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Introduction 
 

The Himalayan region experiences many seismic 

activities due to the collision of two continental tectonic 

plates. With a number of small earthquakes and 

occasional large earthquakes occurring at certain 

intervals, this region is one of the most seismically 

vulnerable regions of the world. Nepal, covering about 

a third of the Himalayan arc (known as the Nepal 

Himalaya), has suffered a number of interplate and 

intraplate earthquakes in the past. There are accounts of 

more than 20 damaging earthquakes [1] occurring in or 

near the Nepal Himalaya since the thirteenth century that 

have left trails of damage. 

 The study area is Kathmandu Basin, locally referred 

to as the Kathmandu Valley in central Nepal (Figure 1). 

It is a tectonic basin surrounded by mountains in all sides 

and filled with lake and river sediments more than 600 

m thick [2]. It is the most densely populated area of the 

country and has suffered devastation due to earthquakes 

several times in the past resulting in huge loss of life and 

property. The earthquake vulnerability of the 

Kathmandu Basin was apparent during the Gorkha 

Earthquake (Mw 7.8) on April 25, 2015, when the main 

shock and ensuing aftershocks claimed more than 1,700 

lives and nearly 13% of buildings inside the valley were 

completely damaged [3]. 

 Preparing safe and up-to-date building codes to 

reduce seismic risk requires a thorough study of ground 

motion amplification. An earthquake that seems to have 

no effect over hard ground can be felt as a strong tremor 

and might cause severe damage in areas over soft and 

unconsolidated sediments due to amplification of 

seismic waves. Past earthquakes in the Kathmandu 

Basin have shown significant amplification of long 

period waves in the sediment sites. Its location in a 

seismically active region and the possible amplification 

of seismic waves due to thick sediments have made the 

Kathmandu Basin seismically vulnerable. To study the 

ground motion amplification of any area, a proper 

understanding of underground structure is very 

important.  

 

Objectives 
 

The present study try to properly ascertain the 

underground structure and seismic characteristics of the 

Kathmandu Basin so that the information can be used 

for further works to mitigate the earthquake damage. To 

understand the strong-motion characteristics of the 

basin, Hokkaido University with collaboration of 

Tribhuvan University, Nepal installed four strong-

motion seismometers, KTP, TVU, PTN, and THM in 

Kathmandu [4] in 2011. Four more temporary stations, 

BKT, RNB, PPR, and KPN were added after the 2015 

Gorkha earthquake for three months (Figure 1). The 

present study is a part of the ongoing research. 

 

 
Figure 1. The Kathmandu Basin along with the location 

of strong-motion seismometers used in the present 

study. The general geology is based on geological map 

of Kathmandu [5]. 

 

 The objectives of the present study can be outlined 

as follows:  

 To understand the basic geological and tectonic 

setting of Kathmandu  

 To analyze strong motion records and understand the 

seismic characteristics of the Kathmandu Basin 

sediments  

 To estimate 1-D velocity models of sediments under 

the seismic stations using geological and borehole 

data  

 To tune the 1-D velocity structures by forward 

modelling of earthquake records  

 To prepare a 3-D underground velocity model of the 

basin using available geological, geophysical, and 

borehole data.  

 To simulate ground motion in the basin by finite 

difference method using the 3-D velocity model and 

compare synthetic waves with the observed records 

to check the accuracy of the model.  

 

Geology of the Kathmandu Basin 
 

Kathmandu is an intermontane basin formed as a result 

of the Himalayan orogeny. The rapid uplift of the 

mountain range south of the present-day Kathmandu 



(the Mahabharat Range) dammed the proto-Bagmati 

River [6] to form a lake. The eventual drying of the lake 

left a basin filled with fluvio-lacustrine sediments and 

surrounded by mountains on all sides. As a result of the 

tectonic origin of the basin, the basement topography is 

very uneven with hillocks of rock exposures jutting 

through the sediments can be observed in several places 

of the basin. The permanent station KTP is installed over 

the bedrock at one of the similar hillock. All other seven 

stations are installed over sediment sites. 

 The geology of the Kathmandu Basin can thus be 

essentially described as the Basement rocks and the 

Basin-fill sediments (Figure 2). 

 The basement rocks under and around the basin-fill 

sediments are further classified as the harder rocks of the 

Bhimphedi Group, the softer rocks of the Phulchauki 

Group, and the gneissic intrusion named the Sheopuri 

Gneiss [7]. These basement rocks of the surrounding 

mountains are the source of the basin sediments. 

 

 
Figure 2. Geological map of the Kathmandu Basin [5]. 

