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Abstract 

The Himalayan collision zone experiences many seismic activities with large earthquakes occurring at certain time 
intervals. The damming of the proto-Bagmati River as a result of rapid mountain-building processes created a lake 
in the Kathmandu Valley that eventually dried out, leaving thick unconsolidated lacustrine deposits. Previous stud-
ies have shown that the sediments are ~600 m thick in the center. A location in a seismically active region, and the 
possible amplification of seismic waves due to thick sediments, have made Kathmandu Valley seismically vulnerable. 
It has suffered devastation due to earthquakes several times in the past. The development of the Kathmandu Valley 
into the largest urban agglomerate in Nepal has exposed a large population to seismic hazards. This vulnerability was 
apparent during the Gorkha Earthquake (Mw7.8) on April 25, 2015, when the main shock and ensuing aftershocks 
claimed more than 1700 lives and nearly 13% of buildings inside the valley were completely damaged. Preparing 
safe and up-to-date building codes to reduce seismic risk requires a thorough study of ground motion amplification. 
Characterizing subsurface velocity structure is a step toward achieving that goal. We used the records from an array 
of strong-motion accelerometers installed by Hokkaido University and Tribhuvan University to construct 1-D velocity 
models of station sites by forward modeling of low-frequency S-waves. Filtered records (0.1–0.5 Hz) from one of the 
accelerometers installed at a rock site during a moderate-sized (mb4.9) earthquake on August 30, 2013, and three 
moderate-sized (Mw5.1, Mw5.1, and Mw5.5) aftershocks of the 2015 Gorkha Earthquake were used as input motion 
for modeling of low-frequency S-waves. We consulted available geological maps, cross-sections, and borehole data 
as the basis for initial models for the sediment sites. This study shows that the basin has an undulating topography 
and sediment sites have deposits of varying thicknesses, from 155 to 440 m. These models also show high velocity 
contrast at the bedrock depth which results in significant wave amplification.
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Introduction
The collision of the Eurasian and Indian tectonic plates 
forms an active plate boundary with many seismic events. 
The Nepal Himalaya regularly experiences small seismic 
activities, and large earthquakes occur over certain time 
intervals (Sapkota et al. 2013). The occurrence of strong 

ground motions in the Nepal Himalaya is comparatively 
less than other seismically active regions around the 
world. As a result of the collision, the Himalayan orogeny 
has formed a number of tectonic valleys in the region, 
including the Kathmandu Valley in the Nepal Himalaya. 
The formation and eventual drying of a lake has left the 
valley with thick (>600  m) unconsolidated sediments 
(Moribayashi and Maruo 1980; Sakai 2001).

The manifestation of an earthquake effect is a combina-
tion of source, path, and site characteristics. In addition 
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to the earthquake magnitude, site conditions play a vital 
role in the effect of earthquakes on infrastructure. An 
earthquake with seemingly no effect above hard ground 
can be felt as a strong tremor and cause severe damage 
in areas above soft or unconsolidated sediments due to 
the amplification of seismic waves. There are accounts 
of more than 20 devastating earthquakes occurring in 
or near the Nepal Himalaya after the thirteenth century 
(Dixit et  al. 2013); the 2015 Gorkha Earthquake is the 
most recent. The Kathmandu Valley, along with a large 
part of central and eastern Nepal, suffered heavy loss of 
life and property due to the mainshock and ensuing after-
shocks of the 2015 Gorkha Earthquake. According to 
Government of Nepal (2015), 8856 people lost their lives 
and more than 60,000 buildings were completely dam-
aged. The Kathmandu Valley had 1739 casualties, and 
about 13% of buildings were estimated to have been com-
pletely damaged. A location in a seismically active region, 
and the presence of thick sediments that amplify seismic 
waves, have made the Kathmandu Valley a seismically 
vulnerable region. Moreover, the increasing tendency for 
haphazard building construction without proper engi-
neering considerations has added to the potential for 
catastrophe.

