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Geophysical bedrock: Layer with S-wave velocity (VS) ~ 760 

m/s; lithified rock layer (Maena et al., 2020; Morgen et al., 

2020)

o Deep bedrock can excite long period waves

o Damage to high-rise buildings
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INTRODUCTION Geophysical bedrock, H/V

(Pan et al., 2022) (Seed and Idriss, 1982)

H/V: Ratio between Fourier amplitude spectra of 

horizontal and vertical components

described in Pratt (2018). For the ENAM data, we used a 100 s
time window starting just before the largest arrivals from the
Nicaragua earthquake (Fig. 5), as was used for the SBSRs.
We smoothed the spectra with a 1 Hz smoothing length and
then computed the vector sum of the north–south and east–west
spectra to form a single horizontal spectrum. We used single
vertical component recordings and removed any frequency
components not exceeding a spectral amplitude of at least twice
that of a similar length noise window before the earthquake. We
performed the same processing steps for the SESAME and TA
data from the 2014 Iquique and Okhotsk earthquakes, using a
2000 s window beginning immediately before the strongest
arrivals. After each waveform was processed, we calculated a
spectral ratio at each site using either the SBSR or eHVSR
method, as described earlier. We did not combine site responses
at each station from multiple earthquakes, but instead treated
each earthquake at each site as an individual site response in

our results. Example eHVSRs
are shown in Figure 6, and all
of the eHVSRs are shown plot-
ted on the same graphs as the
SBSRs in Figures S2–S37.

Fitting of Gaussian curves
We observed clear fundamental
resonance peaks in the eHVSR
and SBSR results, but the exact
value for the frequency (f 0) and
amplitude (A0) of each peak
was often difficult to determine
due to asymmetric peaks and
small double peaks near the
top of the fundamental peak.
Therefore, we used the
approach of other recent studies
(e.g., Ghofrani and Atkinson,
2014; Langston and Horton,
2014; Hassani and Atkinson,
2016a,b) and fit the fundamen-
tal resonance peaks with a
Gaussian function of the form:
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in which a is the height of the
curve’s peak, b is the center fre-
quency of the peak, and c con-
trols the width. We first
identified the fundamental reso-
nance peak from the spectral
ratio plots, and then independ-
ently fit Gaussian curves to the
SBSR and eHVSR results for

each station. We used the peak of the Gaussian curve to deter-
mine the frequency (f 0) and amplitude (A0) of the fundamental
peak for each station (Fig. 7).

RELATIONSHIPS BETWEEN f0, h, AND VS
Relationships between f 0 and ACP thickness (h)
Following Ibs-von Seht and Wohlenberg (1999), we derive
h–f 0 relationships for the ACP strata by fitting a power func-
tion to our SBSR and eHVSR f 0 frequencies versus thickness
using a least-squares nonlinear regression (Fig. 8):
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The least-squares regression used to fit the data for equa-
tions (5) and (6) use f 0 (frequency) as the independent variable

(a) (e) 

(b) (f) 

(c) (g) 

(d) (h) 

Figure 6. (a–d) Example SBSR (black) and (e–h) HVSRs computed from earthquake arrivals (eHVSR; gray) site
responses for sites with various ACP sediment-column thicknesses at TA stations from the Sea of Okhotsk
earthquake. Comparisons for each station and waveform dataset are shown in Figures S2–S37.
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(Schleicher and Pratt, 2021)

2003; Frankel et al., 2009; Hartzell et al., 2016;Wirth et al., 2019).
In particular, Bard and Bouchon (1985) found that basin depth-
to-width ratios determined whether 1D vertical resonances ver-
sus 2D horizontal resonances were the dominant effect, with
wide, shallow basins being dominated by 1D resonances. Many
pioneering ground-motion studies have been carried out on sedi-
mentary basins in the western United States, such as the Los
Angeles or Seattle basins (e.g., Borcherdt, 1970; Frankel et al.,
2002, 2009; Choi et al., 2005). Some site-response terms used
in ground-motion models are derived from these empirical stud-
ies, and, therefore, implicitly include these 3D effects to the
degree in which they are present in the data.

