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Abstract
Ambient noise data from 24 sites within the Mississippi Embayment were analyzed to
estimate the fundamental frequency using the horizontal to vertical spectral ratio (HVSR)
method. The fundamental frequency ranged from 0.17 to 3.43 Hz for the tested sites. At
seventeen of the sites, a second higher frequency HVSR peak, which ranged from 0.617 Hz
to 2.154 Hz, was observed in addition to the fundamental HVSR peak. The second peak
frequency in the HVSR curve has been attributed by previous researchers as either an odd
harmonic of the fundamental peak or a shallow impedance contrast from the Memphis sand
layer in the Mississippi embayment. Shear wave transfer functions are compared for select
sites with the HVSR curves and geologic boring logs are analyzed to determine which
cause is most likely. Finally, a full scale inversion of active and passive surface wave data
is carried out at one site using the HVSR fundamental frequency to constrain the bedrock
depth and the second peak frequency to constrain the shallow impedance contrast depth to
demonstrate the usefulness of the HVSR second peak.
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1.0 Introduction:
The horizontal to vertical spectral ratio (HVSR) method, also known as the Nakamura’s
method (Nakamura 1989) is widely accepted as a tool to evaluate site effects (Guéguen et al.
2000). The HVSR peak frequency emulates the resonance frequency or fundamental frequency
(f0) of sediments above a strong impedance contrast and is equated to the shear wave
fundamental frequency (Field and Jacob 1993). The peak frequency is related to the sediment
thickness, while the amplitude is related to the shear wave velocity contrast between the top
sediments and stiff base material (Guéguen et al. 1998). While at many sites one primary peak is
often observed in the HVSR curve from only one major impedance contrast (Bonnefoy-Claudet
et al., 2008), the presence of two interfaces with significant impedance contrasts may generate
two peaks in the HVSR curve (Guéguen et al., 2000).
Two peaks in the HVSR curve have been observed in a number of locations around the
world. Zaslavsky et al., (2007) correlated the HVSR first peak frequency with the limestone
bedrock and the second peak frequency with the shallow softer alluvial sediments in Zevulun
plain, Israel. They showed that the HVSR second peak varied from 17 Hz down to 4 Hz,
matching the increase of alluvial layer thickness from 2 m to 15 m. Macau et al. (2015)
conducted a study on the effect of Quaternary deposits on HVSR at Llobregat river delta, located
to the south of Barcelona. In this study, they detected two impedance contrasts along with two
peaks in the HVSR curves. The first peak was correlated with the deeper impedance contrast
between soft sediment and bedrock, while the second peak was correlated with the shallow
impedance contrast between soft clay and gravel, concluding that the structure of shallow
quaternary layer can change the shape of H/V ratio by producing two clear peaks. Wotherspoon
et al. (2018) showed that the first HVSR peak in the Canterbury Plains, New Zealand was the
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result of basement rock, while the second HVSR peak was correlated with a soft sand layer over
a stiff gravel layer located 10-40 m below the surface.
The existence of a second HVSR peak can also have a significant influence on the seismic
site effects for a particular location. For Pujili (Ecuador), the damage distribution due to the Mw
5.7 earthquake in 1996 showed most of the damaged buildings had similar natural frequency as
the HVSR second peak frequency. The second peak frequency in Pujili was found to be the
resonant frequency of a superficial thin layer (Field and Jacob 1993). The damage due to the
earthquake on May 21, 2003 hitting the eastern coast of Algiers also demonstrated a similar
condition. The first peak, around 1 Hz in the HVSR curve, could not explain the building
collapses, which had natural frequencies in the range of 3 – 4 Hz. A second HVSR peak around
3 Hz was observed in this case, which was correlated with the shallow impedance contrast
between quaternary and Mio-Pliocene layer (Dunand et al., 2004, Guillier et al., 2005).
The Mississippi embayment, situated in the Central United States, is a deep sedimentary
basin in which two HVSR peaks are often observed (Rosenblad and Goetz 2010 Bodin et al.,
2001, Wood et al., 2018, Guo and Aydin 2016, Guo et al., 2014, Carpenter et al., 2018). Bodin
et al. 2001 hypothesized that the second peak frequency (f1), is a harmonic of the fundamental
peak as the ratio f1/f0 was found to be near 3 and they could not identify an impedance contrast
strong enough to cause the second peak. Moreover, Goetz (2009) generated shear wave transfer
functions using Vs profiles from Rosenblad et al., 2010 to show that the shear wave transfer
function second peak is in good agreement (<10%) with the measured HVSR second peak. They
suggested that this could be a reason to consider the second peak frequency as a higher mode of
shear wave resonance. However, they also used the shear wave transfer function down to the
Memphis sand layer to show a relationship of decreasing resonance frequency with increasing
2