A thorough study of ground motion amplification is 
required to prepare safe and up-to-date building codes 
that reduce loss of life and property during an earth-
quake. Characterizing subsurface velocity structures is 
a necessary precondition for achieving that goal. Previ-
ously, there was a study of 1-D velocity models in a few 
places in Kathmandu based on microtremors (Pandey 
2000). A subsurface velocity model was prepared based 
on geological maps (Shrestha et  al. 1998) and borehole 
logs collected during an earthquake disaster mitigation 
study (JICA 2002). Piya (2004) used available borehole 
data and geological information to prepare soil profiles 
of the valley sediment for liquefaction hazard analysis. 
The borehole logs available are predominantly from the 
groundwater wells in the Kathmandu Valley. The velocity 
logging below depths of 30 m is not publicly available. A 
study of basement structure using microtremor record-
ings from different locations in the valley, some of which 
lie in vicinity of the sites described in the present study, 
was carried out in 2012 (Paudyal et al. 2012).

In this study, we use seismic records of moderate earth-
quakes obtained from an array of strong-motion acceler-
ometers (Fig. 1) to construct 1-D velocity models of the 
stations by forward modeling of low-frequency S-waves. 
A similar 1-D velocity model was prepared for seismic 
station KATNP, maintained by the United States Geolog-
ical Survey (USGS), in Kathmandu using the mainshock 
of the Gorkha Earthquake (Dhakal et al. 2016). Further-
more, we examined our velocity models by comparing 

observed H-to-V spectral ratio with the theoretical H-to-
V spectral ratio obtained from the models. Our ultimate 
goal is to prepare a 3-D subsurface model of the Kath-
mandu Valley using earthquake records; the present 
study is key piece of this objective.

Geological setting of the Kathmandu Valley
The Kathmandu Valley is a tectonic basin filled with 
fluvio-lacustrine deposits and surrounded by hills on 
all sides. The rapid uplift of the mountain range south 
of present-day Kathmandu dammed the proto-Bagmati 
River (Sakai et  al. 2002) and formed the paleo-Kath-
mandu Lake (Fujii and Sakai 2002). The lake breached 
the hills and eventually dried out (at about 10  ka) leav-
ing behind a sediment-filled valley (Sakai 2001). Since 
then, fluvial deposits from the Bagmati River system 
have overlain the older lake deposits. Previous studies 
(Moribayashi and Maruo 1980; Sakai 2001) have shown 
the sediments to be thicker than 600 m at the center of 
the valley. The hills surrounding the valley are formed of 
meta-sedimentary rocks with some granitic intrusions 
of Cambrian to Devonian origin (Stocklin and Bhatta-
rai 1977). It is clear that the sediments in the valley are 
sourced from these basement rocks, as the lake in the 
past and the Bagmati River system at present are fed with 
water flowing from these very hills (Fig.  1). Figure  1 is 
based on the Engineering Geological Map of Kathmandu 
(1:50,000) published by Department of Mines and Geol-
ogy (Shrestha et al. 1998).

The bottom and fringes of the valley have coarser sedi-
ments of the proto-Bagmati river system (Sakai 2001), 
which give way to finer sediments in the upper and cen-
tral parts of the valley. The sedimentary layers in the val-
ley can be generalized as coarser sand and gravel layers 
at the bottom superimposed with layers of sand and clay 
deposit of lacustrine facies; fluvial deposits from the Bag-
mati river system make up the topmost layer (Yoshida 
and Igarashi 1984; Dangol 1985; Shrestha et  al. 1998; 
Sakai 2001). The sediment types in the valley generally 
vary from south to north, and the lithology has been dif-
ferentiated into three main groups: southern, central, 
and northern (Sakai 2001; Piya 2004). The predominant 
sequence of thick black clay formed from a lacustrine 
environment in the southern and central region gives way 
to the sand-dominant sediments in the northern region. 
The clay layer diminishes in the north and pinches out to 
sandy/silty sediment (Sakai 2001) which has its origin in 
the granitic intrusion (Stocklin and Bhattarai 1977) in the 
northern surrounding hills.

Furthermore, borehole logs (Sakai 2001; JICA 2002; 
Piya 2004) have demonstrated a number of different lay-
ers and lenses formed due to varying depositional envi-
ronments. The basin topography is highly undulated, and 
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there are several rocky hillocks that breach through the 
thick sediments to the surface as bedrock exposures. One 
of these exposures can be seen in Kirtipur, where one of 
the accelerometers is installed (Fig.  1). The variation in 
basement topography, geology, and the depositional envi-
ronment make it difficult to generalize the subsurface 
geologic structures and ground response of the valley as 
a whole. The lack of proper data on subsurface geology, 
velocity logs, and soil profiles makes the task challenging.

