horizontal plane as a function of azimuth
in the range of 0◦ – 180◦ by increasing the angle in steps
of 10◦.

3.2 Analysis of earthquake signals
We also analysed signals of 28 local earthquakes
(>Mw 2.8) recorded at the network (Fig. 1) (Uthaman
et al., 2023c) to determine the response of the site to in-
cident energy. Part of the signal after S-phase arrival
was selected by windows of at least 10 s length for anal-
ysis (Fig. 3). This aids in selecting the window with
high amplitude of S-wave energy (Singh et al., 2019).
Inclusion of signal after S-wave arrival and the corre-
sponding longer timewindow ensures stability of HVSR
curves (Field and Jacob, 1995; Bonilla et al., 1997). Use
of longer time length for computation of stable HVSR
curves complies with the recommended guidelines as
well (Wathelet et al., 2020). Same set of parameters as
described above was used for computation of HVSR of
earthquake signals. The anti-triggering algorithm was
not used so as to enable the energy spikes due to the
incident earthquake to be incorporated in the HVSR
computation. This aided in determining the resonant
frequencies at which the site responds to during the
onset of an earthquake signal. Additionally, we have
also computed azimuthal variation of earthquakeHVSR
curves by employing themethod used for noise records
as well.

4 Results
HVSR curves are calculated for ambient noise and local
earthquakes recorded at the 27 seismic stations. Results
demonstrate similarity of HVSR trends among stations
located within similar lithotectonic units, as evidenced
in the shear wave velocities derived from ambient noise
tomography (Uthaman et al., 2023a). The results and
corresponding discussions are thus classified broadly
as per the geology of the lithotectonic units. In this
study, HVSR curves of each ambient noise and earth-
quake signal are represented by deep blue and deep red
curveswithin the selected frequency rangeof 0.2 – 25Hz
(Figs 4 – 8). Azimuthof peak amplification is highlighted
as shaded ellipses of corresponding colours (Figs 4 – 8).

4.1 Siwaliks and Himalayan foreland basin
Stations SK24, SK25, SK26 were located over the thick
sedimentary deposits brought down by Teesta river to
the Himalayan foreland basin. HVSR curves of noise
and earthquake exhibit high amplification (SK24 ∼8,
SK25 and SK26 ∼6) at frequencies <1 Hz (Fig. 4, Ta-
ble 1). Azimuth of peak amplification is observed to
be incident from a wide range of ∼10 – 170 ◦. As
we progress from the foreland basin towards the Hi-
malayan foothills composed of Siwaliks, we observe a
second peak amplification prominent at ∼10 Hz. The
amplification is observed to be more prominent in sta-
tions SK01 and SK03 located in closer proximity to Si-
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Figure 2 Examplewaveformof noise recorded in the three components at station SK07used for analysis. 2-hour longwave-
form recordedatnight-time (7:00pm–9:00pm[GMT]which corresponds to 12:30am–2:30am [IST]) is used for analysis. Green
rectangles represent selected time windows of at least 50 – 60 s length. Transient signals in the noise record are eliminated
by employing the anti-trigger algorithm (Withers et al., 1998).
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Figure 3 Example waveform of a local earthquake event (>Mw 2.8) recorded in the three components at station SK07 used
for analysis. Green rectangles represent time windows of 10 s length selected after S-phase pick.

waliks (Fig. 4, Table 1). Whereas, noise HVSR of sta-
tion SK00 installed over Siwaliks exhibits an oscillatory
trend with amplification less than 2 and no dominant
peaks at any fundamental frequency. HVSR of earth-
quake signals for all the stations located predominantly
over sedimentary deposits exhibit a strikingly different
trend from HVSR curves of noise. No prominent peak
amplification is observed, but rather they exhibit a si-
nusoidally oscillatory trend.

4.2 Lesser Himalayan Sequence

HVSR curves of noise at stations SK08, SK11 and SK12
located inside the overturnedMCT in LHS are observed

