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S U M M A R Y 

This research aims at characterizing the deep sedimentary basin of Kathmandu (Nepal) from 

microtremor measurements, by using two surv e ys carried out in November 2015 and Novem- 
ber 2018. The data collected are sufficient for a qualitative investigation of the seismic response 
of such a complex basin. The measurements were undertaken in the framework of a collabo- 
ration between the NSET (National Society for Earthquake Technology, Nepal) and the OGS 

(National Institute of Oceanography and Applied Geophysics, Italy). During the two cam- 
paigns, a series of passive seismic surv e ys were made, taking into consideration both single 
broad-band sensors and arrays. The 2015 study initially focused on the Lalitpur area (southern 

part of Kathmandu) and was later extended to the nor ther n and more urbanized area of the 
capital city of Nepal. The 2018 surv e y focused on estimating the S -wave velocity field of the 
entire stratigraphic sequence by array and a repetition of some Horizontal to Vertical Spectral 
Ratio (HVSR) measurements close to two boreholes with reliable stratigraphy. Two inversion 

methods, using the data from the seismic arra ys, w ere useful to infer the S -wave velocity 

profiles of the shallower layers and to interpret some HVSRs. The outcome is a map of the 
periods of single station data representing the seismic response of the basin. Comparing these 
results with the strong motion data of the Gorkha 2015 main shock, we confirm that the longer 
periods are not only the effects of the earthquake source, but also of the local response of the 
basin itself. 
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 I N T RO D U C T I O N  

he seismological community turned its attention to the Kathmandu
alley (Fig. 1 ) soon after the M w 7.8 Gorkha earthquake, which oc-
urred on 25 April 2015. This area is densely urbanized, and the
opulation is rapidly increasing, with a current size of around 5 mil-
ion. The seismic risk in the Kathmandu valley is very high due to
he occurrence of Himalayan earthquakes. The sub-horizontal dis-
ontinuity plane (Main Himalayan Thrust—MHT), generated by
he under thr usting of the Indian subcontinent beneath Tibet (Mol-
ar & Tapponnier 1975 ), is the major earthquake source for this
rea. Currently, after the Gorkha sequence, the situation has turned
ritical, with a locked lower edge of the MHT (Wesnousky et al.
017 ) located just southwest of Kathmandu (Fig. 1 a), putting the
ity in a dangerous position (Avouac et al. 2015 ; Wesnousky et al.
017 ). 

Many M > 7 earthquakes have struck Nepal in the historical
ra (Bollinger et al. 2014 , 2016 ) and the aforementioned locked
C © The Author(s) 2022. Published by Oxford University Press on behalf of The Roy
rea is positioned between the large 1505, M 8.5 event to the west,
he 1934, M 8.2 earthquake towards the east (Sapkota et al. 2013 ;
ettenati et al. 2017 ) and the 2015 Gorkha sequence to the north
Feng et al. 2015 ), as can be seen in Fig. 1(a). The sequence and
he distribution of the associated aftershocks extended eastwards
Adhikari et al. 2015 ) from April 2015 for the following 2 yr. 

The ground motion data of the Gorkha 2015 earthquake in the
athmandu valley was recorded mainly by the HU-TU array of
okkaido (Japan) and Tribhuvan (Kathmandu) universities. The ar-

ay includes four accelerometers (Fig. 1 b), installed in the southern
art of the basin (Takai et al. 2016 ), and located, from east to west
long the same latitude in the Kirtipur Municipality Office (KTP),
he Department of Geology of Tribhuvan University (TVU), the
ulchowk Campus of Institute of Engineering (Tribhuvan Univer-
ity) Patan (PTN) and the University Grants Commission Office
haktapur (THM). Two other accelerometer stations are: KATNP

USGS permanent QNC Netquake sensor; Dixit et al. 2015 ) in
he locality of Kantipath and DMG in the Department of Mines
al Astronomical Society. 1 
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Figure 1. (a) Simplified tectonic framework of Nepal. The major structures are: the Main Central Thrust (MCT), the Main Bottom Thrust (MBT) and the 
Main Frontal Thrust (MFT). White stars: M 8.2, 1895 earthquake, M 8.0, 1934 earthquake (Sapkota et al. 2013 ; Pettenati et al. 2017 ), M w7.8, 2015 earthquake. 
The black ellipse indicates the area of the M 8.5 event of 1505. (b) A Sentinel image (ESA Copernicus) of Kathmandu basin with the locations of the H/V 

measurement sites (white) and the seismological instruments installed at the time of the Gorkha earthquake: GPS stations (red), seismic stations (blue). Borehole 
and seismic arrays are marked in yellow and green, respecti vel y. 
& Geology (Bhattarai et al. 2015 ). Only the KTP sensor is 
installed on outcropping rocks on the margin outside of the 
basin. 

The strongest Peak Ground Acceleration (PGA) recorded for 
the main shock was 0.255 g on the horizontal component at KTP 

(Bhattarai et al. 2015 ) and 0.16 g at KATNP (Dixit et al. 2015 ), while 
the strongest acceleration on the vertical component was 0.21 g at 
DMG. Ground Motion Prediction Equations (GMPE) developed for 
Japan underestimate observed response spectra at periods of around 
4 s (Dhakal et al. 2016 ). Except for the PGA of the main shock, 
the PGA and Peak Ground Velocity (PGV) of the aftershocks are 
well described by the GMPE relations. The same result was also 
observed by Bhattarai et al. ( 2015 ). 
So, for the Kathmandu basin there are two main and rather pecu- 
liar observations: the low PGA value recorded for the main shock at 
short distances from the rupture; and the peak spread around 4 s on 
the response spectra. While the first is a source effect (Rupakhety 
et al. 2017 ), Galetzka et al. ( 2015 ) were the first to hypothesize 
the peak energy over 3–4 s in the GPS and strong-motion data as a 
combination of source and site effects. 

To study the seismic response of this deep basin, many inves- 
tigations have been under taken, star ting with Pandey ( 2000 ) and 
Paudyal et al. ( 2012 , 2013 ) with 175 Horizontal to Vertical Spectra 
Ratios (HVSR hereafter) performed on a 1 km grid in the most 
urbanized part of the city, showing a range of peak frequencies 
from 0.5 to 5 Hz. After the Gorkha earthquake, the investigations 
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Figure 2. (a) Simplified geological map of the Kathmandu basin with the 
main formations, dating from the Late Pliocene to the Quater nar y, sur- 
rounded by the Palaeozoic basement (Devonian). (b) East–west cross sec- 
tion, (through the airport zone) modified from Shrestha & Shah ( 2014 ). TIA 

is the Tribuvan Inter national Airpor t, BR is the Bhirikutimandap Exhibition 
Hall. BH1 and BH2 are the boreholes used in this study along with the BR 

well. The black line is the approximate position of the cross section. 
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roliferated: Molnar et al. ( 2017 ) collected several HVSRs dis-
ributed throughout the basin, some of which have the maximum
eak at frequencies below 1 Hz. These authors also performed some
nteresting studies of surficial layer velocities by arrays. Poovaro-
om et al . ( 2017 ), by means of some arrays and using inversion
ethods, showed the e v aluations of S -w av e v elocity ( Vs hereafter)

or each stratigraphic column. The authors compared their results
ith the main shock of the 2015 Gorkha strong motion data and
ighlighted the amplification of long periods in relation to the thick-
ess and poorly consolidated sediments in the basin. 

On November 2015, the National Institute of Oceanography and
pplied Geophysics—OGS (Italy) in collaboration with the Na-

ional Society for Earthquake Technology (NSET, Nepal) undertook
 microtremor surv e y in the souther n par t of the Kathmandu valley
Sandron et al. 2019 ). The surv e y targeted the Lalitpur area that was
ot covered by the previous surv e y of P audyal et al. ( 2012 ; 2013 ).
his rural area is rapidly developing, and was severely damaged
uring the Gorkha earthquake. In this area, the surv e ys comprised
VSR and array measurements. Given the low frequencies detected

n Lalitpur , much lo wer than those observed by Paudyal et al. ( 2012 ,
013 ), NSET—OGS performed some other measurements in the
entral part of the basin, where Moribayashi & Maruo ( 1980 ) esti-
ated a thickness of about 600 m of soft sediments. At a borehole

rilled in the city centre, close to the Bhirikutimandap Exhibition
all (BR hereafter, Fig. 1 b), south of Ratna Park, the basement rock
as reached at a depth of 550 m (Khadka 1993 ). In November 2018

he NSET—OGS focused on this well (BR), with available stratig-
aphy and BH1 (Sakai et al. 2001 ), located in Rabibhawan (south
f Ratna Park) and with the rock basement at 252 m. Refinements
f arrays were also performed to detect the near the surface Vs and
ome other HVSR sites. 