Strong‑motion observation
A collaboration between Hokkaido University, Japan, 
and Central Department of Geology (CDG), Tribhuvan 

University, Nepal, began in 2011 to study the strong-
motion characteristics in Kathmandu Valley (Takai et al. 
2016). Four strong-motion accelerometers (Mitsutoyo 
JEP-6A3-2) were installed at KTP, TVU, PTN, and THM, 
in a west to east array (Fig. 1). These accelerometers are 
bolted to the ground floor of reinforced concrete (RC) 
buildings, except at PTN where the building is a single 
story masonry structure. These accelerometers oper-
ate continuously at a sampling rate of 100  Hz, and the 
time calibration is carried out using GPS. Although the 
data loggers are powered with regular 200 V AC supply, 
backup batteries are employed due to inconsistent elec-
tricity supply in the valley. The seismometers recorded a 

Fig. 1 Simplified geology of Kathmandu and location of strong-motion accelerometers. The temporary stations (green triangles) were added after 
the mainshock from the Gorkha Earthquake and were in operation for 3 months. Inset map of central and eastern Nepal showing the epicenters 
of the four earthquakes used in this study. The red star is the epicenter for the mb4.9 earthquake used to determine the 1-D models, the purple star 
is the epicenter for the Mw5.1 earthquake that occurred on April 25, 2015, 17:42 UTC, the blue star is the epicenter for the Mw5.1 that occurred at 
23:16 UTC on the same day, and the green star is the epicenter for the Mw5.5 earthquake. The red line in the inset is the outline of the Himalayan 
Main Frontal Thrust
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number of earthquakes including the Gorkha Earthquake 
on April 25, 2015, and its subsequent aftershocks. The 
seismic activity has largely increased after the Gorkha 
Earthquake. Four more temporary stations (BKT, RBN, 
PPR, and KPN) were deployed for 3 months (May 8 to 
August 6, 2015), after the Gorkha Earthquake, to observe 
aftershock activity.

The station KTP lies in Kirtipur, west Kathmandu, on 
a rock site. The stations TVU (CDG, Tribhuvan Uni-
versity), PTN (Pulchwok Campus, Patan), and THM 
(University Grants Commission, Sano-Thimi) are the 
sediment sites (Fig. 1). The shear wave velocity (Vs) of the 
shallow subsurface layer measured during their installa-
tion shows Vs ~700  m/s at KTP and ~200  m/s at other 
sites (Takai et al. 2015). The absence of prominent peaks 
in the average H/V ratio of microtremors at KTP and 
early arrival of S-waves at KTP compared to other sites 
during earthquakes (Bijukchhen et al. 2015) indicate that 
KTP is a rock site; there is likely a weathered and frac-
tured layer of exposed bedrocks overlying the basement 
rocks at depth. The temporary stations, BKT (Bhak-
tapur), RNB (Ranibu), PPR (Panipokhari), and KPN 
(Kapan), were installed more or less normal to the exist-
ing W–E profile (Fig. 1). All four were installed over the 
sediment sites.

The sedimentary sites show high amplification of seis-
mic waves. This can be observed from the moderate 

earthquake (mb4.9) that occurred about 80  km NE of 
Kathmandu (Fig.  1) near the Tibetan border on August 
30, 2013. The Fourier spectra of the transverse compo-
nent of the earthquake (Fig. 2) demonstrate the presence 
of low-frequency waves and their large amplification at 
the sedimentary sites compared to that at KTP. The spec-
tral ratio, i.e., the ratio of the Fourier spectrum of the 
sedimentary site to that of the rock site, confirms this 
hypothesis.