to have characteristic peak amplifications (∼3) at ∼3 Hz
and ∼7 Hz (Fig. 5, Table 2). Peak amplifications are ob-
served to be incident from azimuths of∼60 – 120◦ at sta-
tions SK08, SK12 and ∼10 – 50◦ at station SK11 (Fig. 5,
Table 2). Earthquake HVSRs are observed to mimic
the noise HVSRs, except at station SK11 where a higher
amplification is prominent. Towards the west, stations
SK04, SK05, SK09, SK23 located in proximity of the LHD
(RangitWindow)nested in theMCTareobserved tohave
characteristic twin peak amplifications (Fig. 6, Table 2).
Both noise and earthquake HVSR has ∼2 – 3 amplifica-
tion corresponding to peaks at∼1Hz and∼4Hz (Fig. 5).
The first peak has azimuthal direction of ∼10 – 60◦ at
the four stations. The second peak is incident from
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Station f0 in Hz A0 f0 in Hz A0 Azimuth Nature of peak
name for noise for noise for earthquake for earthquake (◦) (as per Acerra et al. (2004))
SK00 unclear unclear unclear unclear multiple Unclear peak
SK01 0.4±0.3, 10.86±0.9 1.9±1.75, 3.45±0.94 unclear unclear 10-170 Two peaks
SK03 0.63±0.39, 11.93±0.48 1.86±0.82, 3.97±0.81 unclear unclear 10-170 Two peaks
SK24 0.62±0.38 7.58±0.81 NA NA 10-170 Clear peak
SK25 0.95±0.34 5.46±1.48 NA NA 10-170 Clear peak
SK26 0.86±0.34 5.72±1.76 unclear unclear 10-170 Clear peak

Table 1 Average HVSR parameter values at stations installed in the Siwaliks and Himalayan foreland basin

the same azimuth at stations SK04, SK09, SK23, with no
prominent azimuthal incidence at SK05. Stations SK04
and SK23 have additional incidence from azimuth of
∼120 – 170◦ (Fig. 6, Table 2). The HVSR curves of earth-
quake signals in this part of the study region are also
observed tomimic the noise HVSRs (Fig. 6, Table 2). On
the contrary, as opposed to the clear peaks observed at
the aforementioned stations, HVSR curves at stations
SK06, SK07 and SK13 do not exhibit any prominent peak
amplification (Fig. 7, Table 2). These stations were lo-
cated at the eastern edge of the overturned MCT above
the Lingtse Gneiss (Fig. 1). The obscurity in peak ampli-
fication and fundamental resonant frequency is further
evident in azimuthal direction aswell, with energies ob-
served to be incident frommultiple azimuths (Fig. 7, Ta-
ble 2). Earthquake HVSRs are observed to mimic the
noise HVSRs at these stations (Fig. 7, Table 2).

4.3 Higher Himalayan Sequence

Given the ease of accessibility in Sikkim Himalaya un-
like the rest of the Himalayas, a significant number
of stations were installed at high elevations (Uthaman
et al., 2022). HVSR curves at stations SK14, SK15, SK16,
SK17, SK18, SK19, SK20, SK22 (Fig. 8, Table 3) and SK23
(Fig. 6, Table 2), are observed to have extreme amplifi-
cations of up to ∼25 with a broad peak at frequencies
<1 Hz. Station SK22 in the northern part of the study
region has an exceptional amplification of ∼50. Earth-
quake HVSRs are observed tomimic the noise HVSRs at
frequencies superseding 1 Hz. On the contrary, earth-
quake HVSR of SK20 is observed to not follow the noise
HVSR in any frequency range. Furthermore, of the sta-
tions located at high elevation, stations SK19 and SK21
exhibit an anomalous HVSR trend (Supplementary Fig-
ure 1). SK19 has a rather irregular HVSR trend, whereas
SK21 has anomalous peaks at high frequencies (∼10 Hz
and ∼11 Hz). Azimuth of peak amplification at all sta-
tions are also highly heterogeneous.

5 Discussion

5.1 Effect of sedimentary deposits

High peak amplification at low frequencies is a charac-
teristic HVSR trend observed for lithology consisting of
loose sedimentary deposits overlying the sedimentary
basin (Bonnefoy-Claudet et al., 2006, 2009; Pastén et al.,
2016). The observed peak amplification at <1 Hz at
stations (SK24, SK25, SK26) over the sedimentary basin
thus reflects the thick deposit of soft material. The pro-