depth to the top of Memphis sand, indicating that the velocity contrast also could be the cause of
second peak frequency observed in the HVSR across the embayment similar to that observed in
many other basins around the globe. There is still uncertainty regarding the cause of the second
higher frequency HVSR peak observed throughout the embayment primarily due to the fact that
the higher frequency HVSR peak is often about three times the fundamental HVSR peak
associated with the bedrock formation, but also that the depth to the Memphis sand layer (the
presumed shallow impedance contrast) often decreases at a similar rate to the bedrock depth
across the embayment. This make is difficult to isolate the true cause of the second HVSR peak
across the region. Regardless of the cause of the second HVSR peak, the site effects which result
as a function of the amplification at the HVSR second peak frequency play a key role in the
seismic hazard of the region. However, if the second peak is a result of an impedance contrast at
the top of the Memphis Sand, this HVSR peak can be used in the solution of the inverse problem
in surface wave methods through a joint inversion to constrain the VS of the sediments, resulting
in a more accurate Vs profile (Scherbaum et al. 2003). Therefore, aiding in the assessment of
seismic hazard in the region.
In this paper, the HVSR second peak frequency observed in the Mississippi embayment is
associated with the shallow impedance contrast from the Memphis sand and the ability to use
this second HVSR peak frequency along with dispersion data from surface wave methods to
resolve the depth to the Memphis sand is demonstrated. Direct ambient noise measurements are
used to compute HVSRs at 15 sites across North East Arkansas and then compared to shear wave
transfer functions computed using VS profiles from Wood et al. (2018). Next HVSRs are
computed at nine sites at the western and northern edges of the embayment and compared to
boring logs and geologic cross sections which indicate the Memphis sand layer no longer exist