In contrast to bowl-shaped sedimentary basins with sloping
sides (i.e., Fig. 1a), ground motions in portions of central and
eastern North America (CENA) are influenced by laterally
extensive, nearly flat-lying sequences of thin glacial strata
(Banab et al., 2012; Baise et al., 2016; Hassani and Atkinson,
2016a,b) or sediments of the Atlantic Coastal Plain (ACP)
and Mississippi embayment (ME; Chapman et al., 2003;
Malekmohammadi and Pezeshk, 2015; Mostafanejad and
Langston, 2016a,b; Pratt et al., 2017; Pratt, 2018; Carpenter et al.,
2018, 2020; Guo and Chapman, 2019). The nearly flat-lying
ACP strata, which we study in this article, likely do not focus
seismic waves significantly and lack steep basin edges to effec-
tively generate surface waves (Fig. 1b). Furthermore, unconsoli-
dated sediments in CENA often overlie hard crystalline
basement rocks of Precambrian or Paleozoic, or well-indurated
Mesozoic sedimentary strata, creating a large reflection coeffi-
cient at the base of the sediments that efficiently traps energy
through strong vertical reverberations (Banab et al., 2012;
Baise et al., 2016; Hassani and Atkinson, 2016a,b; Pratt et al.,
2017; Pratt, 2018; Cunningham and Lekic, 2020). In contrast,
many sediment-filled basins in the western United States are
underlain by older sedimentary rocks or young basement rocks
that do not cause large contrasts in shear-wave velocities,
creating relatively small impedance contrasts with basement
rocks (e.g., Shaw et al., 2015) and thus weak vertical
reverberations.

The differences in amplification effects caused by flat-lying
sediments versus sedimentary basins raise questions about
whether some commonly used methods for site-response estima-
tion may be more reliable on flat-lying, extensive sediments than
onmore complex basin structures. Site responses, and specifically
resonance peaks, are often estimated using earthquake arrivals to
compute the sediment-to-bedrock spectral ratio (SBSR) in which
the combined spectrum from the horizontal ground motions at a
site is divided by the combined spectrum of the horizontal
ground motions of the same phases at a nearby bedrock site:
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in which HCes and HCns are the spectra of the east and north
horizontal components at the site of interest, and HCeb and
HCnb are the equivalent horizontal-component spectra at a
bedrock reference site. In this method, the recordings from the
bedrock site serve as proxies for the signals entering the bottom
of the sediment column, and the SBSR, therefore, is an estimate
of the amplification caused by the sediments. The drawback, of
course, is the reliance on a nearby bedrock site for the reference

(a)

(b)

Figure 1. (a) Cartoon cross section of a “confined” sedimentary basin and
(b) the nearly flat Atlantic Coastal Plain (ACP) strata. When subjected to
horizontal ground motions during earthquakes, impedance contrasts and
vertically propagating SH -wave resonance can amplify and trap shear-wave
energy and the sides of the basin can generate surface waves. These locally
generated surface waves can be trapped within the basin because of
reflections at the sides. The shape of the basin can also cause focusing effects.
In contrast, the ACP strata thin gradually landward above an erosional surface
that generally dips less than 2° oceanward and the east side of the ACP strata
extend offshore beneath the continental shelf. The total width can exceed
300 km and the sides have gentle slopes, making it unlikely there is sub-
stantial surface-wave generation by basin edges. Combined with the large
reflection coefficient at the base of the sediments and top of crystalline rock,
ground motions on the ACP strata presumably are dominated by vertical
resonances. Diagram based on Bailey et al. (2006) and Watts et al. (1982).
The color version of this figure is available only in the electronic edition.
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● The Bengal Basin is a foreland basin of the Indian Craton due to 

obduction of the Burmese Plate from the East

● The Himalayan Arc is also riding it from the north

o Causes subsidence of the Sylhet basin, a sub basin of the 

Bengal Basin

● Shillong Massif marks the Northern limit of the Sylhet basin

STUDY AREA Tectonic setting

(Alam et al., 2003; Steckler et al., 2016)

