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By introducing a basin model that includes both low-velocity layer and topography in earthquake ground motion simulation, the charac-
teristics of ground motion amplification can be acquired.

Public summary

m The effect of the low-velocity layer in contrast with the surrounding mountain topography of a sedimentary basin model
is scrutinized by near-field ground motions.

m Velocity contrast between bedrock and low-velocity layer plays a pivotal role in controlling the amplitude of the ground
motion amplification.

m Amplification caused by the topography mainly spreads along the mountain edge and may interact with the low-velocity
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layer to amplify ground motion.
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Abstract: Near-field ground motion amplification in sedimentary basins is widely observed and crucial to earthquake haz-
ard assessment. However, the effects of basin topography coupled with the low-velocity layer (LVL) on ground motion
amplification are not fully understood. By constructing 3D basin models with surrounding mountain terrains and perform-
ing ground motion simulations, we compare the ground motion characteristics with different basin LVL depths and LVL
velocities. The velocity contrast between the LVL and bedrock controls the amplification magnitude. The maximum amp-
lification area in the model changes from the central part to the periphery part of the basin as the velocity contrast de-
creases and can be greatly influenced by the distance between the source and the basin. The amplification also spreads
along the mountain edge circling the basin. Our work sheds light on the distribution of amplification within sedimentary
basins surrounded by mountains, revealing that the velocity contrast between the LVL and bedrock plays a pivotal role in

controlling the magnitude of amplification.
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1 Introduction

Near-field ground motion amplification in basin areas is im-
portant for earthquake hazard assessment. This is particularly
pertinent due to the occurrence of numerous destructive earth-
quakes in proximity to basins, such as the 1994 Mw 6.7
Northridge earthquake in the Los Angeles Basin area, the
1995 Mw 6.9 Kobe earthquake in the Osaka Basin, and the
2008 Mw 7.9 Wenchuan earthquake and the 2021 Mw 6.0
Luxian earthquake in the Sichuan Basin area' . The ampli-
fied amplitude of ground motion and longer duration of seis-
mograms are the key characteristics in basin areas. However,
the effect of the topography of the basin area coupled with the
effect of the low-velocity layer in the basin has yet to be fully
elucidated.

Previous studies have yielded a wealth of analytical and
numerical insights, starting with simpler models such as
layered models or simple basin models in homogeneous half-
space'. As the complexity of considered basin geometries or
media increases, numerical methods have been introduced to
address these challenges. Studies have employed 2-
dimensional models, considering configurations like joint of
semi-elliptical and rectangle, and half-cosine configurations®..
Plane-incident waves are frequently applied in these works.
Three-dimensional models, such as semi-ellipsoidal, hemi-
spherical, and trapezoidal, have also been used in previous
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studies!""*!. Beyond theoretical models, researchers have con-
ducted ground motion simulations on real basins, such as the
Seattle Basin, the Indo-Gangetic (IG) Basin, the Kinburn
Basin, the Beijing Basin, the Taipei Basin, and the Sichuan
Basin[Z.HleJ.

Basins are typically enclosed by mountains. The topo-
graphic effect also contributes to seismic waveform complex-
ities, which have been known for decades”". Numerical
methods have also been applied to study topographic site ef-
fects, although many of them have primarily focused on 2D
simulations™ . Some studies have simultaneously con-
sidered the effects of topography and velocity structure in as-
sessing seismic ground motion and amplification®"*.
However, owing to the complexity of real-world velocity
structures and topography, assessing seismic responses can be
challenging®**"**. Thus, we propose to investigate the contri-
butions of both factors to ground motion amplification within
a set-up 3D model.

Among the existing studies, a systematic analysis of basin
depth coupled with basin topography within 3D scenarios has
been lacking. For instance, depth-dependent wedge-shaped
basin models have not been considered. To address this gap,
we start with a baseline model, focusing on the sedimentary
basin depth and the velocity contrast between the low-velo-
city layer and the underlying bedrock. To isolate the effect of
basin topography in contrast to the low-velocity layer of the
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sedimentary basin, we scrutinize the basin amplification ef-
fect by comparing a basin model with a homogeneous half-
space model. Furthermore, the wedge-shaped basin model is
also discussed.