We selected three more moderate earthquakes, all 
aftershocks of the Gorkha Earthquake, to study. Two 
of them, both Mw5.1, occurred on the same day as the 
mainshock (April 25, 2015). The first one occurred at 
17:42 UTC with an epicenter ~80 km northeast of Kath-
mandu (Fig.  3). The other one had an epicenter about 
45  km west of Kathmandu and occurred at 23:16 UTC 
(Fig. 4). The four temporary sites were added a week after 
the mainshock, so they lack records of all three earth-
quakes. Therefore, we considered an additional earth-
quake (Mw5.5) that occurred on May 16, 2015, about 
75  km east of Kathmandu, which was recorded at all 
eight stations (Figs. 5, 6).

The forms of the Fourier spectra of the rock site (KTP) 
depend on f2 for low frequencies (f < 1 Hz) except for the 
Mw5.5 event. This spectral form resulted from incidence 
of the low-frequency S-wave beneath the KTP site. The 
higher frequencies (f > 1 Hz) do not depend on f0 effect 
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Fig. 2 Acceleration waveforms, Fourier spectra, and spectral ratios of the mb4.9 earthquake for the transverse component. The epicenter of the 
earthquake is about 80 km NE of Kathmandu. The record of this earthquake was used to adjust the initial 1-D velocity model. A significant amplifica-
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Fig. 3 Acceleration waveforms, Fourier spectra, and spectral ratios of the Mw5.1 earthquake for the transverse component. This aftershock (April 25, 
2015 17:42 UTC) occurred NE of Kathmandu, near the epicenter of the mb4.9 earthquake
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Fig. 4  Acceleration waveforms, Fourier spectra, and spectral ratios of the second Mw5.1 earthquake for the transverse component. The epicenter 
of this aftershock (April 25, 2015 23:16 UTC) is about 45 km west of Kathmandu



Page 6 of 16Bijukchhen et al. Earth, Planets and Space  (2017) 69:97 

KTP

Time (s)

Ac
ce

le
ra

tio
n

(c
m

/s
/s

) PGA= -4.8 cm/s/s

2015-05-16 11:34 Mw5.5
27.56N 86.07E 7.0 km Transverse Component

0 20 40 6 0
-15

0

15

TVU

Time (s)

Ac
ce

le
ra

tio
n

(c
m

/s
/s

) PGA= -6.2 cm/s/s

0 20 40 6

0 8

0 80
-15

0

15

PTN

Time (s)

PGA= 5.6 cm/s/s

0 20 40 6
-15

0

15

THM

Time (s)

PGA= -7.6 cm/s/s

0 20 40 6

0 80

0 80
-15

0

15

Frequency (Hz)

Am
pl

itu
de

Sp
ec

tru
m

(c
m

/s
) KTP

TVU
PTN
THM

10-1 100 101

10-1

100

101

Frequency (Hz)

Sp
ec

tra
lR

at
io

TVU/KTP
PTN/KTP

THM/KTP

10-1 100 101

100

101

102

Δ= 80.2 km

Δ= 78.7 km

Δ= 75.7 km

Δ= 70.1 km
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of a weathered rock layer at the top. The spectra of the 
sedimentary sites show larger amplitudes in 0.2 < f < 2 Hz 
than those at KTP. There is sharp increase in amplitude 
at low frequencies between 0.2 and 0.4  Hz at the sedi-
mentary sites for all earthquakes. It should be noted that 
as the window length for the spectral analysis in Figs. 2, 
3, 4, 5 and 6 is 80 s, and the high amplitude observed is 
pertinent to S-wave amplification as well as excitation of 
basin-induced surface waves.

Methodology
The response of a laterally heterogeneous sedimentary 
basin to incident S-waves is to produce S-wave amplifi-
cation and basin-induced surface waves. The direct long-
period S-wave from a 3-D simulation for a deep basin 
structure is essentially same as that from 1-D simula-
tion for a flat-layered structure beneath the site (Dhakal 
et  al. 2009, 2011). As an initial step in the 3-D simula-
tion of Kathmandu Valley basin, a 1-D velocity structure 
estimation was conducted using forward modeling of 
an observed long-period S-wave from the mb4.9 earth-
quake. We used the Propagator Matrix method (Aki and 
Richards 2000) which relates the incident wave to its sur-
face displacement, in 1-D simulation of the theoretical 
long-period S-wave. When a waveform incident at angle 
j propagates through a layer with density ρ, the motion 
stress vector f(z) at depth z can be related to the motion 
stress vector at the surface f(z0) with a matrix P, known 
as the Propagator Matrix.