The gridlines are the geological cross-sections [8], grey 

contours indicate the Bouguer anomaly values [2], and 

black dots are the boreholes reaching the bedrock [9,10]. 

 The basin-fill sediments are deposits of fluvial, 

fluvio-lacustrine, and fluvio-deltaic origin [11]. 

Previous studies [2] show the sediment thickness at the 

central part to be about 650 m. The geological 

classification of the Kathmandu Basin sediments vary 

depending on the researchers [5,6,12,13]. We can 

describe the sediments as three different types in general 

depending on their depositional environment. The 

coarse grained sand, pebble of the bottom are the older 

river deposits before the formation of the lake. A thin 

lignite layer separates this layer with younger lake 

deposit. The lake deposit consists of thick predominant 

clay and sand layers. The sand layers are dominant in 

the northern part of the basin [6]. The top part of the 

basin is the recent river sediment of the Bagmati River 

system deposited after drying up of the lake. 

 Nevertheless, the uneven basin topography have 

resulted in formation of smaller sub-basins. The 

difference in depositional environment in these sub-

basins and presence of heterogeneity of the sediment 

type and thickness makes the geology of the Kathmandu 

Basin complex. 

 

Strong-Motion Characteristics  
 

The strong-motion characteristics of the basin sediments 

were analysed by using the earthquake ground motion 

records from the strong-motion accelerometers installed 

in Kathmandu. The four permanent stations, KTP, TVU, 

PTN, and THM recorded a number of earthquakes 

including the mainshock of the 2015 Gorkha Earthquake 

(Mw 7.8). The four temporary stations BKT, RNB, PPR, 

and KPN recorded the aftershocks of the Gorkha 

Earthquake including the largest one (Mw 7.3).  

 The uneven basin topography has a big role in the 

strong-motion characteristics. The waveform of 

earthquakes recorded in the basin show high 

amplification and prolonged excitations in the sediment 

sites when compared to that of the rock site. The highest 

PGA of the earthquakes are observed in the sedimentary 

sites except for the main shock where the rock site KTP 

recorded the highest PGA. This is due to an isolated 

large ground acceleration spike in KTP record in fault 

parallel direction (N117°E) [14]. The sedimentary site 

TVU shows the highest PGA if the isolated spike is 

removed.  

 The Fourier spectra and Spectral ratio of the Gorkha 

main shock and the largest aftershock show significant 

wave amplification (~10x) in 0.3-0.4 Hz in the 

sedimentary sites. This is consistent with the 

fundamental frequency of the sedimentary sites (0.29-

0.43 Hz) calculated from H/V spectral ratio of the 

ambient noise [15]. 

 

 
Figure 3.  Dampening of high frequencies observed by 

comparison of S-H/V spectral ratio of the main shock 

to average S-H/V ratio of weak motions. 

  A feature of the Kathmandu Basin sediment is the 

presence of nonlinearity during the Gorkha Earthquake 

[14,16,17]. The comparison of H/V spectral ratio of the 

main shock with average H/V spectral ratio of 

moderate/weak earthquakes reveals the dampening of 

higher frequency waves (Figure 3) which is an 

indication of nonlinearity. Nevertheless, nonlinearity 

was not observed during the largest aftershock. The 

presence of nonlinearity in the Kathmandu Basin 

sediments may have contributed to less than expected 

[18] damage during the earthquake as the higher 

frequencies were dampened and there were not many 

structures in Kathmandu with longer natural period. 



Many buildings got damaged during the main shock and 

the ensuing aftershock nonetheless.  

 The visual damage assessment of building around 

the seismic stations after the main shock indicate a 

positive correlation between damage ratio and 

earthquake intensity (I*) [19] based on 1-2 s acceleration 

response [20]. The higher value of acceleration response 

spectra of the earthquake compared to the allowable 

stress design level of Nepal Building Code (NBC-105) 

indicates a necessity of update in the building code of 

the country. But it was evident that damage during the 

Gorkha earthquake was not entirely due to site effect but 

the low strength structures and lack of timely 

maintenance were also to blame. 

  

Estimation of 1-D velocity structures 
 

The characterization of subsurface velocity structure is 

a necessary precondition to prepare safe and up-to-date 

building codes that help prevent loss of life and property 

during seismic hazard. There are few previous studies 

regarding the subsurface structure of the Kathmandu 

Basin [2,8-10,21-23]. Nonetheless, the lack of detailed 

study, P-S logging data, and borehole logs regarding the 

basin sediments make preparation of subsurface velocity 

structure difficult. 