2 Models and methods

2.1 3D sedimentary basin geometry

We aim to establish a three-dimensional basin model that can
be characterized by parameters to conduct near-field seismic
ground motion simulation. Ayoubi et al.””’ systematically ana-
lyzed the ground motion characteristics of 2D basin models
via the finite-element method. They proposed two types of
models, semi-elliptical and half-cosine 2D basin models, to
perform simulations. We integrate the half-cosine method
from Ref. [9] with cubic-spline interpolation to define the
basin geometry. The basin area is bounded by encircling
mountains. The mathematical expression of the central line
curve is given by Eq. (1), which controls the 3D model
boundaries in the x-axis plane.

-d, |x<a/2;
B.x’+ B,x* + Byx+ B,
al2<|x|<a+b;

p(x) = h, a+b<|x|<a+b+w; (1)

h h
Ecos %(x—a—b—w) +§x,
a+b+w<|x|<a+2b+w;

0, |x|=a+2b+w;

where parameters a, b, h, d, and w are the topography and
basin geometry constraining parameters, which represent the
radius of the basin, the width of the transition area, the height
of the mountain around the basin, the depth of the sediment-
ary basin, and the width of the mountain around the basin, re-
spectively (Table 1). A schematic diagram of the definitions
of these parameters is shown in Fig. 1c and 1d. In the model
with a fixed depth, by rotating this curve around a central ax-
is to form a three-dimensional surface, the concave portions
in the central part of the surface are filled with low-velocity
media, forming a low-velocity sedimentary basin (Fig. la,
lc). This model is similar to the models of Ayoubi et al.”’ and
Qin et al."", but includes the mountains around the basin.

Table 1. Basin model parameter definitions and baseline values.

We also designed a wedge-shaped basin model. In the
wedge-shaped basin model, the model is constructed on the
basis of the x-direction central line, employing the same inter-
polation method in the y-direction as that used to derive the
central axis, forming the entire plane (Fig. 1b, 1d). Similarly,
the concave portions in the central part of the surface, which
lies below the ground surface, are filled with low-velocity
media, forming a sedimentary basin.

2.2 Numerical modeling

The ground motion simulations are performed via the
CGFD3D (Curved Grid Finite-Difference 3D) code, which
applies 3D collocated-grid finite-difference code to solve the
velocity—stress equations for the curvilinear grid®*. In this
method, the fourth-order Runge—Kutta scheme is applied to
update the wavefield, and the DRP/opt MacCormack scheme
provides fourth-order accuracy in space™. With a 3D curve
grid, the grid can align with the surface topography and avoid
spurious diffusion. The code is verified in the work of Zhang
et al. by comparison against the generalized reflection/trans-
mission coefficients method (GRTM) and SpecFEM3D code
and shows good consistency with the reference solution®****7.

In models with a low-velocity layer (LVL), the basin area
is filled with low-velocity material with a given depth d. In
all the models, the shear wave velocity of the bedrock is con-
sistently set at 3000 m/s. All the models assume a Poisson
medium to constrain the relationship between P-wave velo-
city and S-wave velocity. The density for a specific velocity
is constrained by the empirical relationship of Brocher™.
With the range of 1500 m/s < V, <8500 m/s, the relationship
between V, and density p is described in Eq. (2).

p(g/em’) =1.6612V, - 0.4721V> +0.0671V’~
0.0043V* +0.000106V?, 2)

where V,, V,, and p represent the shear wave velocity, com-
pression wave velocity, and the density, respectively.

All the models have a horizontal grid size of 50 m to en-
sure computational accuracy and reduce numerical dispersion.
To reduce the computational burden, the vertical grid size
gradually varies from 50 m near the surface to 100 m in deep-
er regions. The simulation is performed using a time interval
of 0.003 s. Among all groups of simulations, the lowest S-
wave velocity is 1500 m/s. Considering a minimum PPW

Parameter Definition Baseline value

a Radius of the basin 6000 m
b Width of the transition area 1000 m
h Height of the mountain around the basin 800 m
d Depth of the fixed-depth flat basin model Change as demand

dy, d> Depth of the wedge-shaped basin model on two sides Change as demand
w Width of the mountain 3000 m
Vy Compression wave velocity Change as demand
Vs Shear wave velocity Change as demand
P Density Change as demand
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Fig. 1. Basin model geometry. Three-dimensional basin geometry for the (a) fixed-depth basin model and (b) wedge-shaped basin model, where the sub-
surface concave regions are filled with low-velocity media. The cross-sections of the central red lines in (a) and (c) are shown in (¢) and (d). The geomet-
ric parameters of the basin are labeled in (c) and (d), whose definitions are listed in Table 1. In the following ground surface images in this study, the geo-

metric cross-section of the basin is depicted in the center of the images.