3

along the basin edges. Finally, the use of the HVSR second peak to constrain the inversion of
active and passive surface wave dispersion data is demonstrated for a site within the embayment.
2.0 Mississippi Embayment Geology
The Mississippi embayment is a southward plunging syncline, with its axis closely tracing
the course of the Mississippi river (Mento et al. 1986). The embayment has a rift type crustal
structure (Ginzburg et al. 1983) and the subsidence of the rift formed the Reelfoot Basin in early
Paleozoic (Schwalb 1971). One of the geologic characteristics of Mississippi embayment is its
deep, unconsolidated sedimentary deposits. The sedimentary deposit depth can extend from
approximately 150 m in Jackson County, MO to 1100 m in Lee county, AR (Dart 1995). The
surface deposits within the basin are mainly classified as Holocene or Pleistocene (Romero et al.
2005), while the bedrock is Knox Dolomite from the Paleozoic era (Cushing et al. 1964). The
Memphis sand and the Paleozoic bedrock are the two main impedance contrasts in the
Mississippi Embayment (Rosenblad et al. 2010). The alluvial surface deposits have a low shear
wave velocity (VS) of 193 ± 14 m/sec compared with the shear wave velocities of the Memphis
sand and Paleozoic bedrock units, which are 685 ± 83 m/sec (Rosenblad et al. 2010) and 2000 3400 m/sec (Cramer 2006), respectively. Clay, silt, sand, gravel, chalk, and lignite fill up the
embayment, with ages ranging from Cretaceous to recent Holocene (Hashash et al. 2010).
Quaternary, Tertiary, Upper Cretaceous, and Paleozoic era geologic strata are main
constituents of the Mississippi Embayment’s geology (Van Arsdale et al. 2000). In the
uppermost Quaternary layer, the surface deposits are mainly classified as Holocene or
Pleistocene (Romero et al. 2005). Holocene deposits are mainly found in the alluvial plains of
the Mississippi River floodplain, also known as the lowlands and Pleistocene deposits are found
further inland on the highlands (Romero et al. 2005). As shown in Figure 1, the Lowlands are
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situated to the west of the Mississippi River and the highlands are situated to the east. Crowley’s
Ridge, which is located in the lowlands, is a Pleistocene-age deposit, which rises 60 meters
above the alluvial plane (shown in Figure 1, Van Arsdale et al. 2000). The Upper Tertiary layer
is situated below the Quaternary layer, consisting of the Jackson formation and the upper
Claiborne group. The Jackson formation consists of clay, silt, sand and lignite (Brahana et al.
1987), whereas the upper Claiborne includes Cockfield and Cook Mountain formation,
characterized by silts and clay (Van Arsdale et al. 2000). Lower to Middle Claiborne group
(LMC) is found below the Upper Tertiary layer. The Memphis sand unit is a part of the LMC,
which is a very fine to coarse grained and light gray-white sand (Van Arsdale et al. 2000).
Memphis sand, also known as the “500 feet sand” (Romero et al. 2005), is the principle aquifer
for the Memphis area. This unit can be 164-292 m thick and is approximately 300 m deep in the
Memphis area (Brahana et al. 1987). The Tertiary is subdivided into two units because of the
shear wave velocity contrast between the Memphis sand in LMC and Jackson, Cockfield, and
Cook Mountain in Upper tertiary. The Paleocene layer is situated below LMC and contains the
Wilcox and Midway groups. Above the bedrock is the Cretaceous layer. This layer consists of
McNairy sand layer, the Demopolis Formation, and the Coffee Formation (Van Arsdale et al.
2000). The bedrock in Mississippi Embayment is Knox Dolomite from Paleozoic era (Cushing
et al. 1964).
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Figure 1. Location of HVSR measurement sites in the Mississippi Embayment along with the
seismic stations and boreholes from Ryling (1960) used in this study.
3.0 Testing Methodology and Data Processing
For this study, HVSR measurements were made at 20 sites throughout the Arkansas portion
of the Mississippi Embayment. Measurements at 15 of these sites were completed as part of a
larger project to characterize the Vs structure of the Arkansas portion of the Mississippi
6

Embayment using active and passive surface wave methods (Wood et al., 2018). These 15 sites
are shown as NEA sites in Figure 1. HVSR measurements were made at six additional sites in
the Lowlands as shown in Figure 1. These additional sites were collected to fill in data gaps in
the western portion of the embayment. In addition, HVSR analysis were made using seismic
station data (Incorporated Research Institutions for Seismology). Data from the EPRM, CHRM,
MCIL, and CBMO seismic stations were selected for this study. In Table 1, the location and
bedrock depth, determined from the Central US Velocity Model (CUSVM) developed by
Ramirez et al (Ramírez‐Guzmán et al., 2012), are listed for each site.
Table 1 Site locations and Bedrock depth (Ramirez et al., 2012).
Site
Type

NEA Site

Bedrock
Depth(m)

Name

Latitude

Longitude

McDougal

36.398583

-90.388175

252

Fontaine

36.017175

-90.799475

291

Amagon

35.567572

-91.155928

326

Marmaduke

36.118611

-90.313083

492

Bay

35.761622

-90.594256

587

Monette

35.885581

-90.335186

677

Harrisburg

35.565781

-90.730197

701

Manila

35.852500

-90.147089

813

Marked Tree

35.520050

-90.435811

853

Wynne

35.188317

-90.789519

853

Athelstan

35.704214

-90.217497

858

Palestine

34.986725

-90.911181

958

Earle

35.258642

-90.422603

1018

Greasy Corner

35.015908

-90.403436

1069

Aubrey

34.711003

-90.943864

1114
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Table 1 (Cont.)
Site
Type

AS

Seismic
Station

Name

Latitude

Longitude

Bedrock Depth(m)