nounced effect of sedimentary deposits is observed in
various studies conducted in this region. Higher ambi-
ent noise levels prevalent in horizontal components of
the seismometer (Uthaman et al., 2022) located on the
thick sedimentary cover of ∼10 km (depth constraints
placedby receiver function (Singh et al., 2023) and shear
wave velocity studies (Uthaman et al., 2023a)) overly-
ing the high density material of Rajmahal Traps (Tiwari
et al., 2006; Pavankumar and Manglik, 2021; Uthaman
et al., 2023a) corroborate the high peak amplification
arising due to the sharp impedance contrast. The thick
sediment cover is observed to cause higher scattering
of energy due to increased reflection and refraction in
the sediments (Shapiro et al., 1998). The amplification
incident due to such scattering from a wide range of az-
imuths (∼10 – 170◦) could be indicative of energy in-
cident from all directions due to the widespread cover
of sedimentary deposits in the region. The decreasing
thickness of sedimentary cover towards the foothills of
Himalaya (Singh et al., 2023; Uthaman et al., 2023a) is
evidencedby increasingHVSRpeak at higher frequency
(∼10 Hz) at stations SK01 and SK03 located over the
sedimentary basin, but in proximity to Siwaliks. The
result is indicative of decreasing depth to underlying
bedrock towards the foothills (La Rocca et al., 2020).
This transition is evidenced by decreasing thickness of
sedimentary cover towards the foothills (Singh et al.,
2023; Uthaman et al., 2023a). The HVSR curve at seis-
mic station SK00 installed over Siwaliks is observed to
have multiple unclear peaks incident from varying az-
imuths. Lack of clear amplification at any fundamen-
tal frequency can possibly be resulting from stiff sedi-
ments of the Siwaliks lying over bedrock (Acerra et al.,
2004). Multiple peaks exhibiting an oscillatory trend
in HVSR of earthquake signals at all seismic stations
located over sediments indicate anomalous amplifica-
tion possibly arising due to higher reflection of surface
waves in the sediments (Shapiro et al., 1998; Uthaman
et al., 2022).

5.2 Structural variations in MCT

LHS bounded by the overturned MCT in Sikkim is com-
posed dominantly of Daling Group (Paul et al., 1996).
Regions with lithological unit of Daling Group predom-
inantly consisting of Gorubthan Formation is observed
to be more susceptible to landslides (Kaur et al., 2019).
East and South Sikkim comprised of this geological
composition have thus experienced several landslides
(Fig. 1). Landslide prone regions have a character-
istic slip surface distinguishing the surrounding con-
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Station f0 in Hz A0 f0 in Hz A0 Azimuth Natureof peak
name for noise for noise for earthquake for earthquake (◦) (as per Acerra

et al. (2004))
SK04 0.88±0.40, 6.05±0.50 2.40±0.87, 2.42±0.79 0.85±0.35, 6.96±0.65 2.48±0.45, 2.56±0.48 120-170 Two peaks
SK05 1.62±0.52, 4.02±0.95 2.76±1.89, 1.97±0.50 1.65±0.66, 3.98±0.49 3.12±0.98, 2.01±0.85 120-170 Two peaks
SK09 0.79±0.31, 4.12±1.11 1.78±0.86, 1.69±0.43 1.00±1.52, 4.25±0.85 2.12±1.56, 1.68±0.52 120-170 Two peaks
SK23 1.01±0.44, 4.22±1.19 2.72±0.69, 2.30±0.78 1.22±0.56, 4.18±0.58 2.55±0.54, 2.38±0.76 120-170 Two peaks
SK08 2.45±0.80, 7.67±0.67 2.21±1.54, 1.50±0.49 2.58±0.91, 7.52±0.45 2.57±1.21, 1.8±0.64 60-120 Two peaks
SK11 2.16±0.87, 6.65±0.82 1.17±0.79, 1.01±0.46 3.25±0.75, 6.70±0.71 4.25±0.68, 1.21±0.52 10-50 Two peaks
SK12 2.75±0.69, 7.62±0.85 2.11±1.03, 2.01±0.46 2.78±0.52, 7.55±0.79 2.51±1.01, 2.32±0.58 10-50 Two peaks
SK02 unclear unclear unclear unclear unclear Unclear peaks
SK06 unclear unclear unclear unclear unclear Unclear peaks
SK07 unclear unclear unclear unclear unclear Unclear peaks
SK13 unclear unclear unclear unclear unclear Unclear peaks

Table 2 Average HVSR parameter values at stations installed in the Lesser Himalayan Sequence