(points per minimum wavelength) of 8, the wave field can
provide a reliable frequency of up to 3.75 Hz. The size of the
model is 30 kmx30km X 12 km, and the grid points within
the simulation area are 600 x 600 x 90. A total of 144 cores in
a cluster are used for the simulation.

2.3 Ground motion amplification evaluation

The ground motion amplification is characterized by peak
ground velocity (PGV), peak ground acceleration (PGA), and
amplification factor. Regarding the amplification factor, we
followed the approach of Wirth et al.'! with modifications to
achieve a smoother graphical representation. The following
procedure is applied to calculate the amplification factor on
the ground surface: Start with the low-pass filtered velocity
seismogram at each grid point v(#; x,y), we perform a Fourier
transform on the filtered waveform to obtain the amplitude
spectrum F(w;x,y) = F [v(f;x,y)]. The reference model’s
ground motion is calculated with a half-space homogeneous
model, whose amplitude spectrum F; (w; x,y) = F [Vies (£; X, )]
is also calculated. The amplification factor 7y is defined as

max [F (w; x,y)]

y(x,y) =

" max [F (w;x,y)] 3)

For each grid point, we can obtain the amplification factor
v(x,y) and the corresponding w,.,. Through this method, we
can obtain spectral ratios of basin amplification relative to the
reference model. By dividing the maximum of the reference
model amplitude spectrum, we can eliminate the effects of
source radiation patterns and geometric spreading, allowing
for a more accurate evaluation of the influences of topo-
graphy and low-velocity layers on ground motion. This helps
to minimize the effect of single-station local errors and to find
the maximum amplification among different frequencies™.
The amplification factor in this work is calculated using the
vertical (z-component) velocity seismogram.
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The reason for modifying the approach of Wirth et al.' is
that, in models with sharp velocity boundaries, the results ob-
tained through comparing amplitude spectra at a fixed fre-
quency exhibit spatial discontinuities. A comparison of the
maximum values of the amplitude spectra provides a smoother
representation of the model. Due to variations in model and
seismic source configurations across different studies, the
amplification factor obtained through this method can only be
compared within the scope of this study. The results are
internally consistent and can reflect the amplification
characteristics.

3 Results

3.1 Overall characteristics of ground motion

To understand the effect of the low-velocity layer on ground
motion amplification, we filled the basin area with low-
velocity material. This baseline model LVL has a V, velocity
of 1500 m/s, whereas bedrock has a V, velocity of 3000 m/s,
with all other parameters constant with the baseline paramet-
er. We apply a simple dislocation source at (9000 m, —15000
m, —1000 m). The moment is 1.23e18 Nm, corresponding to
~Mw 6.0. For the source, the strike dip and rake are 0 de-
grees, 45 degrees, and 90 degrees, respectively. In sub-
sequent simulations, we applied the same source configura-
tion. The velocity seismograms on the ground are subjected to
a low-pass filter with a cutoff frequency of 3.75 Hz, and the
amplification factor is subsequently calculated.

A source time function of the Ricker wavelet is applied
with a central frequency f. of 2 Hz and a time shift 7, of 0.7 s.
With a basin depth d of 1000 m, the ground motion snapshot
is shown in Fig. 2. The results show that the seismic waves
keep oscillating inside the basin area, especially near the
boundary area. Upon reaching the far end of the basin, seis-
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Fig. 2. Z-component velocity snapshot at the ground surface of the fixed-depth baseline model.

mic waves reflect due to velocity contrasts and return to the
interior part of the basin. This oscillatory process repeats con-
tinuously, resulting in a larger amplitude and longer duration
of ground motion within the low-velocity region.