AS 1

35.561

-91.07799

392

AS 2

35.56388

-91.20834

392

AS 3

35.57840000

-91.234630

253

AS 4

35.61482

-91.31445

171

AS 5

35.61861

-91.39546000

112

AS 6

35.725917

-91.627005

40

EPRM

36.717

-89.358

454

CHRM

36.852567

-89.362014

304

MCIL

37.298775

-89.499895

20

CBMO

37.30363

-89.52365

20

3.1 Testing Methodology:
Ambient vibrations were recorded at each measurement site using three component
Nanometrics Trillium Compact Broadband Seismometers. These seismometers have a flat
frequency response from 0.05 Hz to 100 Hz and a tilt tolerance of 10 degrees. HVSR data at the
NEA sites were collected as part of microtremor array measurements made at site where 10
seismometers were used to form circular arrays with diameters between 50-1000 m in diameter.
HVSR data was collected for approximately five hours at each site between the different array
setups. The seismometers were installed in 15 centimeter diameter and 15 – 30 centimeter deep
holes to reduce uncorrelated noise. Each seismometer was recorded using a Centaur Digitizer
with a sampling rate of 100 Hz. For the additional sites in this study, two seismometers were
used ambient vibrations for approximately 30 mins at each location.
In addition to the HVSR measurements, active source Multi-Channel Analysis of Surface
Wave (MASW), circular and L-array Microtremor Array Measurement (MAM) were also carried
8

out to generate Vs profiles at the site. Details regarding these measurements and further details
regarding the HVSR measurements can be found in Wood et al., (2018) and Deschenes et al.,
(2019).
3.2 HVSR Processing:
The time domain data of each component and sensor were divided into 180 second windows.
Depending on the recording length, 10 – 100 windows were selected to transform the time
domain data to the frequency domain using the Fourier transformation. Fourier spectra were
smoothed using Konno & Ohmachi (1998) smoothing filter, with the parameter b set equal to 40.
The geometric mean of the horizontal amplitude spectra were used. HVSR curve for each
window was produced from the ratio of the final horizontal spectrum to vertical spectrum. The
results from all windows were used to produce an average peak. If the HVSR peaks were
consistent between all sensors, the peaks were combined to provide a single HVSR peak with
associated standard deviation for each site. Geopsy software package was used for the HVSR
calculations. SESAME guidelines were followed for selecting the peaks and overall HVSR
processing. Details of the HVSR peak selection and processing guidelines could be found in
SESAME 2004.
4.0 HVSR Results
HVSR results from 15 NEA sites are shown in Figure 2. The sites in this figure are
sequentially organized from (a) through (o) with increasing bedrock depth. The shallowest
bedrock depth is 252 m for McDougal site and the deepest bedrock depth is 1114 m for Aubrey
site (Ramírez‐Guzmán et al. 2012). The HVSR results show that the fundamental frequency (f0)
decreases with increase of bedrock depth (Scherbaum et al., 2003, Arai and Tokimatsu 2005).
Maximum f0 is 0.616 Hz for the shallowest site McDougal and the minimum f0 is 0.186 Hz for
9