For the horizontal component of S-wave, the Propaga-
tor Matrix for a layer is

where η =
cos j
Vs

 and µ = ρV 2
s .

For n layers above a half space, Eq. (1) becomes.

The motion stress vector f(z) can be written in terms of 
amount of down-going wave S̀ and amount of up-going 
wave Ś as

From Eqs. (3) and (4), we obtain

(1)f (z) = P(z, z0)f (z0)

(2)

P(z, z0) =

[

cos [ωη(z − z0)] (ωµη)−1 sin [ωη(z − z0)]

−(ωµη) sin [ωη(z − z0)] cos [ωη(z − z0)]

]

f (zn) = P(zn, zn−1)P(zn−1, zn−2) . . .P(z1, z0)f (z0)

(3)f (zn) = ̂P(zn, z0)f (z0)

(4)f (zn) = F (zn)

(

S̀

Ś

)

(5)

(

S̀

Ś

)

= E−1(zn)̂P(zn, z0)

(

l0
0

)

z=z0

where E−1(zn) is defined as

From Eq. (5), we obtain

When the incident wave is known, its surface displace-
ment l0, after passing through n layers, can be estimated 
with

The long-period (0.1–0.5 Hz) transverse component of 
the acceleration waveform from the rock site (KTP) dur-
ing the mb4.9 earthquake was considered as the incident 
wave, and simulated waveforms from the three sediment 
sites were calculated using Eq. (7). Although the bedrock 
at KTP is overlain with a shallow weathered rock layer, 
this material has little or no effect on the long-period 
waves we are using in this study. As this earthquake 
originated at >50  km depth, we assumed that the seis-
mic waves impinged on the bedrock beneath the basin 
perpendicularly. The information regarding damping of 
soil layers in Kathmandu Valley is not available, so we 
fixed Q = 0.1 Vs (Vs in m/s) which is commonly used for 
long-period strong-motion simulation (Olsen et al. 2000; 
Satoh 2004).

Available borehole data (Sakai et  al. 2001; JICA 2002; 
Piya 2004), a geological map (Shrestha et  al. 1998), and 
geological cross-sections were synthesized to create 
the initial subsurface models. The shear wave velocity 
was based on the earthquake disaster mitigation report 
(JICA 2002), and the number of layers was based on the 
geological cross-sections. The shear wave velocity of 
bedrock was fixed as 3.2  km/s from a regional velocity 
model of the Himalaya (Monsalve et al. 2006; Ichiyanagi 
et  al. 2016). We used a pulse of the band-pass-filtered 
(0.1–0.5  Hz) acceleration waveform from KTP as input 
motion passing through the initial models and obtained 
simulated ground motions at the sediment sites. The 
bandwidths were chosen considering the spectral ratio 
in the low-frequency range in all the earthquake records. 
The thicknesses of the layers were then adjusted using 
trial and error to match the simulated waveforms with 
observed ones. These adjusted 1-D velocity models were 
then used to simulate the long-period S-waves of the 
three aftershocks, two Mw5.1 and a single Mw5.5, after 
the Gorkha Earthquake. These simulated S-waves were 
compared with the observed ones to verify the adjusted 
models.

E−1(zn) =

[

1
2

−i
2ωµη

1
2

i
2ωµη

]

(6)

(

S̀

Ś

)

= B(zn, z0)

(

l0
0

)

(7)l0 =
Ś

B21
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We used band-pass-filtered transverse components 
of the aftershock records at KTP as the input motions. 
Because these earthquakes have shallow hypocenters, the 
incident angle was considered to be 30°, based on trial 
and error.