The distribution of the maximum PGVz and PGVh values
(Fig. 3a, 3b) is related to the radiation pattern of the reverse
fault dislocation source we applied. As shown in Fig. 3a, the
amplification extends in a V-shaped pattern within the basin.
On the west side of the source, the V-shaped pattern is ob-
structed by the topography and has a narrower distribution
than the east side, which is covered by the LVL. On the west-
ern edge of the mountain range, ground motion amplification
caused by changes in topography can be observed, mainly on
the boundary of the mountain. A more distinct block-like dis-
tribution is observed in PGVh than in PGVz (Fig. 3b). Com-
pared with the distribution of the PGV, the distribution of the
amplification factor can illustrate the boundary of the LVL. In
this baseline model, regions with stronger amplification are
present in the middle of the basin (Fig. 3c). Fig. 4a shows the
3-component seismogram at receiver line 1, and a Z-shaped
pattern of repetitive ground motion can be observed. Because
the central part between the red lines of line 1 is located with-
in the low-velocity region, their intensity is significantly

08014

greater than that of the receivers outside the basin. Fig. 4b
shows the 3-component seismograms at receiver line 2. The
strongest amplification occurs a few seconds after the seis-
mic wave enters the basin; however, the oscillation inside the
basin can persist for an extended period, especially near the
basin boundary. In contrast, the oscillation is weaker at the
center of the basin.

3.2 Effect of the LVL depth

To understand the effect of the low-velocity layer on ground
motion amplification, we filled the basin area with low-
velocity material. With all other parameters constant with the
baseline parameter, we investigate three different scenarios,
with the basin depth d changing from 1000 m to 2000 m with
an interval of 500 m. The seismic source configuration is the
same as that in the previous section.

The amplification factor reveals stronger amplification
within the LVL zone, especially within the flat area of the
LVL (Fig. 5a, 5b, 5c). Compared with the half-space homo-
geneous reference model, the basin has two regions with
more pronounced amplification values within the LVL zone.
The first peak is located in the transitional zone between the
flat and slope parts of the basin and represents a circle close
to the source. This is related to the pattern of the homogen-
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Fig. 3. (a) PGVz, (b) PGVh, and (c) amplification factor of the fixed-depth baseline model at the ground surface. In (a), (b), and (c), the dashed circle
shows the boundary of the LVL and topography. The central section profile is drawn in the center of the plot with a solid black line. The dashed red line

and green line in (a) and (b) represent two lines of receivers.

eous half-space model reference result used to calculate the
amplification factor. Additionally, amplification primarily oc-
curs on the far side of the basin, with an amplification factor
of 20 to 30 compared with that of the reference model.

The maximum PGV values decrease with increasing LVL
depth (Fig. 5d, Se, 5f). The number of PGV local peaks within
the basin area decreases from 4 groups to 1 group as the basin
depth increases from 1000 m to 2000 m. This phenomenon
may indicate a reduction in the number of multiple reflec-
tions within the basin. Thus, we infer that basin depth is not
the primary factor influencing the degree of amplification
within the basin but does alter the distribution pattern of
amplification within the basin.

3.3 Effect of the LVL velocity

The shear wave velocity of the bedrock below the basin topo-
graphy is 3000 m/s. By changing the medium velocity within
the sediment basin from 1500 m/s to 3000 m/s with an inter-
val of 500 m/s, we investigate 4 different scenario cases and
show the amplification factor and PGVz in Fig. 6. Generally,
the absence of the LVL controls the amplification behavior.

0801-5

The strongest amplification without the source area occurs at
the far end of the basin. The magnitude of the velocity con-
trast directly controls the magnitude of the amplification
factor. As the LVL velocity increases, the amplification de-
creases. A velocity contrast of 1500 m/s leads to a maximum
amplification factor of ~30.

Apart from the significant amplification of ground motion
within the basin, the basin acts as a kind of “lens”, causing
waves to focus as they pass through the basin, resulting in a V-
shaped pattern of increased ground motion that persists bey-
ond the LVL zone. This finding demonstrates that the energy
originating from the source is still more concentrated than
that of the reference model even after passing through the
basin. As the velocity contrast diminishes, this phenomenon
of wavefront focusing weakens, and the opening of the V-
shape gradually widens until it disappears.