All these studies do not provide a global characterization of the
eismic response but at least a rough e v aluation of the mean Vs
elocity and representative stratigraphy of the basin. 

The main goal of this work is to map representative periods of the
eismic response of the western part of the basin (which includes
he main part of the city), through our measurements and also con-
idering the ground motion data recorded for the Gorkha event.
ur ther more, this work seeks to give an interpretation of the of Vs
tructure of the basin, by comparing two methods of seismic noise
nv ersion (P arolai et al. 2005 and Dinver of Wathelet 2005 ). With
he data of 2018, Trevisani et al. ( 2020 , 2021 ), using geostatistics
nalysis, with the few HVSR data available (only 39 site-points),
anaged to obtain information on the tectonic structure and mor-

hology of the basement of Kathmandu basin. Similar results by
orehole data, gathered in the SAFER geodatabase (Gilder et al.
020 ), have been re-interpreted and harmonized to generate an in-
erpolated map of the buried bedrock. Two cross sections outline the
reat variability of bedrock topography (fig. 7 in Gilder et al. 2020 ,
AFER hereafter). These maps depict the interesting geometry of

he basement of the basin to explain its seismic response. 

 T H E  G E O L O G Y  O F  T H E  K AT H M A N D U
A S I N  

he central Himalayan area is divided into four different geological
egions by major thrusts that are assumed to be surficial expressions
f the MHT that run west to east all along the Himalayan chain. The
hr ust far ther nor th is the Main Central Thrust (MCT) which bounds
he Higher Himalaya region in the south. The Lesser Himalaya
xtends from the (MCT) to the Main Boundary Thrust (MBT) in
he south. Siwalik extends to the south until the Main Frontal Thrust
MFT), the most external expression of the MHT (Fig. 1 a). To the
outh stretches the Indo-Gangetic plain. 
The Kathmandu valley and its basin have a tectonic origin and

hey are included in the Lesser Himalaya. The intermountain basin
f Kathmandu is filled with glacial and fluvio-lacustrine sedi-
ents. The substrate consists of meta-sedimentary bedrock of the
hulchauki Group (Paudyal et al. 2012 —Precambrian-Palaeozoic)

n the southern and central part, while gneiss, schists and gran-
te constitute the nor ther n slope. The sediments have a thickness
f about 600 m in the middle of the basin and they date to be-
ween the Late Pliocene to the Quater nar y. The depth was somewhat
onstrained by a gravimetric surv e y performed by Moribayashi &
aruo ( 1980 ). The basin formations (Sakai et al. 2001 , 2008 ) from

ldest to youngest are: the Dharmasthali, Kalimati, Chapagoan,
okarna, Thimi, Tokha and Patan Groups (Figs 2 a and b). Fluvial
ravel and sand of the Tarebhir Fm in the south and the Bagmati
m in the central area are the oldest and date to before 2.8 Myr
Igarashi et al. 1988 ; Sakai et al. 2001 , 2008 ). 

In the south, muddy sediments of the Lukundol Fm and Kobgoan
m cover a period from 2.8 to 1 Myr, while the Chapagoan Fm dates
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Figure 3. Horizontal components of the Gorkha earthquake S -waves ground 
velocity response spectra (5 per cent damping) recorded at the HU-TU array 
stations (Hokkaido—Japan) and Tribhuvan-Kathmandu Universities; Takai 
et al. 2016 ): KTP, PTN, THM, TVU and KATNP. 
to the Pleistocene. In the nor ther n par t of the basin, the Gokar na Fm 

dates from the Middle Pleistocene. The Patan Fm is composed of 
fluvial deposits dating from 14 to 19 kyr (Paudyal et al . 2012 ) to 10 
kyr (Last Glacial Maximum—LGM). The Gokarna Fm is made up 
of gravel and sands covered by silt and clays from the Thimi Fm. The 
most impor tant for mation is Kalimati Fm, which in Nepali means 
‘black mud’. This formation spans from 2.8 Myr (Late Pliocene) to 
30 kyr (Pleistocene) and is the only formation distributed all over 
the central basin. 

2.1 Glacial phase and deep correlated layer 

Geological bodies often hav e v ery comple x geometries, with sev- 
eral indentations and lateral changes (Dill et al. 2001 ). The com- 
plex geological shape of the basin is related to the seven climatic 
oscillations that occurred during the deposition of the older units 
(Igarashi et al. 1988 ). These oscillations correspond to glacial and 
interglacial periods, resulting in the alternation of wet and dry envi- 
ronments affecting the water level in the Palaeo Kathmandu Lake. 
During the Late Pleistocene, a glacial, cold and dry climate led to 
the shrinkage of the lake and controlled the deposition of sediments 
from the Patan Fm. Mukunda & Sakai ( 2008 ) and Mampuku et al. 
( 2008 ) confirmed these climate changes by means of the 13 C/ 14 C 

ratio v e getation shifts. In simple terms, the plants fix 13 C through 
photosynthesis and during glacial phases there is an enrichment of 
this lighter isotope. Sakai et al. ( 2001 ) also reported seven cycli- 
cal oscillations from the Middle to Late Pleistocene. These authors 
focused their attention on a layer of sand in a rapid deposition at 
the end of the glacial phase, located at a depth ranging from 83 to 
89 m found in the BH1 (Sakai et al. ( 2001 ). The stiffness of the 
layer increases below 83 m and further increases below 89 m. The 
sand layer is evidence of a high-energy depositional environment, 
probably related to the rapid lake emptying during the dry and cold 
period at the end of the glacial phase. The sedimentation rate of 
the formation appears to increase gradually from the lower to upper 
part of the sediments, except for the 83–89 m sand lay er, w here it is 
increasing with burial depth (Mampuku et al. 2008 ). The Kalimati 
formation is unconformably overlayed by Patan at 10.9 m in depth. 

3  G RO U D  S H A K I N G  DATA  O N  T H E  

B A S I N  

Avouac et al. ( 2015 ) is one of the first studies on the 25 April 2015 
M w 7.8 Gorkha earthquake. The authors, based on contemporary 
literature (Paudyal et al. 2012 , 2013 ), indicated that the Resonance 
Period peak (RP hereafter) of the basin was believed to not exceed T 

= 2 s, concluded that the long period pulse of T = 3–6 s on all strong 
motion response spectra data was a source effect. Dixit et al. ( 2015 ) 
also noted that the PGV values were more or less consistent with 
the predictions, explaining the long period peaks on the KATNP 

acceleration response spectra as a source effect following the work 
of (Paudyal et al. 2012 , 2013 ). Galetzka et al. ( 2015 ), based on 
the analysis of data from two GPS sites, one on the rock (KKN4, 
Fig. 1 b) and one in the basin (NAST, Fig. 1 b), along with the strong 
motion data of Kantipath (KATNP), were the first to hypothesize 
that the wide impulse is a combination of source and site effects. The 
authors underlined how the Gorkha earthquake induced only minor 
damage in vernacular dwellings, while causing severe damage or 
collapse in taller structures like the Dharahara tower (reaching a 
height of 45 m, DT in Fig. 1 b). They also detected a pulse at 6–
7 s in the source rupture. This peculiar pulse was also described 
by Dhakal et al. ( 2016 ), Takai et al. ( 2016 ) and Rupakhety et al. 
( 2017 ). 

There is a dominant RP at T ∼ 4 s on the response spectra of all the 
available records. The preliminary study of Bhattarai et al. ( 2015 ), 
comparing accelerations recorded at DMG and KATNP (Fig. 1 b), 
confirms the presence of non-linear effects and low PGAs. The same 
authors concluded that the long periods on the response spectra are 
related to the rheological conditions of the basin. 