SM: Shillong Massif; SB: Surma Basin; MTH: Madhupur-Tripura-High; 
FT: Faridpur Trough; IBR: Indo-Burmese Ranges; CTFB: Chittagong-
Tripura fold belt; HT: Hatia Trough
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General stratigraphy

● Near surface of the deep basin

o dominated by loose sand dominating 

units of the Dupi Tila Sandstone 

Formation 

o Alteration with silt and clay is very 

common

STUDY AREA Stratigraphy and physiography  

(Uddin and Lunderberg, 2003)

present above the Gondwana coal formations at the
NW of the Bengal basin.

Repeated submergence and emergence of the Ben-
gal basin must have taken place in the shelf region
during Late Cretaceous–Middle Eocene time, when
the deeper parts of the Stable shelf of West Bengal,
Bangladesh and Assam were invaded by the sea,
whereas freshwater sedimentation of sandstone and
carbonaceous mudrocks continued in most of the
shallow shelf regions (Hoque, 1974; Banerji, 1981;
Reimann, 1993). In the Bengal foreland and Indo–
Burman ranges, sedimentation took place in a marine
environment and turbidites probably played an impor-
tant role in sedimentation (Graham et al., 1975). The

Eocene interval is marked by an extensive marine
transgression caused by conspicuous basin-wide sub-
sidence. Clastic sediment input on the ‘Stable shelf’
was reduced and the shelf became the site of deposi-
tion of shallow, clear water, open marine, limestone.
These limestones, commonly known as the Sylhet
Limestone, are very rich in fossil nummulites. This
limestone is exposed at the northern fringe of the
Sylhet trough on the south slope of the Shillong
plateau.

The Oligocene to Earliest Miocene time was char-
acterized by a major marine regression exposing most
of the ‘Stable shelf.’ The Bengal basin is bounded from
the Burma basin to the east by the Indo–Burman

Fig. 3. Stratigraphic framework of the Bengal basin. Miocene sediment thickness is much lower near the Indian platform in the northwestern

part of the basin. This shelf area of the basin is floored by continental crust (after Khan and Muminullah, 1980; Uddin and Lundberg, 1999; and

many other sources).

A. Uddin, N. Lundberg / Sedimentary Geology 164 (2004) 131–146136

Physiographic map of Bangladesh (Source: Banglapedia)

General geomorphology

● Flood plains

● Elevated Terraces

● Lakes



OBJECTIVES & MOTIVATIONS
Objectives
Ø Estimate H/V curve from noise records (0.2 to 10 HZ)
Ø Full H/V curve inversion for deeper S-wave velocity profile
Ø Estimate geophysical bedrock depth in the Sylhet basin, Bangladesh
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Motivations
ü H/V analysis is being applied for the 1st time in the study area

ü Rahman et al. (2021) estimated geophysical bedrock depth only at the capital 
city Dhaka (10 sites)
§ deep bedrock (>175 m)

ü This study is the 1st attempt to estimate bedrock depth in the Sylhet basin
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Continuous seismic record 15 days 
Seismic stations (IRIS)
• JAML
• SUST
• JAFL 

DATA Seismic stations, lithologs, TWTT

Lithologs from water borehole

• BWDB
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Figure 4: P-wave velocity (left) and stratigraphic column (right) from a previously 
unpublished well log (W1) located on the southern end of the Sylhet anticline (Figure 6b). 
Stratigraphic units and their ages are shown in the middle columns: Dupi Tila (DT) 
Formation, Girujan Clay (GC), Tipam Sandstone (TS), upper and lower/middle Boka Bil 
(UBB and LMBB) Formations, and upper Bhuban (UB) Formation. Shaded regions in the 
stratigraphic column indicate the possible presence of fossil fuels, as recorded by the 
original well log. 