As the velocity contrast diminishes, the locations with
stronger amplification within the basin shift from the central
flat region of the basin to areas on either side of the basin.
The central region of the basin exhibits a greater peak when
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city of 3000 m/s of the bedrock.

the first arrivals of waves reach it, and the level of amplifica-
tion depends on the strength of the transmitted and reflected
waves upon their initial entry into the basin. However, reflec-
ted waves on the opposite side of the basin primarily propag-
ate back and forth around the perimeter of the basin, possibly
because of the thinner transitional zones around the periphery,
resulting in more pronounced multiple reflections. As the ve-
locity contrast varies, there is a change in the balance between
the first arrivals and subsequent multiple reflections in the
amplification components. In Fig. 6d, there is no velocity
contrast in this model, the amplification is caused only by
tomography.

4 Discussion

Near-field ground motion amplification in basin areas has
been the subject of extensive research through numerous 2D
and 3D studies. However, in areas associated with sediment-
ary faults, the gradual rotation and subsidence of the fault’s
down-dropped block create additional space near the fault, al-
lowing for the deposition of thicker sedimentary layers. This

0801-7

process disrupts the sedimentary symmetry and leads to the
formation of wedge-shaped sedimentary layers, which are
commonly observed in basin-rift structure regions™'. The
fault is typically located at the deeper end of the fault. To ad-
dress this gap, we constructed a wedge-shaped basin model
parameterized by d, and d, (Fig. 1d). To maintain consist-
ency in the model set-up, we retained the same seismic source
configuration as in the previous model. In such a model con-
figuration, we obtained the results as shown in Fig. 7.
d, =3000 m and d, = 1500 m are applied in this case, whose
definitions are described in Fig. 1d.

For a model with a wedge-shaped LVL, the general charac-
teristics of wave propagation are similar to those of a fixed-
depth basin model. Strong amplification still occurs at the far
end of the basin compared with the other models. The model
results also differ somewhat from compared to the previous
results with a fixed basin depth. According to the PGV distri-
bution (Fig. 7a), the V-shaped feature within the basin area
exhibits a more extended reach due to the basin, continuing
into the transitional zone where it converges toward the
ground at the far side of the basin. Its distribution is more
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continuous than that of a fixed-depth basin model. In terms of
the amplification factor (Fig. 7b), the amplification factor on
the shallower side of the basin is greater than that on the cor-
responding position in the fixed-depth basin model. This dis-
crepancy may be attributed to the fact that once waves enter
the basin, the larger angle between the basin’s bottom bound-
ary and the wavefront weakens the multiple reflections of
waves within the LVL. As the basin depth gradually becomes
shallower, stronger amplification occurs at the far end of the
basin.

We compare the PSA of the 6 receivers, indicated by the
red triangles in Fig. 7a, between the wedge-shaped model and
the 1500 m fixed-depth model (Fig. 7c and 7d). Among these
6 receivers, receivers R4, R5, and R6 are located outside the
basin area. The PSA at R2 and R3 of the wedge-shaped model
are truncated and exhibit a transition from a single-peak dis-
tribution in the fixed-depth basin model to a double-peak dis-
tribution compared with those the fixed-depth model. The
PSA of R1 in the wedged-shape model has a larger peak than
that in the fixed-depth model. The difference at R1 indicates
that under the wedge-shaped basin, owing to variations in the
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reflection characteristics on the boundary of the LVL, the
amplification pattern differs from that of a fixed-depth basin.
This illustrates the effects of basin geometry on the response
of structures to ground motion. Furthermore, compared with
receivers outside the basin, the PSA peaks of receivers within
the LVL zone have slightly shifted toward higher frequencies.
The PSA at receivers outside the LVL zone are nearly identic-
al between the two models.

The wedge-shaped model is x-axis symmetric, and the z-
component PGV and the amplification factor both have smal-
ler values at the symmetry axis compared to the maximum of
the area. Although back-and-forth oscillations of seismic
waves occur on the opposite sides of the basin, their ground
motion at this location is weaker than that of its surroundings.
This highlights the significance of model configuration for
different ground motion characteristics. Compared with the
influence of the LVL effect, the influence of topography on
ground motion is secondary, which coincides with previous
studies™*. The amplification due to topography primarily oc-
curs at locations where there are variations in the terrain,
which is notably evident at the edge of the western mountain
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range in Fig. 6d.