 As an initial step for construction of a 3-D velocity 

model of the basin, 1-D velocity models beneath seismic 

stations were estimated using geological information, 

geophysical data, and earthquake records. The initial 1-

D models were prepared using geological map [5], 

hydrogeological cross-sections [8], gravity anomaly 

data [2], and few available borehole logs [9,10]. The 

boreholes, mostly dug for the groundwater prospecting 

lacked detailed logs. Results from previous studies were 

consulted to set the physical properties of the layers like 

wave velocity (Vs), density (ρ), and quality factor (Q) 

[9,24-28]. 

 

 
Figure 4. Adjusted 1-D velocity models beneath seismic 

stations above sediment sites and their respective 

amplification factors. 

 The initial 1-D structures of four permanent stations 

thus prepared were tuned by forward modelling of long 

period (0.1-0.5 Hz) waves at rock site KTP from mb 4.9 

earthquake (30th August 2013) by trial-and-error 

employing Propagator Matrix method [29]. These tuned 

models were then used to simulated waveforms for three 

moderate sized earthquakes (~M 5), these simulated 

waves were good fit with the observed waveforms.  

 For the four temporary stations which don’t have the 

record of the mb 4.9 earthquake, S-wave H/V spectral 

ratio (HVSR) method [30,31] was employed. This 

method produces theoretical H/V spectral ratio which 

were compared with average observed H/V ratio and by 

reducing the discrepancies between them, initial 1-D 

models were tuned. The tuned 1-D models were then 

used to produce simulated waveforms which also 

showed good fit with the observed waves. This HVSR 

method thus can be used as a method of validation for 

the forward modelling of the 1-D velocity structures 

[32]. 

 The adjusted 1-D models and the amplification 

factor (Figure 4) shows a lot of variation. A thin layer of 

weathered bedrock (Vs = 700 m/s) is considered to be 

present overlying the basement rocks. The depth to the 

weathered bedrock in the models varies from 155-440 m 

indicating an uneven basement topography of the 

Kathmandu Basin. The uneven basement topography 

makes it difficult to generalise the underground structure 

of the basin. 

 

Construction of 3-D velocity structure 
  

The 3-D velocity structure of the Kathmandu Basin was 

constructed based on the previous geological and 

geophysical data as with the 1-D structures. The 

geological cross sections [8] show the change of depth 

to bedrock and uneven distribution of sediments. The 

bedrock exposures protruding through the sediments can 

be observed in the cross-sections. These are a number of 

inferred geological faults in the geological map and 

cross-sections which might have resulted in the bedrock 

exposures.  

 The different geological units from the geological 

map and cross-sections were grouped into 5 layers of 

sediments based on their lithotype. The exposure of 

bedrock for a long time during the slow formation of the 

basin by tectonic process might have resulted in a 

formation of weathered bedrock layer at the bottom of 

the basin hence a thin layer of weathered bedrock is 

considered to be present overlying the basement rocks. 

 

Table 1. Layers of the 3-D velocity model. 

 

 For the construction of the model, the depth to the 

bedrock was based on the result of gravity anomaly 

study [2]. The depth to the layers and their thickness 

were noted at several points along the cross-sections, at 

the seismic stations, and near the boreholes. The surface 

map for the individual layers were then constructed by 

using these data by method of ‘Kriging’ in SurferTM. 

This 100 m x 100 m surface maps were prepared for all 

the layers individually which resulted in intersections of 

successive layers at some points which were corrected 

Layer  Vs  

(m/s)  

Basic lithology  Max. 

dep (m)  

Layer 1  200  Clay, fine sand  50  

Lauer 2  300  Black clay, silt  330  

Layer 3  350  Sand, coarse sand  330  

Layer 4  400  Gravel, lignite  369  

Layer 5  500  Boulder bed  612  

Layer 6  700  Weathered bedrock  632  



to construct smoothed 3-D structures. The 3-D velocity 

structure was meant to be used for ground motion 

simulation by Finite Difference Method (FDM) which 

requires a planar top so sediments above elevation of 

1320 m are cut-off. The river terraces and low grounds 

were also filled by the topmost layer. 

 

 
Figure 5. Depth to the bedrock of the basin. The cross-

sections show uneven basement topography 

 The 3-D velocity structure (Figure 5) shows the 

variation of sediment distribution and their thickness 

throughout the basin. There are 5 sediment layers and a 

weathered bedrock layer in the model (Table 1).The 

deepest part of the basin is at the centre part where the 

bedrock is encountered at 612 m from the surface. The 

significant property of the basin is the presence of small 

sub-basins as a result of uneven basement topography. 

