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Abstract

The aim of this study is accomplished by utilizing the H/V spectral ratio method (Naka-
mura technique) to investigate the site response at fifteen seismic site stations. Regarding
this method, some significant local site parameters such as the fundamental frequencies
(fy) of soft sediments, peak amplitudes (4,) corresponding to H/V spectral ratios, spectrum
amplitude, and spectrum rotation were computed over fifteen seismic site stations in the
study area. A site response study has been done by using microtremor data from fifteen
seismic site stations. The fundamental frequency response varies from 0.67 to 11.54 Hz
within the study area. Resulting from this analysis, the fundamental frequency response is
low in and around the KHAT, PNGL, and SBLA seismic site stations, which indicates the
possibility of thick sedimentary soil cover at greater depth. Similarly, the peak amplifica-
tion at these seismic site stations is found to be in the range of 2—4. Further, the contour
map is prepared with the help of fundamental frequency response values obtained from
the H/V curve to observe the area of seismic hazard potential in the study region. Also,
obtained H/V results from different seismic site stations were verified by considering the
SESAME guidelines and conditions for reliability. Then, spectrum rotation and spectrum
amplitude analysis were carried out to know the characteristics of H/V with respect to azi-
muth and frequency in the sedimentary soil.

Keywords Fundamental frequency - Horizontal to vertical ratio - Kumaun Himalaya - Site
response

1 Introduction

An earthquake is the most severe natural hazard and is one of the deadliest events associ-

ated with the tectonic process. The continuous continent—continent collisions between the
Indian and Eurasian plates are the primary tectonic cause of earthquakes in the Kumaun
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Himalayan. The regular occurrence of low to moderate magnitude earthquakes increases
the seismicity in any tectonic setting, making it more vulnerable to hazard. In the recent
past, several low to high magnitudes earthquakes have been experienced in the Kumaun
Himalayan region. As a result, the Kumaun Himalayan has become the most tectonically
active region of the Indian sub-continent in term of the impact on human lives, constructed
man-made buildings, and the environment. It is well known and emphasised in several
earthquakes that soil site conditions can greatly affect the ground motion during an earth-
quake. On the other hand, the amplitude and frequency of ground motion may be signifi-
cantly affected by local site motion during earthquakes. The soil type of any study region
is influenced by the seismic ground motion of that region. The evaluation of site response
on the characteristics of ground response is one of the most common aspects of any study
region.

There are various methods for determining the characteristics of soil which have been
used in the recent past for site effect assessment, including seismic reflection; multichannel
analysis of surface waves, seismic refraction, uphole, downhole, and cross-hole surveys,
spectral analysis of surface waves, continuous generation of surface waves, geotechnical
investigations; microtremor measurement, and analysis of strong ground motion records
(Choobbasti et al. 2013). Previously, site amplification examination has been done by
using various methods such as Standard Spectral Ratio (SSR), Generalized Inverse Scheme
(GIS), Coda Wave Technique and Horizontal to Vertical Ratio Technique of any region
(Borcherdt 1970; Phillips and Aki 1986; Nakamura 1989; Lermo and Chavez-Gracia 1993;
Field and Jacob 1995; Bonilla 1997; Bard 2000). Among all these methods, Horizontal
to Vertical (H/V) spectral ratio has become an important tool to estimate the fundamental
frequency response and peak amplifications during ground motion (Nakamura 1989; Field
1993; Malagnini et al. 1993; Lachet and Bard 1994; Lermo and Chavez-Garcia 1994; Field
and Jacob 1995; Mukhopadhyay and Bormann 2004; Surve and Mohan 2010; Sivaram and
Rai 2012; Kumar et al. 2019). The long duration ambient seismic noise and recorded earth-
quake data can be utilized to estimate the H/V spectral ratio technique over soft deposits
(Ohmachi et al. 1991; Field and Jacob 1993; Lachet and Bard 1994; Lermo and Chavez-
Garcia 1994; Lachet et al. 1996; Fah et al. 1997; Parolai et al. 2004). This technique has
advantages over other geophysical methods in that it is a simple, straight-forward, and fast
non-invasive measurement of the seismic sites.