The current configuration places a seismic source near the
outer boundary between the LVL and the underlying bedrock
under the assumption that a basin-rift structure can generate
faults at the boundary. However, large earthquakes can also
originate on faults adjacent to the basin. To investigate the
impact of source location, we conducted additional tests with
two different source positions outside the basin. Fig. 8
presents a comparison of the maximum amplification factor
and z-component velocity snapshots for three different source
locations, S1, S2, and S3. The simulation region is extended
to 40 km x 30 km X 12 km to adjust the change in source loc-
ations. The same focal mechanism and source depth are used.
The x-axis coordinates of Source S1 remain at 9000 m, which
is consistent with earlier models. However, for Source S2, we
shifted its x-axis coordinate to 6500 m, placing it beneath the
center of the surrounding mountains. Source S3 is moved fur-
ther away from the mountain area, with its x-axis coordinate
at 0 m. The basin depth is 2000 m, and the LVL V| velocity is
1500 m/s, whereas the bedrock V; velocity is 3000 m/s.

The maximum amplification factor exhibits noticeable dif-
ferences for different source locations, S1, S2, and S3
(Fig. 8a, 8c, 8e¢). As the distance between the source and the
LVL increases, the maximum amplification factor decreases.
This outcome is not surprising for two main reasons. First, the
energy entering the LVL diminishes with increasing distance
because of attenuation and geometrical spreading. Second,

considering a source depth of 1000 m and an LVL depth of
2000 m, waves entering the basin at greater distances exhibit
a nearly perpendicular wavefront orientation to the Earth’s
surface, resulting in a reduction in multiple reflections within
the LVL.

The results with different source distances consistently
indicate a shift in the maximum amplification toward the far
side of the basin from the source. To better understand this
phenomenon, we present the z-component velocity snapshots
in Fig. 8b, 8d, and &f. The travel times from the source to the
LVL for source models S1, S2, and S3 are approximately O s,
4.8 s, and 5.73 s, respectively. Thus, we choose the snapshot
time at 4 s and 15 s after the wavefront reaches the LVL. For
source models S1 and S2, the reflection of seismic waves in-
duced by the mountain is observed. This reflected wave, upon
entering the LVL, amplifies the amplitude and prolongs the
duration of the ground motion within the LVL. For source
model S2, seismic waves are trapped for a longer time be-
cause of free-surface reflection. This leads to a larger ampli-
fication factor almost everywhere on the outside slope of the
surrounding mountain. This finding aligns with previous re-
search, both analytical and numerical, indicating that the amp-
lification caused by mountain topography typically occurs on
mountain ridges or slopes™ "1, While the source is outside
of the mountain region, the reflection of the seismic wave
amplitude is too subtle to discern. Nevertheless, once the
wavefronts enter the basin area, they can still be trapped in
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the basin area and amplify the ground motion, although the
amplitude is weaker than that of previous models.

5 Conclusions

Scrutinizing the basin amplification effect is crucial to earth-
quake hazard assessment. To address the gap in the coupling
effect of basin topography and the low-velocity layer, we
design several different basin models generated using a com-
bination of a half-sine function and cubic spline interpolation,
each with varying low-velocity sediments. We then simulate
seismic wave propagation through these models using finite
difference method. Comparative analysis with results from a
homogeneous half-space model allowed us to assess the influ-
ence of the low-velocity layer and topography on ground mo-
tion. Compared with the effect of basin topography, which is
concentrated mainly in the enclosing mountain area near the
side facing toward the seismic source, the low-velocity layer
effect is more crucial for determining ground motion ampli-
fication. With a greater velocity contrast between the LVL
and the bedrock, stronger seismic amplification mainly ap-
pears in the central flat region of the basin and is more pro-
nounced on the side of the basin opposite the seismic source.
With a lower velocity contrast, ground motion amplification
primarily occurs in the periphery part of the basin. In addi-
tion to the fixed-depth basin model, we also propose a wedge-
shaped basin model, which is common in rift-basin structures,
and compare the differences in the PSA of the wedge-shaped
and fixed-depth basin models. A stronger PSA is observed at
points closer to the central line of the basin. The distance
between the source and the basin, coupled with the basin
boundary topography, can strongly affect ground motion
amplification. Our work provides useful insight into under-
standing basin amplification patterns and helps explain near-
field ground motion with various basin characteristics. This
study also highlights the importance of both velocity struc-
ture and topography in seismic hazard assessments. The real-
istic complex topography in basin areas surrounded by moun-
tains, such as the Los Angeles and Sichuan Basins, may in-
duce more intricate coupling effects between topography and
basin structure, warranting further investigation in future
studies.
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