Station f0 in Hz A0 f0 in Hz A0 Azimuth Nature of peak
name for noise for noise for earthquake for earthquake (◦) (as per Acerra et al. (2004))
SK14 1.09±0.62 10.21±0.50 15.27±1.55 3.34±1.72 60-170 Broad low f0 peak
SK15 0.85±0.27 3.37±1.14 1.06±0.26 3.68±1.21 10-170 Broad low f0 peak
SK16 0.77±0.26 8.34±1.12 1.71±0.61 5.01±1.51 10-170 Broad low f0 peak
SK17 0.71±0.25 3.78±1.91 3.06±0.25 3.47±0.97 10-70 Broad low f0 peak
SK18 0.73±0.19 5.57±0.47 8.95±0.58 1.64±0.65 60-170 Broad low f0 peak
SK20 0.79±0.25 5.01±0.97 6.25±0.47 3.67±0.84 10-170 Broad low f0 peak
SK22 0.75±0.17 50±1.25 5.49±1.32 2.69±0.82 10-120 Broad low f0 peak
SK19 unclear unclear unclear unclear multiple Multiple peaks
SK21 unclear unclear unclear unclear unclear Unclear peaks
SK10 unclear unclear unclear unclear unclear Unclear peaks

Table 3 Average HVSR parameter values at stations installed in the Higher Himalayan Sequence
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Figure 4 HVSR curves analysed at stations SK00, SK01, SK03, SK24, SK25 and SK26 installed over Siwaliks and Himalayan
foreland basin. Blue and red curves are HVSR curves of noise and earthquakes respectively. Blue and red filled ellipses
represent predominant azimuths of directional HVSRs. Inset: Geological map of Sikkim Himalaya with red inverted trian-
gles representing seismic stations for which the results are visualized. Rest of the symbols are as described in Fig. 1. MCT:
Main Central Thrust; MBT: Main Boundary Thrust; MFT: Main Frontal Thrust; STDS: South Tibetan Detachment System; DCFZ:
Dhubri-Chungthang Fault Zone; RW: Rangit Window.

trasting layers (Ávila Barrientos et al., 2023). Signa-
tures of such contrasting layers can be effectively cap-
tured by HVSR curves demonstrating multiple peaks at
distinct frequencies (Panzera et al., 2012; Galea et al.,
2014; Pazzi et al., 2017). Studies show HVSR curves

in landslide zones have characteristic peaks at ∼2 Hz
and ∼8 Hz (Hussain et al., 2019). In our study, stations
SK08, SK11 and SK12 located in South Sikkim over the
Daling Group of LHS were located in close proximity
to landslide prone regions of Sikkim (Fig. 5). HVSR
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curves at these stations have characteristic peaks at
∼3 Hz and ∼7 Hz possibly indicating contrasting lay-
ers around the sliding surface. A predominance of inci-
dent energy along∼60 – 120◦ azimuth at SK08 and SK12,
and ∼10 – 60◦ at SK11 is observed (Fig. 5). This could
be indicative of directional amplification arising due to
fractures or cracks present in the sliding-bodies (Bona-
massa and Vidale, 1991; Imposa et al., 2016; Alonso-
Pandavenes et al., 2023). Directional amplification in
landslide prone regions is well-studied (Maresca et al.,
2022), though whether the indication of the azimuth is
along (Guerriero et al., 2016) or normal (Moore et al.,
2011; Burjánek et al., 2019) to the sliding surface is
highly debated. Along with the ambiguity in azimuthal
HVSR, a distinct amplification of earthquake HVSR is
prominent at station SK11 while earthquake and noise
HVSRs are observed tomimic each other at station SK08
and SK12 (Fig. 5). Given the factors needed to be con-
sidered is vast, delving further into resolving the geom-
etry of landslide prone surface requires amuch detailed
study. Since this is out of scope for the present study, we
have commenced a separate study to characterize the
landslide prone zones in Sikkim Himalaya using HVSR
(Uthaman et al., 2024a).

Duplex structures in Himalaya are stated to provide
efficient mechanism to accommodate thickening aris-
ing due to the active thrusting of the orogen (DeCelles
and Mitra, 1995). Nested in the western curve of the
overturned MCT is the Rangit Window (RW) (Fig. 1)