According to Dhakal et al. ( 2016 ), quantitati vel y assessing the 
non-linearity of HVSR curves from the Degree of NonLinear re- 
sponse (DNL index–Noguchi & Sasatani 2008 ), observed that the 
HVSR for the main shock at T > 0.8 s do not show any systematic 
trend compared to the scattered values of the aftershocks. This sug- 
gests that the ground motion at longer periods was not affected by 
non-linearity. These authors then demonstrated that in the velocity 
seismograms of the main shock, contrary to what happens for the 
aftershocks of M w ≥ 6.3, the significant ground motion does not 
continue for an extended duration because the direct arri v als had 
very large amplitudes at periods slightly larger than the site reso- 
nance period around 4 s, due to of the strong pulse-like input ground 
motions with periods of 6–7 s at the base of the sediments. Dhakal 
et al. ( 2016 ) then proposed a 1-D velocity model to explain the long 
period pulse with a peak at T = 4 s. 

Takai et al. ( 2016 ), analysing the four HU-TU accelerometers 
(Fig. 1 b) considered the single pulse in the ground velocity of the 
rock site KTP (integrated to displacement) as a monotonic step as- 
sociated with the permanent tectonic offset. Moreov er, the y detect 
that the displacement waveforms of KTP were like those of KKN4 
GPS on the rock site, which is located further north and closer to 
the epicentral zone. The same impulse is present on the vertical 
velocity records of the three stations HU-TU on sediments and on 
the KATNP record. In contrast, at three sedimentary sites, both 
the horizontal ground velocities and accelerations observed showed 
long duration with conspicuous long-period oscillations, due to the 
valley response. The horizontal valley response was characterized 
by large amplifications and prolonged oscillations which differ from 

site to site showing the complex structure of the basin. The hori- 
zontal component of ground velocities of these four stations shows 
long RP ( T = 3–6 s) in Fig. 3 and are seen to be spread in the 
THM, KATNP and TVU records, but are less prominent and low 

in the PTN records, confirming the behaviour of the basin. Regard- 
ing the vertical component of ground velocities at the sedimentary 
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ites, Takai et al. ( 2016 ) indicate that they were nearly the same
s those observed at KTP station. Rupakhety et al. ( 2017 ), empha-
izing the presence of long-period resonance peaks on the HU-TU
nd KATNP records, also suggested a period peak around T = 4 s
Fig. 3 ). Interesting are the 5 per cent damped acceleration response
pectra which are rotation-invariant with respect to horizontal direc-
ions. This rotation-invariance is overall visible on the long periods
here there is a peak around 5 s. These authors analysed the po-

arisation of the long period pulse of the KATNP record (basin)
nd of KTP (basement). For KATNP, the pulse is not a Rayleigh
ave; the polarisation pattern at KATNP is more like that of Love
aves. 

 M E T H O D S ,  I N S T RU M E N T S  A N D  

U RV E Y S  

.1 Microtremor methodologies 

he resonance frequencies of the basin were studied using the well-
nown HVSR method (Nakamura 1989 , 2019 ) which is based on the
alculation of the ratio between the horizontal and vertical Fourier
mplitude spectra of microtremors recorded using a single station.
t is often referred to as the ‘Nakamura’ method, even though it
 as initiall y introduced b y No goshi & Igarashi ( 1971 ) along with

he first explanation of the nature of environmental noise and the
rigin of microtremors. A recent re vie w on this is provided by
onnefoy-Claudet et al. ( 2006a ). The body waves, in the case of
n impedance contrast, are predominant below the resonance fre-
uency ( f 0 ) of the SH waves, while the Rayleigh waves increase from
 0 to 2 f 0 , reaching a maximum (Nakamura 2000 ; Bonnefoy-Claudet
t al. 2006b ). Significant peaks are often present in the microtremor
pectra, around f 0 in all the spatial components (Z, E, N). This is a
esult of multi-reflection of SH waves trapped within soft-layered
edia overlying a rigid bedrock. Konno & Omachi ( 1998 ) showed

hat there are three types of HVSR of the fundamental mode of
a yleigh wa ves, with one peak and zero, one or two troughs. They

ound that the HVSR tends to show the peak/trough structure when
he surface soils are soft. They investigated the relationship between
he periods of peaks ( Tp ) and troughs ( Tt ) and found that the Tp
f the fundamental mode Rayleigh waves match the fundamental
eriod of the transfer function for vertically incident Vs , in the case
f a strong impedance contrast. Recent studies (e.g. Tuan et al.
011 ) concluded that the peak/trough structure is the response of
ear surface deposits with a high-Poisson ratio associated with an
nderlying bedrock interface, leading to a high impedance contrast.

Knowledge of the SH-wav e v elocity, combined with HVSR res-
nance frequency values, is fundamental to infer the thickness of
 geological structure. Some geophysical methods use both active
nd passive seismic techniques to exploit the dispersion, a well-
nown property of surface waves. Dispersion in a wave train (B äth
973 ) occurs when different frequencies travel at different velocities
called ‘phase velocity’). According to Park et al. ( 1997 ), phase ve-
ocity depends primarily on the shear wav e v elocity of the medium
nd it is slightly influenced by compressional wave velocity, den-
ity and Poisson’s ratio. Therefore, the surface wave velocity is a
ood indicator of Vs . Normally, the phase velocity of surface waves
s in the range between 88 and 95 per cent of Vs for any value
f Poisson’s ratio (Ewing et al . 1957 ). The main passive methods
sed to study the dispersion curves are SPAC (Spatial Auto Corre-
ation method, Aki 1957 ) and its extension MSPAC (Bettig et al.
001 ). Other methods are based on the frequenc y–wav enumber ( f–k )
pectral analysis (Capon 1969 ) or ReMi TM (Refraction Mi-
rotremors, Louie 2001 ) technique. 

The MSPAC method estimates the Rayleigh Phase Velocities
 V RP ) by fitting, for each frequency, the spatial-correlation function
o a Bessel function, which in turn depends on the interstation
istances. This is because the waves are statistically independent
Boxberger et al. 2011 ) and the V RP are a function of frequency.
sing the Wiener–Khinchin theorem, which establishes that the

ame information on the phase shift can be obtained using the
pectra of the signal measured at two sensors, enables development
f the coherence function. The set of these function values is named
coherence matrix’ for the different pairs of sensors and returns
nformation on the phase differences. 

ReMi TM is a technique used to assess shallow shear wave veloci-
ies by a simple 2-D slowness-frequency transform of microtremor
ecords to separate the Rayleigh waves from other seismic arri v als,
sing common seismic refraction recording equipment. The basic
ransform used in this velocity spectral analysis is the ‘slant stack’
n the ‘ Tau-P ’ domain. 

Regarding the inversion problems, Arai & Tokimatsu ( 2004 )
emonstrated that it is possible to retrieve the layer thickness of Vs
rofiles from inversions of HVSR curve and showed (Arai & Toki-
atsu 2005 ) the benefits of joint inversion. Hobiger et al. ( 2013 )

ddress the problem of non-uniqueness result in the inversion of
a yleigh wa v e dispersion curv es by inte g rating Vs infor mation from
ther kinds of geophysical measurements, such as SPAC. 

.2 Instrumentation and software 

n the 2015 surv e y (Sandron et al. 2019 ), single station data were
ollected with Nanometrics and MoHo equipment. The Nanomet-
ics system is comprised of a Centaur console with a Trillium 20 s
eismometer, while the MoHo system integrates a console and a
.5 Hz Tromino R © sensor. The sampling rate was fixed at 100 Hz for
he two systems. The ultraportable digital seismic acquisition sys-
em SoilSpy Rosina was used as seismic ReMi TM arrays to collect

ultichannel data. Ten geophones were placed at 5 m spacing. 
In the 2018 surv e y, the single station equipment was comprised of

wo Lennartz 3DLite 1 s, while Cube-3ch-recorders, manufactured
y Omnirecs ( GIPP group GFZ Potsdam ) and equipped with a set
f PE-6/B-3C-4.5 Hz and Vertical 4.5 Hz geophones, were used as
he seismic array. 

Similarly to Sandron et al. ( 2019 ), data were processed in agree-
ent with SESAME ( 2004 ) guidelines via the open source Geopsy

ackage ( www.geopsy.org , last accessed December 2021). 
The dispersion curves of 2015 (Sandron et al. 2019 ) were pro-

essed by the ReMi TM method of Grilla softw are de veloped b y
oHo. We followed the scheme of SESAME ( 2004 ) to show the

ncertainties of HVSR curves, computing the standard deviation
or each frequency from the time series of measurements. 