Previously, site response analysis has been done by several authors such as for different
tectonic settings. Recently, the Nakamura technique has been utilized for site amplifica-
tion analysis by using the S-wave of 110 local earthquakes (Praveen et al. 2019). The main
purpose behind this analysis was to compute the site amplification in the frequency range
of 0.2-10 Hz and several events are considered at a single station for better estimation of
resonance frequency (Praveen et al. 2019). Also, the H/V spectral ratio has been estimated
for the entire Uttarakhand region (Sharma et al. 2014). Resulting from this analysis, it was
observed that site amplification factor and predominant frequency vary between 2.3-9.4
and 1.3-8.3 Hz, respectively, but at most of the sites the predominant frequency varies
between 1.3 and 3.8 Hz. These results indicate the characteristics of the region resemble
soft rock/compact soils, which are prone to severe seismic hazards (Kumar et al. 2019).
Apart from this study region, the Nakamura technique was utilized to calculate the sedi-
mentary thickness in the Bombay region (Surve and Mohan 2010). Globally, the HVSR
technique was used to compute the resonance frequency (f;) and amplification (4,) of
ground motion to minimize the seismic hazard level in the Nile Delta (Khedr et al. 2019).

The primary objective of this study is to quantify the relationship between the local
geology and the ground motion, i.e., resonant frequencies and the peak amplification
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estimation of the fifteen seismic site stations for the entire Kumaun Himalayan region. The
modified Nakamura technique is utilized to estimate the Horizontal to Vertical Spectral
Ratio (HVSR) of fifteen seismic site stations. These analyses are completely performed by
using microtremor data, but the earthquake data can be used to investigate the site response
of this study region. In the present article, we have also estimated the spectrum rotation,
and spectrum amplitude through a modified Nakamura technique by using the source tool
Geopsy software (www.geopsy.org). These studies have led to reliable estimation of the
fundamental frequency response and peak amplification of microtremor data from fifteen
seismic site stations during the period of 2012-2018. The fundamental frequency response
values were verified by using guidelines of the SESAME European project (2004), which
validates that the obtained results are reliable or non-reliable. The obtained values of fun-
damental frequency response from different seismic site stations have been utilized to pre-
pare the contour map, which indicates thick and thin soil deposition areas in terms of high
and low frequency in and around the different seismic site stations. Further, the spectrum
rotation and spectrum amplitude analysis has been conducted for the estimation of H/V
with respect to azimuth vs frequency.

2 Geological setting

The Kumaun Himalaya region is one of the most active orogens in the world. This region
is bounded by latitude 28.5°N-31°N; longitude 79°E-81°E and it is located in the Hima-
laya’s seismic hotspot. The Kumaun Himalaya is also known as the lesser Himalaya. It is
also divided into two parts, namely as (i) the inner lesser Himalaya (ii) the outer lesser
Himalaya. In the lesser Himalaya, a large variety of rocks are settled and its geological
framework is very complex. The major tectonic features of the region include the Southern
Tibetan Detachment (STD), the Main Central Thrust (MCT), the Main Boundary Thrust
(MBT), and the Main Frontal Thrust (MFT) (Singh et al. 2012). The Lower Himalaya
consists mainly of Precambrian clastic sediments which are structurally bounded by MBT
and MCT, whereas the greater Himalaya is comprised of early Cambrian metasedimentary
rocks and bounded by MCT and STD. Several Crystalline Klippens are structurally overlain
by the Lesser Himalaya Sequence, e.g., Almora Klippen (AK), Baijnath-Gwaldam Klip-
pen, Askot Klippen, and Chiplakot Klippen that crop out south of MCT and are emplaced
over LHS by the far-travelled MCT. The Almora Klippen is bounded to the north-by-North
Almora thrust (NAT) and towards the south-by-South Almora thrust (SAT). The MCT
places the high-grade metamorphic rocks of Higher Himalayan Crystalline (HHC) atop the
Lesser Himalaya Sequence (LHS) during the Miocene. The STD marks the upper limit of
HHC and separates it from the Tethyan Himalayan sequence. Two strands of MCT in the
region have been recognized, namely the Munsiari thrust (MT or MCT-I) and the Vaikrita
thrust (VT or MCT-II). The VT bounds the MCT zone from top to bottom by MT. The
MCT zone is comparatively low-grade schist and gneiss, along with some mixing of lesser
Himalayan rocks and separated from the kyanite-sillimanite bearing rocks of HHC. South
of MT, the Lesser Himalaya rocks are exposed, stacked over the Sub-Himalaya along with
MBT. The sub-Himalaya crops out south of MBT, which is structurally overlying the Qua-
ternary/or alluvial deposit of the Indo-Gangetic plain by MFT.