which is the Lesser Himalayan Duplex formed of re-
peated units of Gondwana, Buxa andDaling Groups cre-
ating an antiformal stack (Bhattacharyya et al., 2015).
Sites in proximity to such complex geological and struc-
tural composition are often observed to exhibit pecu-
liar HVSR trends with two or more peak amplifications
at distinct fundamental frequencies (Pazzi et al., 2017).
HVSR curves possessing multiple peaks at different fre-
quencies are stated to be arising due to alternating
layers of distinct lithology (Lermo and Chávez-García,
1993; Fäh et al., 2001), possibly due to its inclined dip-
ping geometry (Stanko et al., 2017). In our study re-
gion, stations SK04, SK05, SK09, and SK23 located in
proximity of RWexhibit characteristic twin peak ampli-
fications (Fig. 6). The multiple peaks could well corre-
spond to the impedance contrasts of the parallely dip-
ping stacked thrust sheets with alternating lithological
units. Broadened peaks further attest to the presence of
dipping resonators (Dietiker et al., 2018; Molnar et al.,
2018). As for directional amplification, both peaks have
an azimuthal angle of ∼10 – 60◦, with SK04 and SK23
having additional energy incident at ∼120 – 170◦ az-
imuth (Fig. 6). The directional amplification could be
parallel to the dipping direction, resulting from polar-
ization due to reflection, wave trapping or resonance
in the parallel layers (Pischiutta et al., 2010; Panzera
et al., 2016). The additional azimuthal energy at SK04
and SK23 could be due to the concerned stations’ spa-
tial location with respect to the RW. Earthquake HVSRs
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mimicking the noise HVSRs indicate amplification of
earthquake signals along the dipping layers of the RW.
Results of high shear wave velocity and negative radial
anisotropy corresponding to the compressional stress
prevalent in the complex dipping thrust sheets in RW
(Uthaman et al., 2023a) corroborates with our results.
As for stations SK10 and SK17 located in proximity to
RW, the noise and earthquake HVSRs do not exhibit any
trend with multiple peaks (Fig. 6). We refrain from in-
terpreting the HVSR of SK10 as it does not qualify the
peak clarity criteria of the SESAME guideline (Acerra
et al., 2004). The curve has no peak exceeding ampli-
fication of 2, but rather has oscillatory peaks incident
frommultiple azimuths. The station located at the con-
fluence of valleys over the gneissic formation of GHS
could be possibly inciting such a site response (Acerra
et al., 2004). Whereas, for station SK17 located at a tow-
ering elevation of 2438m (Uthaman et al., 2022) is likely
responsible for the amplification of∼8 at low frequency
(∼0.75 Hz).
MCT separating the LHS and GHS is lined by lenses

of Lingtse Gneiss in Sikkim Himalaya (Bhattacharyya
et al., 2015). This marks the transition zone of litho-
logical units. Regions with such transition zones along
slopes of the topography are observed to exhibit an ir-
regular trend in HVSR curve, with no prominent ampli-
fication corresponding to any fundamental frequency
(Stanko et al., 2017). Irregularly shaped peaks with
equally irregular azimuthal HVSR trends are often in-
dicative of lateral heterogeneity (Stanko et al., 2017). In
our study region, stations SK02, SK06, SK07, and SK13
located along the Lingtse lenses of eastern curve ofMCT
exhibit a very irregular HVSR trend (Fig. 7). Earthquake
HVSR and azimuthal HVSR mimic the irregularity of
noise HVSR (Fig. 7). The overall trend is a strong indi-
cator of transitioning lithology along complex topogra-

phy. As compared to the eastern curve, the irregular-
ity of HVSR trend along western section could possibly
have been masked by the prominent effects of the RW
giving rise to variation in HVSR trends.

5.3 Effect of topography

GHS composed of high grade crystalline rocks generally
has a high topographic relief. The stations located in the
GHS were thus situated over mountains with elevation
as high as 4000 m (Uthaman et al., 2022). Topography is
observed to have a significant effect on site response in
many studies (Chávez-García et al., 1996; Burjánek et al.,
2014; La Rocca et al., 2020). Anomalous amplification
is stated to occur due to ridge crests over topographies
having a convex construct (Geli et al., 1988; Del Gau-
dio et al., 2008; Formisano et al., 2012), and deamplifi-
cation in the base of hills and valleys resembling a con-
cave topography (Bard and Riepl-Thomas, 2000). It of-
ten becomes difficult to deconvolve the site effects pro-
duced due to topography and that due to local geology
(La Rocca et al., 2020). Coupled with the complex to-
pography on which these stations are located, the wind
speeds are significantly high at the towering elevation
of the mountains. Higher wind speeds tend to induce
noise in the horizontal componentswhich gets reflected
in the low frequency range of HVSR curves (Mucciarelli
et al., 2005; Bland and Gallant, 2002). The combined ef-
fects of topography and wind speed are observed to re-
sult in HVSR curves with high amplification at low fre-
quencies (∼1 Hz) at stations SK14, SK15, SK16, SK18,
SK20, SK22 (Fig. 8) and SK17 (Fig. 6). The higher degree
of variability of noise HVSRs at frequency less than 1Hz
could be a possible indication of effect of wind speed.
On the contrary, earthquake HVSRs have stable trend at
low frequencies and match the noise HVSR otherwise.
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Thus, earthquake HVSR exhibiting high amplification
at low frequency for stations located over compact ge-
ology indicates prominent effect of topography on peak

amplification.
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5.4 Seismic hazard assessment of Sikkim Hi-
malaya