As a method of verifying the velocity models estimated 
by modeling long-period S-waves using the Propagator 
Matrix method, we employed the H-to-V spectral ratio 
(HVSR) method. It uses the horizontal-to-vertical spec-
tral ratio of observed earthquakes for inversion of layered 
structures based on the diffused field theory for plane 
body waves (Kawase et al. 2011; Nagashima et al. 2014). 
The following equation relates the H/V ratio of plane 
body waves to transfer functions of horizontal motion 
and vertical motion on the surface due to vertically inci-
dent S-wave and P-wave, respectively:

where αH and βH are, respectively, the P-wave and S-wave 
velocities of bedrock,  TF1 is the transfer function for 
horizontal motion on the surface due to a vertically inci-
dent S-wave at bedrock, and  TF3 is transfer function for 
vertical motion on the surface due to a vertically incident 
P-wave.

We used Eq.  (8) to estimate the theoretical H/V ratio 
using the adjusted velocity models. The value of Q was 
set to 0.1 Vs for this method as well. The P-wave veloci-
ties of the layers were estimated as a function of shear 
wave velocity based on previous studies in the Himala-
yan region: Vp/Vs = 1.73 for basement rocks (Monsalve 
et al. 2006) and Vp/Vs = 2.5 for sedimentary layers (Borah 
et al. 2015). We selected 10 moderate aftershocks (M5–
M5.5) of the Gorkha Earthquake (Table 1) and compared 
their observed average H/V ratios with the theoretical 
H/V ratios calculated using Eq. (8).

(8)
H(ω)

V (ω)
=

√

αH

βH

|TF1(ω)|

|TF3(ω)|

The HVSR method has been used to generate a 1-D 
velocity structure in Tohoku, Japan (Nagashima et  al. 
2014), confirming that the method could be employed 
to estimate the 1-D structure at our study sites. The tem-
porary stations added after the main shock do not have 
records of the m4.9 earthquake, so we employed the 
HVSR method for the 1-D velocity model estimation.

We prepared the initial 1-D velocity models using the 
geological cross-sections, as we did for the permanent 
stations, and then used the HVSR method to adjust them. 
For the process, we considered the observed average 
H/V ratios from eight moderate (M5–M5.5) aftershocks 
(Table  2) and compared them with the theoretical H/V 
ratios for the velocity models using trial and error. The 
adjusted models were then used to simulate the theoreti-
cal long-period S-waves from the aftershock (Mw5.5) of 
the Gorkha Earthquake applying the Propagator Matrix 
method for all seven sites.

Despite the availability of a number of aftershock 
records, many were small and low energy in the long-
period range, so they were not considered in this study. 
Moreover, a number of moderate-sized aftershocks in 
our database were affected by continuous smaller after-
shocks occurring for a few seconds. The quality of the 
records was a constraint in choosing the earthquake for 
the modeling of the observed long-period S-wave. How-
ever, for larger earthquakes, because they are affected by 
the nonlinear site response of valley sediment (Dhakal 
et  al. 2016; Rajaure et  al. 2016), the nonlinear response 
needs to be taken into account when used for similar 
calculations.

Results
The velocity models were adjusted by trying to match the 
simulated long-period S-wave with the observed records 
from the mb4.9 earthquake (Fig.  7). Our calculations 
using the adjusted velocity models (Fig. 8), estimated by 
modeling the long-period S-wave, returned simulated 

Table 1 Moderate earthquakes considered for  the HVSR 
method for  fixed stations. The magnitudes of  the earth-
quakes range from M5 to M5.5