In addition, this region belongs to the central seismic gap and has the potential to pro-
duce great earthquakes. The main reason for the occurrence of great earthquakes is the
under thrusting of the Indian continental plate with the Eurasian continental plate (Valdiya
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1980), and thus this region is prone to future earthquakes Most of the earthquakes were
recorded as shallow and restricted to a seismogenic zone within the upper~25 km of the
crust. The study region is experiencing regular occurrences of low to moderate earthquakes
in the Kumaun Himalaya. A few recent moderate earthquakes and bigger earthquakes have
been experienced in and around the Kumaun Himalayan regions. The region is a critical
intraplate segment that is perpetually subjected to several natural threats and thus, neo-
tectonically, an active region (Fig. 1).

3 Data and method

The Nakamura technique is one of the most popular techniques utilized for the investi-
gation of seismic site response over soft soil deposits in any tectonic setting (Nakamura
1989; Pandey et al. 2018; Matassoni et al. 2015). This technique was developed by
Nogoshi and Igarashi, (1971), but later modified by Nakamura, (1989). The Nakamura

30°30'

30°00" Mg

29°30'

29700

2830 — ——
79°00" 79°30' 80700 80°30 81700

Fig. 1 Tectonic map for the Kumaun Himalaya region. Red stars show the historic earthquakes in the study
region. Seismic site stations indicated by blue colours
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technique is described as the ratio of Fourier amplitude spectra of horizontal to verti-
cal component of recorded microtremors. Generally, this technique is based on imped-
ance contrast, i.e., the presence of sedimentary soil on hard bedrock. The horizontal
component of microtremor data is amplified by the soft soil layer. The Nakamura tech-
nique has been adopted to compute the fundamental frequency response with respect
to the peak amplification with the help of source tool Geopsy software for different
microtremor data recorded at fifteen seismic site stations in this study region. Thus, we
have considered only microtremor data, which is recorded at all seismic site stations.
However, the earthquake data of three components can be used to compute the seismic
site response. In this study, microtremor data was acquired from different seismic site
stations installed by Kumaun University, Nainital and the Wadia Institute of Himalayan
Geology, Dehradun. Seismic site stations installed by Kumaun University, Nainital are
equipped with Trillium 40, 120P/PA, and 120Q/QA seismometers with a high dynamic
range of > 138 decibels. The common flat frequency bandwidth is ~0.003-50 Hz. The
seismic data is acquired in continuous mode at a rate of 100 samples per second for
three-component recording at each seismic site station. Along with these seismom-
eters, all seismic stations are equipped with a Taurus Data Acquisition System (DAS),
which is a 24-bit digitizer for a three-channel recording that provides a high dynamic
range of > 141 decibels. A Global Positioning System (GPS) of 12 Channels is also
installed along with each seismic station for time synchronization having a time accu-
racy of < 100 microseconds. A seismic network of ten broadband stations (installed by
WIHG) in the Kumaun region, equipped with a Trillium 240 seismometer and Taurus
digitizer is additionally run as a permanent.

Fast Fourier Transform (FFT) has been applied to the entire three components (NS,
EW, and Z components) of a particular seismic site station for each time window (Pan-
dey et al. 2018). Further, a cosine tapper of 5% is utilized to avoid spectral leakage.
The Konno-Ohmachi algorithm has been applied for smoothing the Fourier amplitude
spectra for which the smoothing constant value is 40.00 s (Konno and Ohmachi 1998).
The frequency sampling range has been selected in the range of 0.50-25.00 Hz for
all recorded microtremor data. The short-term average (STA) and long-term average
(LTA) algorithms have been used to split the recorded microtremor data into each time
window. For this analysis, STA and LTA are set to 2 s and 30 s, respectively. Thus, the
obtained results from the H/V analysis have been checked for the reliability and clarity
of the peak by using the SESAME guidelines condition. Further, the spectrum ampli-
tude and H/V with respect to azimuth have been performed for all recorded micro-
tremor data in the study region. The range of rotation is kept from O to 180 degrees for
the horizontal components of motion and also the azimuth direction is selected clock-
wise in the north direction.