2.2 Décollement Depth 

The CMFB is underlain by a gently east-dipping décollement located within the thick 
sedimentary sequence of pro-deltaic and deltaic sediments. The interior of the belt uplifts and 
exposes units that to the west are thought to host some of the décollement, demonstrating that the 
décollement may step down to deeper stratigraphic levels to the east (Goodbred & Kuehl, 2000). 
Previous studies have commented on the depth of the décollement in different parts of 
Bangladesh, with estimates ranging from 3 km to more than 10 km below sea level (Abdullah et 
al., 2015; Maurin & Rangin, 2009; Sikder & Alam, 2003; Steckler et al., 2008). Most of these 
studies point to overpressured shale layers as possible décollement levels, either from direct 
observation (well log) or inference (low velocity zones in seismic data or structural analysis of 
seismic images). The same data are often interpreted differently by multiple authors, and 
primarily focus on two regions: a southern portion of the CMFB known as the Chittagong Hill 
Tracts (Figure 1b) and the western toe of the CMFB in central Bangladesh.  

TWTT

• BAPEX

(Burgi et al., 2021)



METHODOLOGY

● Mean and trend removal from seismic trace

● Tapering

● Window length is 100 s

● Overlap by 90%

● Total horizontal energy

● H/V computed from 0.2 to 10 Hz
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H/V estimation, inversion

𝐻 = 𝐻!" + 𝐻""

● H/V at a given frequency 𝜔 when the wavefield is 
diffused

⁄𝐻 𝑉 𝑥, 𝜔 = #! 𝒙,& '#" 𝒙,&
## 𝒙,&

= () *!!'*""
() *##

E = directional energy density

Im(G) = imaginary part of the Green’s function

Subscripts 1,2 are for horizontal and 3 for vertical components

• Directional energy density in direction i,

𝐸+ 𝑥, 𝜔 = 𝜌𝜔" 𝑢+ 𝒙,, 𝜔 𝑢+∗ 𝒙,, 𝜔

∝ 𝐼𝑚 𝐺++ 𝒙,, 𝒙,, 𝜔
𝐸$ = directional energy density at frequency f,  ω = 2𝜋𝑓 (circular 
frequency), 𝜌 = mass density, 𝑢$ = displacement in direction I

(Sánchez-Sesma et al., 2011)

H/V from seismic trace

Theory of microtremor for H/V

𝐸 𝑚 = !
"
∑#"

$!
"#$%$!

%&'" &
(

'!
(

𝑛 is the number of frequency samples, 𝑑%&'( notifies the 
observed value, 𝑑%)*+& denotes the theoretical value, 𝜎
signifies standard deviation

Misfit function

Parameters: VP , VS , density, Poisson’s ratio, thickness  

(García-Jerez et al., 2016)



8Dashed lines: standard deviation

Solid black line: average HVSR curve from all of the windows 

RESULTS Observed H/V, inversion

Examplaray station: JAFL

• Observed and best-fit HVSR with generated models

• Best-fit and average Vs profile with generated models
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DISCUSSION Geophysical bedrock depth

Bedrock (VS > 760 m/s) depth from VS profile

• At  around 153, 73 and 13 m, respectively at JAML, SUST and 
JAFL

o Deep basin >> deep bedrock >> high-rise buildings

o Piedmont deposits >> shallow bedrock >> low-rise buildings

 

Geomorphology around station JAFL

(Sarker et al., 2015)

Bedrock position



CONCLUSIONS

● 1D S-wave velocity profile is estimated below 3 seismic stations in the Sylhet basin, 

Bangladesh by full H/V curve inversion

● Deep geophysical bedrock (> 30 m) has been identified from VS profile

○ Shallow one (at < 30 m depth) is related to near surface piedmont deposits

● VS30 based earthquake ground motion estimation is not appropriate for deep bedrock

● Dense seismic measurement and adequate borehole information is recommended for 

future studies in the study area
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Additional information
Full profiles