To solve the inverse problem, we applied two different software
ackages: Din ver , included in the Geopsy package (Wathelet 2005 ),
sed for the dispersion curves; and the code de veloped b y Parolai
t al. ( 2005 ), used both for the dispersion curves and HVSR. Both
oftware packages use a modified Monte Carlo technique to perform
he inversion. The former performs the inversion by the Neighbour-
ood Algorithm of Sambridge ( 1999 ), while the latter, using the
enetic Algorithms, allows the inversion of the HVSR, or in com-
ination with the Rayleigh or Love wave dispersion curves. For
ncertainties of the inversions, we used the relative patterns of the
wo methods used: the representation of Wathelet ( 2005 ) and the

http://www.geopsy.org
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Table 1. HVSR main resonant period T (s) and frequency (Hz) values from the NSET-OGS 2015 and 2018 surv e ys, plus some 
measurements from Molnar et al. ( 2017 ) and Paudyal et al. ( 2013 ). This last site was chosen as it was close to the structure 
towards the west. The first column is the numeration of sites, referenced to Fig. 4 . 

No Longitude E Latitude N Frequency [Hz] Period [s] Instrument Site 

1 85.2921 27.6432 0.49 ± 0.09 2.040 2015 S1/S 
2 85.3010 27.6437 0.28 ± 0.09 3.570 2015 S2/S 
3 85.3113 27.6445 0.37 2.700 2015 S3/S 
4 85.3262 27.6469 0.26 ± 0.02 3.840 2015 S4/S 
5 85.2934 27.6325 0.48 ± 0.06 2.080 2015 S5/S 
6 85.3003 27.6353 0.38 ± 0.09 2.630 2015 S6/S 
7 85.3096 27.6367 0.41 ± 0.07 2.440 2015 S7/S 
8 85.3219 27.6346 0.31 ± 0.05 3.220 2015 S8/S 
9 85.2907 27.6275 0.42 ± 0.06 2.380 2015 S9/S 
10 85.3020 27.6268 0.41 ± 0.08 2.440 2015 S10/S 
11 85.3121 27.6274 0.35 ± 0.07 2.860 2015 S11/S 
12 85.3233 27.6258 0.31 ± 0.05 3.230 2015 S12/S 
13 85.3348 27.6261 0.50 ± 0.09 2.000 2015 S13/S 
14 85.3442 27.6261 0.28 ± 0.06 3.570 2015 S14/S 
15 85.2911 27.6167 5.30 ± 3.27 0.189 2015 S15/S 
16 85.3002 27.6187 0.63 ± 0.08 1.590 2015 S16/S 
17 85.3148 27.6167 0.42 ± 0.09 2.380 2015 S17/S 
18 85.3240 27.6181 0.53 ± 0.02 1.880 2015 S18/S 
19 85.3355 27.6173 0.30 ± 0.06 3.330 2015 S19/S 
20 85.2924 27.6538 10.0 ± 2.5 0.100 2018 P13-03 # 
21 85.3075 27.6580 0.29 ± 0.05 3.450 2015–2018 NSET 

∗
22 85.2932 27.6726 0.30 ± 0.05 3.450 2015 BH2/S 
23 85.3237 27.6730 0.39 2.560 Tromino R © 3G Patan/M 

24 85.2928 27.6781 0.30 ± 0.06 3.330 2018 Tribuvan U 

∗
25 85.2928 27.6960 0.60 ± 0.10 1.656 2018 BH1 ∗
26 85.3223 27.7037 0.30 3.333 Tromino R © 3G Coin M.F./M 

27 85.3158 27.7000 0.30 3.332 Tromino R © 3G Dharahara T/M 

28 85.3160 27.7038 0.28 3.571 Tromino R © 3G Durbar S./M 

29 85.3163 27.7035 0.31 3.220 Tromino R © 3G Durbar S.R./M 

30 85.3160 27.7020 0.27 ± 0.04 3.700 2015–2018 Ratna Park ∗/S 
31 85.3260 27.7040 0.22 ± 0.06 4.540 2015 DilliBazar ∗/S 
32 85.3539 27.6985 0.85 1.170 Tromino R © 3G Airport/M 

33 85.2760 27.7126 0.90 1.110 Tromino R © 3G Sita Paila/M 

34 85.2930 27.7141 3.00 ± 0.78 0.333 Tromino R © 2015 Base Swayambo 
untah hill 

35 85.3226 27.7208 0.34 2.942 Tromino R © 3G Lazimpat/M 

36 85.3579 27.7191 0.649 ± 0.170 1.540 Tromino R © 2015 Bhoudanath/S 
37 85.2545 27.7240 1.89 ± 0.19 0.530 Tromino R © 2015 Ramkot/S 
38 85.3339 27.7255 0.34 ± 0.05 2.940 2018 Baluwatal 
39 85.3350 27.7280 0.32 ± 0.04 3.120 2018 Apeiron HQ 

∗
40 85.3080 27.7360 0.92 1.087 Tromino R © 3G Balajou/M 

41 85.3230 27.7395 0.74 1.351 Tromino R © 3G Dhapasi/M 

42 85.3167 27.7667 0.813 ± 0.080 1.230 Tromino R © 2015 Manamaiju/S 

2015 = Trillium 20 s–2018 = Lennartz 1 s or PE-6/B-3C-4.5 Hz–2015–2018 = Trillium 20 s or Lennartz 1 s. 
∗This study -/M Molnar et al. ( 2017 ) [they do not provide to the errors]—# Paudyal et al. ( 2013 ) and this study -/S Sandron 
et al. ( 2019 ). 
one proposed by Parolai et al. ( 2019 ), also providing the error on the 
peak frequencies, derived from the standard deviation of the solu- 
tions generated by Genetic Algorithm and selected based on fitness 
(90 per cent of total solution starting from best-fitting solution). 

4.3 The data set 

Our dataset covers the wester n par t of the Kathmandu basin from 

north (Manamaju) to south (Laliptur; Fig. 1 b). We considered a total 
of 42 HVSR sites (small circles in Fig. 1 b): 27 sites were part of 
the 2015 NSET-OGS campaign, 5 more points were collected in 
the 2018 and 10 additional sites are from Molnar et al. ( 2017 ). We 
selected the sites with the highest quality data (Table 1 ): with a clear 
resonance peak (with amplitude greater than 2 in accordance with 
the SESAME ( 2004 ) guidelines) and from seismic noise recording 
traces lasting 60 min on average (in a range of 40 to 1 hr 30 min). 
In detail, from Molnar et al. ( 2017 , fig. 3b), we used recordings 
from two HVSR stations along a slope in Sita Paila (the lowest 
ones to avoid the topographic effects); HVSR of the Sewage Plant 
array was discarded (Molnar et al. 2017 , fig. 3a) because it has a 
large flat plateau in the range 1.2–1.6 Hz. We also discarded the 
site Balkhu because it is close to the BH1 borehole and Gongabu, 
(Molnar et al. 2017 , fig. 3b) because it is close to Balajou that has 
a more noticeable peak. 

In 2018, we repeated the HVSR measurement on site 03 of 
Paudyal et al. ( 2013 ), near the western boarder of the basin. Three 
HVSRs were collected near the boreholes for which stratigraphy 
or logging data are availab le (F ig. 1 b): the first is BH1 (Paudyal 
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Figure 4. Map of the resonant periods RP interpolated by the Natural Neigh- 
bour method (NN, Sibson 1980). The isopach contours are based on the 
g ravimetric sur v e y of Moriba yashi & Maruo ( 1980 ). The sites ha ve the 
same number as shown in Table 1 . 
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Figure 5. Examples of HVSR at: (a) Ratna Park (with PE-6/B-3C-4.5 Hz); 
(b) Ratna Park (with Lennartz 1 s); (c) BH1 (with Lennartz 1 s); (d) BH2 
(with Trillium 20 s); (e) Apeiron House (with Lennartz 1 s); (f) NSET (with 
PE-6/B-3C-4.5 Hz); (g) S04 (with Trillium 20 s) and (h) TVU, Tribuvan 
University Campus (with Lennartz 1 s). The shaded areas mark the frequency 
peak and uncer tainty, repor ted in Table 1; the cross hatching on the left 
indicates the band of least reliability of the data. 
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t al. 2012 ), the second is at Bhrikutimandap Exhibition Hall (BR
n Fig. 1 b), near Ratna Park (RP in Fig. 1 b), which reaches the base-
ent, and the third is close to the NSET headquarters (NSET HQ

ereafter). An additional HVSR station was recorded in 2015 close
o borehole BH2, with the stratigraphy of BH1 and BH2 reported in
audyal et al. ( 2013 ). Khadka ( 1993 ) report on the Bhrikutimandap
ell, while the logging stratigraphy of the borehole at the NSET
Q is provided by Sandron et al. ( 2019 , table 2). 
The RPs of the resonance peaks, sorted by the equipment used are

ummarized in the Supporting Information (Fig. S1a): the histogram
hows the predominance of periods RP around 2–4 (s). Parolai et al.
 2001 ) describe a term of comparison between H/V curves recorded
 y dif ferent sensors. 