S no. Date Lat long Dep (km) Magnitude

1 2015-04-25 06:37 27.744N 85.830E 10.0 mb5.1

2 2015-04-25 06:56 27.882N 85.751E 10.0 mb5.5

3 2015-04-25 12:44 28.098N 84.559E 10.0 mb5.2

4 2015-04-25 17:42 28.238N 85.829E 10.0 Mw5.1

5 2015-04-25 23:16 27.799N 84.871E 13.6 Mw5.1

6 2015-05-12 07:17 27.714N 86.218E 13.0 mb5.5

7 2015-05-12 07:34 27.746N 86.245E 10.0 mb5.4

8 2015-05-12 08:21 27.730N 86.132E 15.0 mb5.2

9 2015-05-12 21:25 27.783N 86.638E 10.0 mb5.2

10 2015-05-16 11:34 27.560N 86.073E 7.0 Mw5.5

Table 2 Earthquakes considered for  the HVSR method 
for four temporary stations

S no. Date Lat long Dep (km) Magnitude

1 2015-05-12 07:17 27.714N 86.218E 13.00 mb5.5

2 2015-05-12 07:34 27.746N 86.245E 10.00 mb5.4

3 2015-05-12 08:06 27.722N 86.061E 15.00 mb5

4 2015-05-12 08:13 27.760N 86.760E 15.00 mb5.1

5 2015-05-12 08:21 27.730N 86.132E 15.00 mb5.2

6 2015-05-12 21:25 27.783N 86.638E 10.00 mb5.2

7 2015-05-13 21:38 27.720N 86.050E 8.40 mb5

8 2015-05-16 11:34 27.560N 86.073E 7.00 Mw5.5
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Fig. 7 Comparison between simulated and observed waveforms for the mb4.9 earthquake. Also shown is the result using the initial model, in gray. 
Waveform matching was conducted using trial and error for time windows indicated by the red arrows
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prepared based on geological maps, cross-sections, and available borehole data
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waveforms with good agreement to the observed ones 
from the earthquakes. The simulated S-waves using the 
adjusted velocity models for both Mw5.1 aftershocks 
(Figs. 9, 10) had good fits at PTN, whereas at TVU and 
THM, there are discrepancies in the amplitude. In con-
trast, the simulated S-waves for the Mw5.5 earthquake 
(Fig. 11) were better agreement at THM and PTN. These 
figures also show the difference between the simulation 
results using the initial velocity models and adjusted 
models. These observed waveforms have larger ampli-
tudes compared with the simulated ones in the later 
phases, as the complex basement topography and 3-D 
basin topography might have played a role in their ampli-
fication, which cannot be simulated properly with only 
1-D structures.

The comparison of the average H/V ratios from 
observed records and the theoretical H/V ratios (the 
HVSR method) shows agreement in the low-frequency 
(long-period) range (Fig. 12). The fundamental peaks of 

the H/V ratios range from 0.25 to 0.4 Hz for the sedimen-
tary sites. The figure also shows the difference between 
results from the initial velocity model and adjusted veloc-
ity model. The fundamental frequencies of the observed 
and theoretical H/V ratio (the HVSR method) at TVU 
show considerably better agreement than those at the 
other sites. However, there are discrepancies in the high-
frequency range, suggesting that velocity models need 
adjustments at higher frequencies. Both the H/V ratios 
at KTP are similar in shape, a flat profile with no clear 
peak, in the low-frequency range (<1 Hz), while they are 
not similar in shape in the high-frequency range (>1 Hz). 
This suggests that we need to adjust the KTP velocity 
model.

The 1-D velocity models for the four temporary sites 
(Fig.  13) were adjusted using the HVSR method. Simi-
lar to the four fixed stations, the fundamental frequency 
and amplitude in the lower frequency range show bet-
ter agreement (Fig. 14) with the observed H/V ratio. The 
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Fig. 9 Simulation of the Mw5.1 earthquake using the adjusted velocity model. The observed amplification at TVU is larger than the simulated 
waveform. The gray waveform is the result from the Propagator Matrix method using the initial velocity model. Waveform matching was conducted 
using trial and error for time windows indicated by the red arrows
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fundamental frequencies for the sites range from 0.3 to 
0.7  Hz. Better tuning at higher frequencies is required; 
this is the next phase of our study. The simulated wave-
form for the Mw5.5 earthquake using the 1-D velocity 
model provided encouraging results (Fig. 15). The simu-
lated and observed waveforms for sites RNB and KPN 
show better agreement in both frequency and amplitude. 
However, the BKT site needs finer tuning; the presence of 
a pond near the BKT site might have some effect on the 
observed waveform. In general, we found that we can use 
the HVSR method to determine the subsurface structure 
of the Kathmandu Valley.