The model also shows a high velocity contrast between 

the weathered bedrock and the basement rock.  

 

Ground motion simulation of Mw 7.3 
aftershock 
 

As a method of validation of the 3-D velocity structure, 

ground motion simulation of the largest aftershock (Mw 

7.3) of the Gorkha earthquake was carried out and the 

simulated waveform were compared with the observed 

waveform. Ground Motion Simulation (GMS) 

developed by NIED [33] was used for the simulations 

which uses Finite Difference Method (FDM) with 

discontinuous grids. 

 The main shock of the Gorkha Earthquake showed 

strong nonlinearity and the smaller earthquakes have 

low signal-to-noise ratio. Furthermore, the moderate 

sized aftershocks of the Gorkha Earthquakes lacked 

information on the focal mechanisms. So, Mw 7.3 

earthquake was chosen for the simulations as it was 

large enough with high signal-to-noise ratio and showed 

no nonlinearity. Moreover, this earthquake was recorded 

in all eight stations. 

 The earthquake parameters were obtained from the 

USGS website. The pulse width (7.1 s) for the triangle 

source function for simulation was obtained as the 

reciprocal of the corner frequency fc (0.14 Hz) of 

observed displacement spectra of KTP record. The 

physical properties of the deep crustal layers were based 

on previous studies [26,34] . The simulation was carried 

out with a grid size of 50 m with maximum allowable 

frequency (fmax) of 0.8 Hz. 

 

 
Figure 6. Comparison of simulated (red) and observed 

(blue) waveform of the Mw 7.3 aftershock. 

 The comparison of the simulated waveform of the 

earthquake (Figure 6) at the eight stations with observed 

waveform show that the arrival time of S-wave and 

surface wave matches to large extent. The later phases 

of the waveform were also produced in the simulation. 

The waveform matching has a good fit in amplitude as 

well as the frequency except at one site. The simulation 

at site BKT produced overestimated waveforms. This 

might be due to the presence of local discontinuities at 

the site. 

 The maximum amplitude of the simulation is clearly 

seen at the edge of the basin (Figure 7) and at the sub-

basins.. The places like Bhaktapur and Sankhu show 

high amplification mostly due to the edge effect. These 

areas suffered heavily during the previous earthquakes. 

The comparison of intensity (MMI) map of the 1934 



Nepal Bihar Earthquake (M 8.2) and the result of the 

simulation (Figure 7) reveal that the areas that suffered 

heavily during the 1934 earthquake (MMI X and IX) 

also show high amplification in the present simulation 

results. The eastern and southern part of the basin seems 

to be more susceptible to strong shaking during the 

earthquake. Simulation of the 1934 earthquake using the 

3-D velocity model will shed more light into this. 

 

 
 

Figure 7. Comparison of MMI intensity map of the 1934 

earthquake and maximum velocity amplitude of Mw 7.3 

simulation 

 

Conclusions 
 

The Kathmandu Basin is a tectonic basin filled with 

sediments on an uneven basement topography and is 

seismically vulnerable.  Past earthquakes have resulted 

in lot of damage to life and property inside the basin. 

The present study focuses on the construction of 3-D 

velocity using available gravity anomaly data, 

geological data, and borehole logs for seismic response 

study. First, 1-D velocity structures beneath the seismic 

stations in the valley were prepared. The 1-D models 

beneath four permanent stations were adjusted by 

forward modelling of strong-motion waveforms using 

Propagator Matrix Method. Another method, S-wave 

H/V spectral ratio method (HVSR) method was also 

employed to adjust the 1-D models beneath four 

temporary stations. For the preparation of the 3-D 

velocity models, geological maps, cross-sections, 

borehole logs were consulted. The depth to bedrock was 

based on the gravity anomaly data. The thickness and 

distribution of sediment layers were noted along 

geological cross-sections, in vicinity of boreholes and 

seismic stations for the purpose. Five sedimentary layers 

and a weathered rock layer at the bottom were 

considered for the model. Surface maps (100 m x 100 

m) for each individual layers were prepared by 

employing the kriging method to produce the 3-D 

velocity structure. Ground motion simulation of the Mw 

7.3 aftershock was carried out by FDM in the 3-D model 

for validation of the accuracy of the model. The 

simulated waveform were very consistent with the 

observed waveform except at one site. The eastern and 

southern part of the basin along with areas in sub-basins 

and basin edges were found to be vulnerable to strong 

shaking during the earthquake. This model can be used 

for the simulation of probable scenario earthquakes for 

disaster mitigation and engineering studies of the 

Kathmandu Basin.   
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