The passive seismic arrays data collected in 2018 are located at
atna Park (RP in Fig. 1 b), at the park of Tribhuvan University

TVU in Fig. 1 b), and close to the NSET HQ. We adopted a ‘star’
onfiguration for the seven sensors used. In Ratna Park, one of the
ensors failed and therefore the configuration shown in Fig. S1(b)
as used, with a maximum aperture of 80 m. In the site close to

he NSET HQ, we used the array from the 2015 campaign (Sandron
t al. 2019 ) with an ‘L’ shape configuration. 

 R E S U LT S  

he sparse RPs measured in the valley were interpolated using the
atural Neighbour method (hereafter NN, Sibson 1981 ) to generate
 map (Fig. 4 ). 

The site of Ramkot (n. 37 in Fig. 4 and Table 1 ) is in the shal-
ower part of the basin where liquefaction occurred during the 2015
arthquake (see Section 3.1). In Boudhanath (n. 36), north of the
irport area, the HVSR curves are similar to those from Molnar
t al. ( 2017 , fig. 3a). Table 1 reports the position, frequencies ( f ),
eriods (T) and instrumentation used for each site. Fig. 4 also shows
he contour levels of the bedrock depth by the g ravimetric sur v e y
f Moribayashi & Maruo ( 1980 ). The two basement maxima with
epths greater than 500 m of the Moribayashi & Maruo ( 1980 ) map
re consistent with the two maxima of the RP (interpreted to be a
roxy of the basement depth). 

In Fig. 5 , we also document some other significant HVSR curves,
s the comparison of the data collected in Ratna Park (n. 30 in
ig. 4 ) with different sensors (Figs 5 a and b) is particularly relevant
otwithstanding the different response of the sensors. All peaks
n the very low frequency interval are sharp with high kurtosis,
hich show the consistency and reproducibility of the data. The

art/ggac465_f4.eps
art/ggac465_f5.eps
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Table 2. Bedrock depths resulting from the HVSR inversion of selected sites. H = bedrock depth (m); Vs = S -wave velocity (m s –1 ); ρ = density 
(kg m 

–3 ); σ = ranges of Poisson’s ratio used for inversion. The ranges of depths are narrow ( ±10 m). For each site: row 1 calculation by simple 
formula; rows 2–3 inversion (Parolai et al. 2005 ) by tight constraints; rows 4–5 inversion (Parolai et al. 2005 ) by fixed basin thickness. 

Site/calculation Layer H [m] Vs [m s –1 ] ρ [kg m 

–3 ] σ Thick range Vs range Fitness 

BH1 
by Vs = 4 H f basin 252 ∗ 605 
tight constr. basin 255 610 ± 9 1.9 0.45 250–300 500–700 0.24335 
inversion bedrock 853 ± 29 2.4 0.41 600–2000 
fixed thick basin 252 ∗ 604 1.9 0.45 0.24344 
inversion bedrock 845 2.4 0.41 
Ratna Park 
by Vs = 4 H f basin 549 ∗∗ 605 
tight constr. basin 543 647 ± 8 1.9 0.46 1–800 300–1000 0.30758 
inversion bedrock 936 ± 21 2.5 0.39 600–2000 
fixed thick basin 549 ∗∗ 672 1.9 0.46 0.31490 
inversion bedrock 944 2.5 0.39 

Depth from: ∗Sakai et al. ( 2001 ); ∗∗Khadka ( 1993 ). 

 

stability and the consistency of the measurements can also be veri- 
fied with the 2015 surv e y results outlined in Sandron et al. ( 2019 ). 
Moreover, in Figs 5 (c)–(h) can be seen: the measurements close 
to the boreholes BH1 Fig. 5(c), BH2 Fig. 5(d); another very low 

frequency peak (Apeiron House, Fig. 5 e); the NSET HQ Fig. 5(f), 
S04 (Fig. 5 g) and Tribuvan University campus (Fig. 5 h). This last 
HVSR is comparable with the PGV response spectra in Fig. 3 . Un- 
fortunately, the distribution of the sites is not uniform, with a cluster 
in the south and scattered points in the north. 

Taking advantage of the HVSR measurements carried out near 
the two wells that reach the basement in BH1 (see in Fig. S2(a) 
one peak HVSR achieved by PE-6/B-3C-4.5 Hz) and Ratna Park 
(Fig. 5 b), nearby BR (Khadka 1993 ), we can apply the general 
formula Vs = 4 H f to estimate the average shear wav e v elocity 
of the entire stratigraphic sequence. The relative depth–frequency 
values are H = 252 m and f = 0.60 Hz for BH1 and H = 549 m 

and f = 0.275 Hz for BR (see Table 1 ). The resulting velocities are 
therefore both Vs = 605 m s –1 . To confirm this value, we used the 
method suggested by Parolai et al. ( 2005 ) to invert the Rayleigh 
ellipticity curves and present the results in Table 2 and Figs S2(a) 
and S2(b) (see also Section 6). Although the simulated peaks are 
smaller than experimental ones, their widths are similar. 

We also analysed the azimuth dependence of the HVSRs in Figs 6 : 
Ratna Park 6(a), Apeiron 6(b), Baluwatal 6(c), BH1 6(d), BH2 6(e) 
and Manamajiu 6(f). The analysis for the Ratna Park site is striking 
and shows the azimuth independence like the other sites for which 
a great thickness is expected (Figs 6 b and c). Other considerations 
are referred to Section 6. 

To assess the Vs in the shallower layers, we first inverted the 
ReMi TM dispersion curve (Fig. 7 ) close to the wells of the NSET 

HQ (n. 21 Fig. 4 ) and the MSPAC of Ratna Park (n. 30 Fig. 4 see 
also F ig. S1b). F rom the for mer well, the logging stratig raphy of the 
uppermost 30 m is visible in Table 3 (subplot columns 1–4 from the 
left). We simplified the eight-layer model into a four -lay er model 
by grouping neighbouring and similar layers two by two, whose 
velocity are the average weighted with thickness (columns 5–7 of 
Table 3 ). The geophone spacing in the ReMi TM configuration was 
5 m, so the maximum resolution is around 5 m (Foti et al. 2018 ). 
The last layer ( Vs = 313 m s –1 ) is not limited at the bottom and was 
not included in the modelling. Moreover, the ReMi TM array has an 
L-shape with 25 m maximum length, thus reducing the maximum 

wavelength that could be identified. Based on these considerations, 
we carefully assume that the maximum depth of investigation is 
not over 50 m. We only use tight constraints only for first layer 
Vs (130–150 m s –1 ); using the dispersion curves and the HVSR, the 
simplified model has been inverted using the Parolai et al. ( 2005 ) 
method (Fig. 7 a) and by the Dinver module of the Geopsy pack- 
age (Fig. 7 b). The results are reported in Table 3 (last right-hand 
columns) and summarized in Fig. 7(c). We also inverted the disper- 
sion curve (Fig. 7 d and e) of the Ratna Park arra y, al wa ys with the 
same constraints for the first layer. The outcome is summarized in 
Table 4 and the velocity profiles in Fig. 7(f). 

Following the same outline, we also used ReMi TM data collected 
during the 2015 campaign (Sandron et al. 2019 ) to better constrain 
Vs in the shallower layers. ReMi TM Vs profiles for five selected sites 
(S15, S17, S12, S04, BH2), are presented in Figs 8 (a)–(e) (site code 
numbers in Fig. 4 are reported in Table 1 ). Only for S15 and S17 
w ere w e able to invert the HVSR jointly with the dispersion curves 
(Figs S3), because for the high frequencies we have peaks with 
amplitude over 2 and for BH2 we report here the joint inversion by 
Grilla performed in Sandron et al. ( 2019 ). The remaining inversions 
were carried out using the method of Parolai et al. ( 2005 ) and 
the comparison between the calculated and experimental Rayleigh 
dispersion curves are provided in Figs 8 (f)–(j). The resulting vertical 
Vs profiles are presented in Figs 8 (k)–(o). By these inversions, an 
uppermost low velocity layer stands out with Vs between 120 and 
160 m s –1 , lying over a second layer with Vs of about 200–400 m s –1 . 
The topsoil layer in S12 site is missing, and it confirms the Vs of the 
second layer and shows a Vs around 400 m s –1 for the layer below. 
These data are comparable with the inversion carried out on the 
data of the NSET HQ and Ratna Park. The data are summarized in 
Table S1. 