Given the spatially varying ambient noise environment
(Uthaman et al., 2022) and observed variation in site
characteristics across the Sikkim Himalaya, it is crucial
to assess the region for potential seismic hazard in the
wake of persistent seismicity (Uthaman et al., 2024b).
As observed, multiple sites in Sikkim have two charac-
teristic resonant frequencies butwithin similar range of
peak amplification (Tables 1 and 2). We thus interpo-
late values of peak amplification within a 20 km search

radius using nearest neighbour interpolation scheme
(Wessel et al., 2019). Spatial interpolation reveals high-
est peak amplification in the GHS at stations located
at high elevation (Fig. 9). As the high amplification
is a result of effect of topographic relief coupled with
high wind speeds, the underlying high-grade metased-
imentary rocks of GHS is less susceptible to seismic
hazard. We interpret this region categorized with low
seismic hazard level as per Earthquake Hazard Index
(Pal et al., 2007) coupled with negligible seismic activ-
ity (Uthaman et al., 2024b) to have lower seismic haz-
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ard potential. Apart from the GHS, high peak amplifi-
cation is observed in LHS of central Sikkim Himalaya
and the sedimentary basin of northern West Bengal
(Fig. 9). Higher amplification is expected to occur in the
loose sediments brought down by Teesta river to the Hi-
malayan foreland basin. Despite the absence of active
faults and no seismic activity (Uthaman et al., 2024b)
in the current scenario, the region could have a high
seismic hazard potential owing to high peak amplifica-
tion. The most intriguing region is central Sikkim in
LHS with high peak amplification. The region catego-
rized as severe seismic hazard level (Pal et al., 2007), co-
incides with landslide prone areas with high landslide
susceptibililty (Sonker et al., 2024) and high seismicity
(Uthaman et al., 2024b). Seismicity arising along the
underlying Main Himalayan Thrust in the upper crust
and due to dextrally deforming DCFZ in the mid-crust
(Uthaman et al., 2024b) raises the seismic hazard po-
tential and possibility of surface damage from high am-
plification. Quantification of seismic hazard potential
requires additional processing from multiple datasets,
due to which we refrain from quantifying the same, but
are rather providing qualitative estimates in this study.

6 Conclusions
The structural and geological complexity of the Hi-
malayas resulting from its intricate evolution are well
reflected in the site characterization study of the Sikkim
Himalaya. The local site response obtained from the
noise and earthquake records at the 27 seismic stations
reveals a rather complex structure. Interpretation of
the peak amplifications and resonant frequencies re-
quired consideration of the local geology, topographic
relief andmeteorological parameters, complicating the
rather simple 1D interpretation often followed forHVSR
curves. Following are the key findings concluded from
the site characterization study in Sikkim Himalaya and
its adjoining foreland basin:

• Siwaliks and the Himalayan foreland basin lying
adjacent to the Sikkim Himalayas has HVSR trends
characteristic to the abundant sedimentary de-
posits in the region, with high amplifications at low
frequencies.

• LHS bounded by MCT is highly affected by distinct
local geology. While the western section is affected
by the duplex structure, the eastern section shows
signatures characteristic to changing lithological
units.

• Regions prone to frequent landslides exhibit a typi-
cal directional amplification due to the contrasting
composition along the sliding surface.

• The high wind speeds of GHS dominate the HVSR
trends of noise, while the earthquake HVSRs are
more reflective of the high amplification caused by
the complex topographic relief of the region.

• Central Sikkim Himalaya can be qualitatively clas-
sified as region with high seismic hazard poten-
tial owing to severe seismic hazard level, higher

landslide susceptibility, crustal seismicity and high
peak amplification.

Sikkim Himalaya thus has a very heterogeneous site
characteristic majorly influenced by local geology and
topography. The conjunction of landslide prone ar-
eas in Sikkim to that where shallow earthquakes tend
to concentrate (Uthaman et al., 2024b) raises the seis-
mic hazard susceptibility of the region. Neighbouring
sites exhibiting a strong dependence of site character-
istics on local geology and topography along with a few
anomalous HVSR trends complicates the hazard poten-
tial mapping.
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