The 1-D velocity models (Figs.  8, 13) of the sediment 
show varying sediment thicknesses (bedrock depths) for 
the sites in the Kathmandu Valley. The depth of bedrock 
varies from 155  m at KPN to 440  m at THM. Because 

THM is not in the central part of the basin, the depth 
might increase at the center. As indicated previously, 
the dominant clay layer in the central valley transitions 
to a sandy layer in the north; this observation has been 
taken into account while adjusting the velocity mod-
els for the northern sites, PPR and KPN (Fig. 13). As we 
consulted and based our initial models on the geological 
cross-sections and borehole logs near the PPR site (JICA 
2002), which showed the dominance of sandy layer with 
lenses of clay layers, the adjusted models (Fig. 13) show 
a velocity inversion at PPR. Another feature of the veloc-
ity models (Figs. 8, 13) is a large velocity contrast at the 
bedrock depth. This is due to a geological unconformity 
in the lithological sequence, where soft sediments of the 
proto-Bagmati lake deposited over the layer of weathered 
basement rocks during the valley formation.
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Fig. 10 Simulation of the second Mw5.1 earthquake. The simulated waveforms at TVU and PTN have similar amplitudes with the observed wave-
form; however, at THM, the simulation is overestimated. The result from the initial model is also shown, in gray. Waveform matching was conducted 
using trial and error for time windows indicated by the red arrows
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A previous study using 1-D modeling near the central 
Kathmandu showed that sediment depth was ~450  m 
(Pandey 2000; Dhakal et al. 2016). The depth of basement 
rock calculated using an empirical relationship with the 
fundamental frequency of ambient seismic noise (Paud-
yal et al. 2013) indicated that the valley center is 347 m 
deep. While some of the ambient noise measurement 
sites from Paudyal et al. (2013) lie in the vicinity of our 
stations, the previously calculated sediment thicknesses 
are less than those calculated in the present study. Our 
study estimates sediment thickness beneath TVU as 
325  m, and the ambient noise study indicated a thick-
ness of 65–138 m beneath two nearby sites. Nevertheless, 
it clearly shows that the valley basin has an undulating 

topography. The theoretical amplification obtained from 
the Propagator Matrix method (Fig. 16) shows the varia-
tion between the sites in the form of a difference in fun-
damental frequency. The amplification also indicates 
uneven basement topography, which makes generalizing 
the effects of earthquakes difficult.

Conclusions
We estimated 1-D velocity models for seven sites in the 
Kathmandu Valley using strong-motion records from 
moderate-sized earthquakes. First, the initial 1-D veloc-
ity models were constructed based on available geo-
logical data, borehole logs, and cross-sections. Second, 
we adjusted velocity models from the initial models, by 
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Fig. 11 Comparison of observed and simulated waveforms for the Mw5.5 earthquake. The observed waveform at TVU has a higher amplification 
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obtained when using the adjusted model. Waveform matching was conducted using trial and error for time windows indicated by the red arrows
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using forward modeling of the observed long-period 
S-wave from mb4.9 deep earthquake. In this modeling, 
the observed long-period S-wave at the rock site was 
assumed as incident wave at the bedrock beneath the 
sedimentary sites. Third, the adjusted velocity models 
were verified by comparing the long-period simulated 
S-waves with the observed ones for three aftershocks 
(Mw5.1, Mw5.1, and Mw5.5) of the 2015 Gorkha Earth-
quake (Mw7.8). We have obtained fairly good agreement 
between the observed and simulated waveforms.

Finally, we examined the horizontal-to-vertical spec-
tral ratios (H/V ratios) of earthquake ground motion 
to verify the adjusted velocity models estimated by for-
ward modeling of the observed long-period S-wave. The 
observed H/V ratios agreed with the theoretical H/V 

ratios (Kawase et  al. 2011) calculated from the adjusted 
velocity models in the low-frequency range; however, 
there were discrepancies between the observed and 
theoretical H/V ratios in the high-frequency range. We 
hypothesize that the HVSR method can also be used to 
estimate the subsurface geology in the Kathmandu Valley 
where the velocity contrast is high. The HVSR method is 
also a tool at our disposal to validate 1-D velocity mod-
els. The adjusted 1-D velocity models estimated by this 
study show the variation of sediment thickness beneath 
the sites. The bedrock depth varies from 155 to 440  m 
indicating an undulating basin topography of the Kath-
mandu Valley. The models show a high velocity contrast 
at the bedrock depth which results in significant S-wave 
amplification at the sediment sites. Our longer-term goal 
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is to prepare a full 3-D model of the subsurface geology 
of the valley using seismic waves, and this study is a first 
step in that task.
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