In the light of paragraph 2.1, the multiple and high-amplitude > 1 
RPs in the HVSR curves could be used to interpret the changes of 
impedance within the sediments inside the basin. The main evidence 
is the important peak for the borehole BH2, at frequency f = 0.68 Hz 
(Figs 5 d and 9 d) which cannot be connected to basement, as already 
explained in by Sandron et al. ( 2019 ). Considering the Vs = 605–
650 m s –1 of Table 2 , the basement depth would be 222–239 m, but 
the BH2 well reaches 280 m without intercepting it. The site S16 
has a second peak at f = 1 Hz (Fig. 9 a), while S02 has an important 
second peak at f = 1.2 Hz and a third at f = 2.7 Hz (Fig. 9 b).
We also consider the weak peaks of NSET HVSR (Fig. 9 c). In 
Fig. 9(e) (see also Fig. 5 b) the Ratna Park HVSR, is considered as 
the case in the deepest part of the Basin with a second frequency 
peak of f = 0.68 Hz. The inversions consider the assessment of the 
previous inversions of the basement Vs and the average velocity 
of the basin sediments, but we avoid using tight constraints. For 
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Figure 6. HVSR azimuthal spectra in: (a) Ratna Park; (b) Apeiron house; (c) Baluwatal; (d) BH1 well; (e) BH2 well; (f) Manamajiu. (a), (b) and (c) with 
peaks over value 5 (see Fig. 5 ) show the independence from the azimuth. In BH1 (d) the peaks are around value 4 and are the two cyan spots at f = 0.6 and 
0.35 Hz (Fig. 5 c). The prominent peak of BH2 at 0.68 Hz (Fig. 5 d) is dependent to azimuth, the same the main peak at 0.3 Hz. Manamajiu with its peak over 
1 Hz is independent on the azimuth. 
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ite S16 the inversion is limited to the first part of the stratigraphic
equence, while BH2 takes into account the outcome of Figs 8(a),
f) and (k). The depths versus Vs profiles of inversions are reported
n Figs 9 (f)–(j). The jump of Vs from lower values of 400–600 m s –1 

t depth more than 80 m can clearly be seen. Table S2 reports all
he inversions also for sites S10. S6, Tribuvan campus (TVU) and
H1. Fig. S4 reports a possible trend of this hypothetic stratigraphic
oundary (dotted lines) for all these sites in line from south to north
n the West part of the basin (see Fig. 4 ). 

Fig. 10 resumes all the sites where we have the spectral azimuthal
lot, compared with the deepest area of the basin which we detected.
he contour curve delimits the RP of 2 s which corresponds to depth
ore than 300 m. 

 D I S C U S S I O N  

n the strong-motion data of the 25 April 2015 Gorkha earthquake
he presence of a pulse of periods between 3 and 6 s is clearly
stablished. Galetzka et al. ( 2015 ) were the first to hypothesize
hese peaks as a combination of the earthquake’s source and basin
esponse effect. In fact, Bhattarai et al. ( 2015 ) and Dhakal et al.
 2016 ) show that this kind of pulse is also evident in the response
pectra of some major aftershocks, a sign that it cannot just be
 source effect. The other important question raised from strong
otion data (Takai et al. 2016 ) is that the predominant period and

nvelope shape of the horizontal oscillation differed not only from
ite to site, but also between NS and EW components. These features
how that the long period response of the Kathmandu valley is
omplex. 

The first purpose of the 2015 campaign (NSET–OGS) was to
ll the gap of HVSR coverage in the Lalitpur area (Paudyal et al.
012 , 2013 ). Our study, in the light of the longer RPs reported in
he Lalitpur area with respect to previous studies, also focused on
he central part of the basin where the long-period RPs in the HVSR
pectra suggest a larger basement depth (Table 1 , Fig. 5 ). This result
as confirmed by the inte grativ e measures conducted in 2018. The
N map in Fig. 4 confirms the distribution of RP of values over T =
 s, with two zones having maxima over T = 3 s, but also areas with
reat variability as highlighted in the basin sections of the SAFER
odel (Gilder et al. 2020 , their fig. 7), and in Moribayashi & Maruo

 1980 ). Our map in Fig. 4 , as already shown in Trevisani et al. ( 2020 )
y Kriging, intended as a proxy of the basement depth [following
he example of SAFER maps, fig. 6(e) and sections in fig. 7(c) in
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Figure 7. (a) ReMi TM dispersion curve collected in 2015 at the NSET headquarter (yellow dots) and forward model by the software Parolai et al. 2005 (grey 
dots); (b) phase velocity results by Dinver of Geopsy; (c) resulting Vs profile of inversion (colours indicate models lying within a certain percentage of the 
minimum misfit). In the small bo x: b lack profile represents the minimum misfit model by the software Parolai et al. 2005 ; while red profile is the minimum 

misfit model by Dinver of Geopsy. (d) ReMi TM of Ratna Park array 2018 (yellow dots) and forward model by the software Parolai et al. 2005 (grey dots); (e) 
phase velocity results by Dinver; (f) resulting Vs profiles: Parolai et al. 2005 with the same mode of representation as in Fig. 7 (c). 
their paper], shows the variability of the basement topography and 
the zone of maximum (depth). There are some differences among 
the three contour maps, but we recall that the Natural Neighbour 
(NN) interpolation does not introduce subjectivity because it is 
parameter -free, w hile the Kriging map, used also in SAFER, is 
the result of data processing (for Moribayashi & Maruo 1980 , the 
interpolation method is unknown). In any case, the two local maxima 
in Moribayashi & Maruo ( 1980 ) are also reproduced by the NN map 
that shows one maximum in the centre of the basin and a second 
elongated SE–NW maximum, with a top on the S04 site (Fig. 5 g). 
Moreover, the NN map of Fig. 4 shows a variability of RP values in 
the Lalitpur area (southern part), where the SAFER and Moribayashi 
& Maruo ( 1980 ) maps are smooth because they do not have data. 
This variability of the RPs in the Lalitpur area (Fig. 4 ), and possibly 
in some parts of the basin, is visible with distance, even for those less 
than the maximum resonance wavelength: λmr = (605, 650)/0.27 ∼
(2200, 2400 m). 

The Lalitpur area is within a zone of fluvial erosion in the Pliocene 
formations (Shrestha & Shah 2014 ). Our NN map is also in agree- 
ment with a previous geostatistics interpretation of the basement 
topog raphy repor ted in Trevisani et al. ( 2021 ), where the two zones 
of maximum RP values, are separated by abrupt variations of the 
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Table 3. Inversion results for the NSET headquarters. Borehole logs and simplified model (first two columns). Model obtained via Parolai 
et al. ( 2005 ) inversion method (third column). Model obtained using the Din ver in version method (right-hand column). The results on the 
right-hand columns. In the last row, ‘?’ means that the inversion results are only indicative for the large constraints of the inversion. The depths 
are reported in the brackets (). 

Borehole logging Simplified model 

Model Parolai et al. 2005 
results 

Fitness = 0.0944 
Model Dinver R ©
Fitness = 0.0048 

TH [m] Vs [m s –1 ] ρ [kg m 

–3 ] σ Vs [m s –1 ] ρ [kg m 

–3 ] σ TH [m] Vs [m s –1 ] TH [m] Vs [m s –1 ] 

2 100 1.5 0.450 143 1.5 0.48 4 136 ± 1 4 125 
6 (8) 157 1.5 0.487 
6 (14) 333 1.7–1.9 0.437–0.474 300 1.8 0.46 13 ± 3 (17) 257 ± 13 10.5 (14.5) 245 
2 (16) 200 1.9 0.490 
6 (22) 363 2.0 0.468 394 2.0 0.45 4(18.5) 372 
2 (24) 486 2.0 0.440 
6-? 313 1.7 0.500 300 2.1 0.44 561 ± 56 495? 