4 Result and discussion

The Horizontal to vertical spectral ratio has been applied to estimate the fundamen-
tal frequency response and peak amplification of fifteen seismic site stations for the
Kumaun Himalayan region. Also, the spectrum rotation, and spectrum amplitude have
been computed for all recorded microtremors as mentioned below in Figs. 2, 3, 4, 5,
and 6.
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Fig.2 Plot of fundamental frequency response of fifteen seismic site stations at different frequency ranges
and amplifications. Solid red line represents the average H/V value
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Fig.2 (continued)

4.1 Fundamental frequency response

The fundamental frequency response with site amplification has been estimated at fifteen
seismic site stations in this study region, as depicted in Fig. 2a—o. Low fundamental fre-
quency response and high amplification in the range of 0.6-2.0 Hz with a mean value of
1.3 Hz has been observed at different seismic site stations such as (KHAT, PNGL, SBLA)
as depicted in Fig. 2a—c, which indicates that there is a possibility of thick sedimentary
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Fig.2 (continued)

soil cover at greater depth. The moderate fundamental frequency response with moderate
amplification is found to be at SKH, LGHT, TANK, and DHAR seismic site stations in the
range of 2.0-8.0 Hz with a mean value of 5.0 Hz as shown in Fig. 2d—g. Resulting from
this, it indicates that there is a possibility of thick sedimentary soil cover present at moder-
ate depth. However, the moderate fundamental frequency response with low or flat amplifi-
cation is found to be at some seismic site stations such as AMRI, BSN, BNDL, BANS, and
DHAM in the range of 2.0-8.0 Hz with a mean value of 5.0 Hz as depicted in Fig. 2h-I.
Low or flat amplification is found to be in and around these seismic site stations because
there is the possibility of the presence of thin soil deposition at moderate depth and also,
indicating no sharp impedance contrast with shallow bedrock. Previously, it was pointed
out that hard rocks such as Granite, Augen gneiss, and Quartzites are present at moderate
depth at these seismic site stations (Kumar et al. 2019). Surve and Mohan (2010) did site
response analysis for the Mumbai city and they found that flat response (nearly no peak
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Fig.5 Plot of the spectrum amplitude with respect to azimuth for fifteen seismic site stations at different

frequency

amplification) at some seismic site is due to the presence of hard rock or non-weathered at
the site. High fundamental frequency response with low amplification has been observed
at different seismic site stations such as KLKT and MUN as depicted in Fig. 2m—o, which
indicates the possibility of thin sedimentary soil cover is present at shallow depth in and
around these seismic site stations. At these seismic site stations, there is an have exposure
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of compacted hard rocks at the shallow depth. However, it has been suggested by several
authors, such as Fnais et al. (2010), Pandey et al. (2018), that low and high fundamental
frequencies are obtained corresponding to greater and shallower depth, respectively.
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The liquefaction index can be achieved by using frequency response and amplification
values in this analysis. As shown in Table 1, the liquefaction vulnerability index (kg) is
estimated by taking the square of amplitude (A4,) divided by the fundamental frequency
(f) (Natarajan and Rajendran 2015; Pandey et al. 2018). Resulting from this, it has been
observed that a high kg value is present at seismic site SBLA (64.05) while a low kg value
is present at seismic site DHAR (0.35) respectively. Therefore, a High kg value is indicates
future expected earthquake damage at the SBLA seismic site and high vulnerability.

The contour map is prepared with the help of fundamental frequency response val-
ues, which are obtained from microtremors data of fifteen seismic site stations as shown
in Fig. 3. These seismic site stations are located in different geological formations (Mun-
syari, Almora, and Subathu formation) which consist of hard rocks such as (Granite, Augen
gneiss, Quartzites) and their compactness is higher as compared to the other rocks (Figs. 4,
5).

This contour map is helpful in understanding the sedimentary disparity by the
combination of fundamental frequency response results to the sedimentary thickness
(Surve and Mohan 2010; Pandey et al. 2018). From Fig. 3, it has been observed that the
high fundamental frequency is present in and around the MUN and KLKT seismic site
stations, whereas a low frequency is present at different seismic site stations such as
PNGL, SBLA and KHAT. However, the rest of the study region displays moderate fun-
damental frequency response values in and around some seismic site stations such as
(AMRI, BSN, LGHT, DHAM, DHAR, etc.). From this analysis, it has been observed
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Fig.6 Plot of the H/V rotation with respect to azimuth for different fifteen seismic site stations at different
frequency

that low fundamental frequency responses with high amplification values at greater
depth in the vicinity of any seismic site stations represent the seismic hazard poten-
tial area in this study region and vice-versa. The MUN seismic site station belongs to
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the Munsyari formation, which consists of the granite-granodiorite and augen gneiss
(Valdiya 1980). Recently, it was noticed that a high frequency response was observed
in and around the MUN seismic site station, which indicates that there is the presence
of hard and compacted rock (Kumar et al. 2019). Similarly, high frequency response is
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Fig.6 (continued)

also present at KLKT seismic site station, which belongs to the Almora group. Almora
group also contains hard rocks such as Augen gneiss. Therefore, MUN and KLKT sta-
tions may not be in the region of high seismic hazard potential. At these seismic site
stations there is less chance of damage during an earthquake compared to other seis-
mic stations. The contour map shows that the rest of the seismic site stations have
moderate fundamental frequency response in different geological formations.