TH = thickness (m); Vs = S -wave velocity (m s –1 ); ρ = density (kg m 

–3 ); σ = Poisson’s ratio. 

Table 4. Near surface stratigraphy from Khadka 1993 at Ratna Park (left column). the inversion results for Ratna Park used the Parolai et al. 
( 2005 ) and Dinver R © approaches. The depths are reported in the brackets (). ‘?’ means that the inversion results are onl y indicati ve for the 
large constraints of the inversion. 

Model from Khadka ( 1993 ) 
Model Parolai et al. 2005 

Fitness = 0.0 1287 
Model Dinver R ©

Fitness = 0.0 1424 ρ and σ for both models 
TH [m] Type TH [m] Vs [m s –1 ] TH [m] Vs [m s –1 ] ρ [kg m 

–3 ] σ

20 Coarse grained sand 18 ± 2 150 ± 1 15 125–130 1.5 0.48 
153 (173) Greenish grey clays 176 ± 20 (194) 180 ± 8 50 (65) 165 1.9 0.46 
6 (179) ∗∗
28 Greenish grey clays 
? 380 ± 49 224 2.0 0.43 

TH = thickness range (m); Vs = S -wave velocity (m s –1 ); ρ = density (kg m 

–3 ); σ = Poisson’s ratio. 
∗∗Medium grained sand layer as indicate in Khadka ( 1993 ). See Geology paragraph (Section 2) and Discussion (Section 6). 
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eneral trend, where the southern maximum is elongated in a NW–
E direction, compatible with the geological structure of the area
Sakai et al. 2006 , 2015 ). The separation belt between the two max-
ma coincides with the location of the Chobar fault (Trevisani et al.
021 ) conditioning the sedimentary sequence and the basement
orphology (Asahi 2003 ). 
Rough estimations of the average Vs of the whole basin strati-

raphic sequence, were made by the HVSR measurements near the
orehole BH1 (Table 2 , Fig. S2a), with 252 m depth (Sakai et al.
 2001 ) and a frequency resonance peak f = 0.6 Hz (Table 1 ), and
he borehole at Ratna Park near the BR (Table 2 , Fig. S2b), reaching
50 m depth (Khadka 1993 ) and a frequency of f = 0.275 Hz. While
he velocities computed by the simple formula Vs = 4H f are sur-
risingly the same ( Vs = 605 m s –1 ), in the other cases by inversions
here are small differences. For each site, the former inversion is
ith tight constraints, while the second with fixed basin thickness.
or BH1, in the first case the result of the Parolai et al. ( 2005 ) inver-
ion gives an average Vs value of 610 ± 39 m s –1 and a thickness of
55 m (Table 2 , Fig. S2a), instead Ratna Park provides an average
s value of 647 ± 28 m s –1 and a thickness of 543 m (Table 2 , Fig.
2b). With fixed thickness the differences are irrelevant. All the
s for the weathered bedrock are over 850 m s –1 . These Vs results,
btained from HVSR surv e ys close to the boreholes, will be used
s constrains in subsequent inversions. 

The azimuthal independence of Ratna Park (Fig. 6 a), Apeiron
ouse (6b) and Baluwatal (6c), shows the 1-D response of the
eepest part of the basin, as the 1-D inversions well explain. It is
ot the same for the BH1 site, where the azimuthal rotation analysis
hows a slight 2-D effect (Fig. 6 d) more evident for BH2 (6e),
robably due to the proximity to the western edge of the basin with
 more complex stratigraphic situation and less thickness (Dill et al.
001 ). This probably explains the differences in the mean Vs values
etween Ratna Park and BH1. 

We analysed the azimuthal spectra of other sites (as NSET, S04)
rom the deepest part of the basin, confirming azimuthal indepen-
ence, while other sites in the Lalitpur area (as S06, S16) show
zimuthal behaviour similar to BH1 and BH2. The map of Fig. 10 ,
onfirms these assumptions, showing a distribution of azimuthal
ndependent sites (white dots) inside the deeper part of the basin.
he contour line borders the RP of 2 s so its interior corresponds to
epths more than 300 m. The red dots indicate sites with azimuthal
ependence, while the orange dots indicate ambiguity. From this
nalysis, it can be assumed that the seismic response of the deep
art of the basin, with high values of period T, depends only on
he stratigraphy of the fluvio-lacustrine sediments and would ex-
lain the long period pulses recorded from the strong motion data
f the Gorkha earthquake. In contrast, at the edges, the response is
nfluenced by the complex structure of the basin. 

The values of Vs in the basement, reported in Table 2 may appear
nderestimated; ho wever , we preferred not to use tight constraints,
nd although the basement rocks are comprised of metamorphic
ocks (Green Phyllite, see Khadka 1993 ), usually with higher ve-
ocities ( > 2000 m s –1 ), we obtained a value around 900 m s –1 (Ta-
le 2 ). We assumed that the upper part of the basement is altered
nd fractured, thus lowering its mechanical properties and the as-
ociated Vs velocity. Takai et al. ( 2016 ) noted for the rocks below
TP station: ‘The tested velocity of S waves at a depth of 10 m was

ver 700 m s –1 at the KTP site, but it was less than 200 m s –1 at the
ther three sites’. This occurrence is also confirmed by Bijukchhen
t al. ( 2017 ). A f = 0.35 Hz frequency peak with an amplitude 3.8
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Figure 8. Vs profiles of sites S15, S17, S12, S04 and BH2 (a–e) from the ReMi TM surv e ys carried out during the 2015 NSET-OGS campaign (Sandron et al. 
2019 ), recorded by Rosina equipment and elaborated by Grilla software; ReMi TM velocities (f–j) evaluated by inversion (Parolai et al. 2005 ); coloured dots: 
e xperimental data; gre y dots forward model of inversions. Vs —depth profiles (k–o) (colours indicate models lying within a certain percentage of the minimum 

misfit); in the small bo x: b lack profile represents the minimum misfit model. For the sake of comparison with other profiles, Fig. 10 (k) represents only the first 
30 m of the BH2 profile, the inversion of which is in agreement with that of Sandron et al. ( 2019 , fig. 8). 

Figure 9. HVSR inversion curves showing two peaks using Parolai et al. ( 2005 ) approach: (a–e): experimental curve (red dots) and forward model (grey dost); 
(f–j) resulting Vs depth profiles by Parolai et al. ( 2005 ) inversion method; (colours indicate models lying within a certain percentage of the minimum misfit). 
In the small bo x: b lack profile represents the minimum misfit model. The corresponding sites are: S16 [16] Figs (a, f); S02 [02] (b, g); NSET HQ [21] (c, h); 
BH2 [22] (d, i) and Ratna Park [30] (e, j). The numbers in square brackets are the site number of Table 1 and Fig. 4 . 

art/ggac465_f8.eps
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Figure 10. Map of the sites where the HVSR azimuthal spectra are calculated. White dots the sites with not azimuthal dependency (1-D behaviour); red dots 
the sites with azimuthal dependency; orange dots ambiguity. The yellow area is the deeper part of the basin. The contour curve corresponds to the resonance 
period RP = 2 s, which corresponds to depths more than 300 m (see Fig. 4 ). The map shows the 1-D response of the basin in its deeper part depends only on 
the impedance contrast between an altered basement and the overlying fluvio-lacustrine sediment stack. In contrast, at the edges, the response is influenced by 
the complex structure of the basin. 
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nd minor deviation, are shown for BH1 site in Fig. 5(c). This peak
ould be associated with the top of a compact basement. 