The observed fundamental frequency response values were verified by applying
the conditions of the SESAME, (2004) guidelines project. For data reliability, some
of the important conditions such as f,> 10/1,, nc (fy) >200 (where n,=n,, X1,) were
checked, keeping in view the SESAME (2004) guidelines. Thus, the criteria and reli-
ability parameters show that the obtained fundamental frequency response results from
different seismic site stations are reliable as mentioned in Table 2.
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Table 1 List of the different fundamental frequency response, amplification and liquefaction index values
for the fifteen seismic site stations

S.No. Station Name Lat (°N) Long(°E)  Frequency Amplification  Duration  Liquefac-
(In Min)  tion Index

1 TOL 29.80 80.36 6.30 (0.92) 2.68 25 1.13
2 MUN 30.06 80.25 11.54 (0.58) 8.94 32 6.93
3 BSN 30.09 79.26 3.19 (0.56) 1.35 30 0.57
4 SKH 29.32 80.04 5.64 (0.33) 4.62 25 3.78
5 KLKT 29.59 79.35 10.03 (1.21) 1.93 40 0.37
6 AMRI 29.22 80.04 6.99 (0.36) 3.46 30 1.71
7 KHAT 28.94 79.98 1.27 (0.15) 3.18 30 7.95
8 BNDL 29.74 80.27 4.11 (0.55) 1.75 50 0.74
9 BANS 29.93 80.31 3.86 (0.47) 1.98 15 1.01
10 DHAR 29.85 80.54 6.62 (1.11) 1.53 18 0.35
11 DHAM 29.56 80.20 6.44 (1.02) 1.73 18 0.46
12 LGHT 29.42 80.08 6.39 (0.52) 3.56 18 2.00
13 TANK 29.12 80.08 2.25(0.13) 3.94 40 6.89
14 SBLA 30.05 80.58 0.67 (0.93) 6.55 20 64.05
15 PNGL 29.98 80.68 0.71 (0.11) 5.74 25 46.60

4.2 Spectrum Amplitude

The presence of strong sources is revealed by direction analysis of the H/V curve. In this anal-
ysis, the H/V curve of fifteen seismic site stations has been performed for directional analysis.
Thus, the horizontal component of motions is rotated in the range of 0°-180°. This analysis
may be very suitable to check the site dimension, whether the site is 1D or not. An azimuth
direction is always counted in a clockwise direction to the north. Therefore, spectrum ampli-
tude has been observed at the different seismic site stations such as BSN, MUN, SKH, TOL,
KHAT, SBLA, and PNGL, which indicates the presence of strong sources in 1D (Fig. 5).

4.3 Spectrum rotation

The variation of fundamental frequency with azimuth can be obtained with the help of H/V
rotate analysis. Figure 6a—o depicts the H/V rotate analysis for fifteen seismic site stations.
The H/V rotate amplitude has been observed in the range of 0.6—-12 over 0°-180° at BSN,
KLKT, MUN, SKH, TOL, AMRI, KHAT, LGHT, PNGL, and TANK seismic site stations.
It is indicated that maximum energy release over this part of the study region. Furthermore,
other seismic site stations such as BANS, BNDL, DHAM, DHAR, and SBLA did not provide
any significant observations during the H/V rotate analysis as shown in Fig. 6b-h.

5 Conclusion
This article presents an approach using Nakamura technique measurements to govern the

site response at fifteen seismic site stations. Microtremor data was analysed by employing
the H/V method. The Nakamura technique is a valuable tool to determine peak frequency
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and amplification factor over shallow soft soils. The study area reflects a high variability
in terms of fundamental frequency (f;) and amplification (4,). Low values of fundamental
frequency (f;) and corresponding higher values of amplification are reflected at some seis-
mic site stations, thus indicating a greater seismic risk triggered by soil amplification in the
study area. The fundamental frequency response is found to be in the range of 0.6-11.54
at fifteen seismic site stations. Also, SESAME guidelines have been followed to check the
accuracy of the measurements, reliability, and clarity of the peak in the H/V curve. Spec-
trum rotate and amplitude investigation shows at some seismic site stations the energy is
released corresponding to certain azimuth and frequency windows. It indicates that meas-
urement of these local site responses is highly significant to assess the seismic risk in the
study area.
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