We also analysed the dispersion curves of the seismic arrays
Tables 3 , 4 , S1 and Figs 7 and 8 ). In Sandron et al. ( 2019 ), we
ave shown only the V RP dispersion curves from ReMi TM and a
ualitative assessment of phase velocities. Here, by two independent
ethods, namely Dinver (Wathelet 2005 ) and Parolai et al. ( 2005 ),
e obtain the e v aluations for the near-surface Vs . In Fig. 7 there
re the results of the arrays of NSET HQ and Ratna Park, with the
esulting comparison between the two methods applied to the same
elocity models. For the simplified model of the well stratigraphy
f NSET HQ, the outcomes (Table 3 ) are comparable to those of
 simplified model for Ratna Park from Khadka ( 1993 ) (Table 4 ).
igs 8 and S3 show the joint inversions by Parolai et al. ( 2005 )
ethods of some dispersion curves of the 2015 surv e y. All the

esults al wa ys show a first la yer with a low Vs around 120–160 m s –1 

ying on a deeper layer with Vs of around 200–400 m s –1 . The
hicknesses of the layers are variable depending on the area. The
resence of these uppermost layers is also confirmed by Molnar
t al. ( 2017 ) and from the stratigraphy of the first 30 m of the
ell near the NSET HQ. Poovarodom et al. ( 2017 ) found similar
s values on five sites in the central-nor ther n par t of the basin, by

nversions of five arrays, for the first 30 m. 
The long-time HVSR surv e ys with sensors such as the Trillium

0 s are more compatible with the dimensions of a great and com-
lex basin such as Kathmandu valley. Gilder et al. ( 2020 ) reported:
the microtremor data (Paudyal et al. 2013 ), when compared to
he borehole records, appear to represent the boundary between the
alimati Formation (the homogeneous silt deposit) and any other
nderlying sequence’. Paudyal et al. ( 2013 ) probably detected this
eflector using their sensors. This situation is typical of deep sed-
mentary basins, such as the central Po Plain in Nor ther n Italy
Paolucci et al. 2015 ), where the authors explain these higher fre-
uency peaks HVSR peaks assuming the presence of impedance
ontrasts within the Quater nar y coverage, probably caused by ma-
or climate changes. The purpose of HVSR inversions in Figs 9
nd Table S2 is to confirm the hypothesis of the possible strong
mpedance contrast already discussed in Sandron et al. ( 2019 ) and
eported in this paper in Section 2.1. This hypothesis, that the cli-
atic changes during Late Pleistocene (Mukunda & Sakai 2008 ;
ampuku et al. 2008 ), modified the geotechnical conditions of the

ayers. The HVSR comparison of Figs 9 (a)–(e) shows good overlap-
ing, especially for BH2 and also for S16 and NSET-EQ. Profiles of
s versus depth (Figs 9 f–j) show a rapid increase in Vs from 200–
60 m s –1 to about 600 m s –1 in the NSET and Ratna Park (where
he basement is very deep) areas at depths of 148 and 164 m, re-
pecti vel y. The Vs below this supposed interface (611–605 m s –1 )
re consistent with those computed by HVSR close to the two bore-
oles BH1 and in Ratna Park. Site S16 is doubtful as the main peak
ccurs at f = 0.629 Hz and Vs in the deepest layers is 686 m s –1 . But
s for site S02, which shows an important peak at f = 1.2 Hz, the
nversions are directed mainly to the first part of the stratigraphic
equence, which agree with the results of Tables 3 , 4 , S1 and Fig. 8 .
ig. S4 is an interpretation of all performed in versions, sho wing
 consistent stratigraphic correlation with a coherent variation in
epth of the high seismic impedance layer of Quater nar y age. The
nly trend that differs is for the S16 site, but the area of Lalitpur
as a discontinuous trend. The short segments denoted ‘P’ are the
ypothetic depths calculated with Paudyal et al. ( 2013 ) frequencies
nd the corresponding Vs of Table S2. There is a coincidence only
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for BH2 and for Ratna Park (not shows if the Fig. S4), with a peak 
at f = 0.68 Hz and Vs of Table S2, the depth is 164–166 m. 

7  C O N C LU S I O N S  

This work can be considered a comprehensive summary of the 
two measurement campaigns conducted by NSET–OGS after the 
Gorkha earthquake. Some indications arising during the first analy- 
sis of data were confirmed by the second inte grativ e set of specific 
measurements. We demonstrated: 

(i) The HVSR data set analysed in this work mainly outlines the 
distribution of the resonance periods in the Kathmandu basin with 
values greater than T = 2 s, with two local maxima with T > 3 s, 
but also areas with great variability; 

(ii) The additional measurements confirmed the pattern of the 
basement topography that we attempted to infer with a geostatistics 
extrapolation in our previous work (Trevisani et al. 2021 ); 

(iii) The HVSR response of the deepest part of the basin is 1-D, 
with a rough estimation of the average Vs , approximately 600–
650 m s –1 , (near Ratna Park), representing values for all the fluvio- 
lacustrine stratigraphic sequence. Below these clayey sediments the 
first weathered rocks of the basement shows Vs around 900 m s –1 ; 

(iv) The azimuthal independence of the Ratna P ark HVSR inv er- 
sion, located in the deepest part of the basin, confirms the validity of 
inversions at the previous point 3 and the Vs assessment of the entire 
basin sediment sequence. It suggests that the seismic response in 
the deep part of the basin is due to an impedance contrast between 
an altered basement and the overlying sediment stack. Concerning 
the Gorkha 2015 strong ground motion records, our results corrob- 
orate the idea of the presence of a pulse in the 3–6 s range in the 
basin data, clearly established as a combination of the earthquake’s 
source and the basin response effect itself. As already highlighted 
by Takai et al. ( 2016 ) and Rupakhety et al. ( 2017 ), we agree that the 
basin structure is complex, and a definitive conclusion is premature. 
Ho wever , for its deepest part an approximately 1-D structure is in 
agreement with Dhakal et al. ( 2016 ), while at the outskirts and in 
the Lalitpur area, morphological sedimentary factors take over; 

(v) The Vs in the shallower deposits, analysing the dispersion 
curves of the seismic arrays by two independent methods, is less than 
160 m s –1 in the topmost layer, being slightly higher than 200 m s –1 

in the underlying layer, as confirmed by other studies (Molnar et al. 
2017 ; Poovarodom et al. 2017 ). 

(vi) The multiple high frequency peaks visible in the HVSR 

curves at some sites suggest the possible presence of a sharp increase 
in Vs at intermediate depths, with sufficient seismic impedance to 
produce peaks at frequencies f > 0.5 Hz and above 1 Hz. This layer 
could explain the high frequency peaks reported in Paudyal et al. 
( 2012 , 2013 ), already discussed in Sandron et al. ( 2019 ). 

DATA  A N D  R E S O U RC E S  

The seismic noise data (H/V and arrays) used in this paper are 
available upon request from the authors. 
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and c0845 3–channels PE-6/B-3C-4.5 Hz; c0166, c0167, c0168–
vertical 4.5 Hz geophones. 
Figure S2. HVSR data inversions at: (a) BH1 well; (b) Ratna Park, 
close to the BR well. The red curve is the Forward model of inver- 
sion; black is the experimental curve with the standard deviation. 
Experimental HVSR are in black, the forward models of inversion 
results are in red. The two wells reaching the basement and the 
HVSR inversions were used to estimate the a verage S -wa v e v eloc- 
ity representative of all fluvio-lacustrine stratigraphic sequence.use 
tight constraints only for first layer 
Figure S3: HVSR of joint inversion of Figs 8 , for S15(a) and S17 
(b) which are the only models with high frequency peaks over 2 
values of amplitude. Red dots: e xperimental data; gre y dots: forward 
models. 
Figure S4. Seismic-stratigraphic correlogram among the sites used 
for the HVSR inversions of second peaks (Fig. 9 ). The 8 sites are in 
a line from south to north in the western part of the basin (follows 
the circled numbers in Fig. 4 ). The dashed line marks the hypothetic 
high seismic impedance layer of Quater nar y age which generates 
the secondary HVSR peaks Figs 9(a)–(j). The dashed columns are 
the stratigraphic sequences below the hypothetic reflectors, while 
the dotted columns of S16 and S06 are outside the inversions assess- 
ments. The reference depth of the basement is the column of BH1 
(252 m). The short ‘P’ segments stand for the hypothetic depths cal- 
culated with Paudyal et al. ( 2013 ) frequency by the correspondent 
Vs of raw 5, Table S2). 
Table S1. Inversion results of the Rayleigh dispersion curves, from 

ReMi TM method and related interpretation at various sites. The 
depths are reported in the brackets (). 
Table S2. Inversion results of the HVSR spectra showing multipeaks 
and related interpretation at various sites. The depths are reported 
in the brackets (). 
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Figure S1. (a) Histogram of the 42 HVSR resonance peak periods 
RPs, sorted also by instrument type; (b) Configuration of the array 
deployed in Ratna Park, map by the Dinver of Geopsy package 
(Wathelet 2005 ) The numbers are the code of Cube-3ch-recorders. 
These recorders were connected with: c0AAS—Lennartz 1 s; c0844 
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