the deepest site Aubrey. Theoretical transfer function for vertically propagating, horizontally
polarized shear waves (TF) are calculated for each site using the shear wave profile from Wood
et al., 2018. The TFs are calculated using MATLAB codes (Teague et al., 2018). These TFs
are shown together with the HVSR curves for each site in Figure 2. For all 15 sites, the
fundamental frequency peak of the HVSR matches well (between 1-14% differences) with the
TF first peak (Wood et al., 2018).
For 13 of the NEA sites, a second peak can be observed in the HVSR curve. However, the
TF second peak only corresponds well with the HVSR second peak at three sites (Marmaduke,
Earle and Greasy Corner). The fundamental and second HVSR peak frequencies for the 15 sites
are shown in Figure 3 as a function of sediment thickness. In addition, the ratio of the second
peak frequency to the fundamental peak frequency, f1/f0 are plotted with their corresponding
sediment thicknesses in Figure 3. For the 13 sites with HVSR second peaks, the ratio of f1/f0 is
approximately 3 (the odd harmonic of the first mode of vibration) for only three of the sites. The
majority of the sites have ratios greater than 3.5-4.0 with a minimum value of 2.7 and maximum
value of 5.21 for Aubrey and Amagon, respectively. This suggests that the HVSR second peak is
not an odd harmonic of the fundamental peak, but a function of a shallower impedance contrast
as is true at many other basins.
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Figure 2: HVSR curve for the 15 NEA sites in the study compared with the theoretical shear
wave transfer function. The associated peaks are highlighted.
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Figure 3: HVSR fundamental and second peak frequencies for the 13 NEA sites with second
peaks (Blue hollow are fundamental peak and blue filled points are second peak frequencies).
The ratio of the second peak frequency to the first peak frequency is also shown on the right axis.
To understand the prevalence of the second HVSR peak spatially across the Mississippi
Embayment, borehole logs and cross sections are presented from Ryling 1960 in Figure 4. A
total of 21 boreholes from Oran, Missouri to Jennette, Arkansas in north-south direction (Figure
4a) and Gosnell, Arkansas to Jonesboro, Arkansas in east-west direction (Figure 4b) are shown.
Locations of the boreholes are shown in Figure 1. The LMC (Memphis sand) depth from the
CUSVM are also added to the cross sections (shown as CUSVM LMC) in Figure 4. The
northern most borehole A1 in Figure 4 (a) indicates no Claiborne group exist this far north,
whereas A2 through A14 show the existence of the Claiborne group. The Claiborne group is
shown to exist in boreholes B1 through B7 and ends somewhere west of B1. In conglomeration,
Figure 4 shows that the Claiborne group along with the Memphis sand becomes shallower
moving northwards and westwards to the embayment boundary and diminishes gradually.

12

The Memphis sand layer (part of the Claiborne Group) has been established as strong
impedance contrast at shallow depth within the Mississippi Embayment (Rosenblad et al., 2010,
Gomberg et al., 2003, Williams et al., 2003). From Ryling 1960 (Figure 4), the approximate
locations where the Claiborne group exists within the Embayment have been identified. The
general trend of Claiborne group is that, it gradually becomes shallower moving towards the
north and the west boundary of the Mississippi embayment and expires at some point. To
observe the change of HVSR peaks moving northwards, HVSR analysis was carried out on data
from four seismic stations (EPRM, CHRM, CBMO, and MCIL). The location of these stations
are shown in Figure 1. Figure 5 (a) through 5 (d) shows the HVSR results of EPRM, CHRM,
CBMO, and MCIL, respectively. Seismic stations within the embayment, EPRM and CHRM
have multiple HVSR peaks and the first peaks are around 0.38 Hz and 0.51 Hz, respectively with
the second peaks at 0.89 Hz and 1.48 Hz, respectively. This results in a ratio of 2.34 and 2.9
(both <3) between f1/f0 respectively for EPRM and CHRM. EPRM and CHRM are to the east of
borehole A2, which contains Claiborne group. Stations outside of the embayment are CBMO
and MCIL, where CBMO shows a small second peak and MCIL has only the fundamental peak.
Both CBMO and MCIL are to the north of A1, which doesn’t contain any Claiborne group as the
Claiborne group disappears somewhere between A2 and A1. Fundamental peaks for CBMO and
MCIL are around 3.43 Hz and 2.3 Hz, respectively. The HVSR results from four seismic
stations near the northern boundary of the embayment show that the HVSR second peak
diminished gradually moving northward. Sites AS1 through AS5 are near the western boundary
of the Mississippi embayment (Figure 1). HVSR results from these sites show the gradual
change of the peaks in the HVSR when moving westward (in Figure 6). AS1 and AS2 show two
peaks, where the second peak of AS1 is not very prominent.
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Figure 4. Himel, et al. (separate pdf file attached for clarity)

Figure 4. Himel, et al.

Figure 4: Generalized geologic cross section of the Mississippi embayment from boreholes
originally presented in Ryling (1960): (a) North-South cross section for boreholes A1 – A14 and
(b) East-West cross section for boreholes B1 – B7.
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Fundamental peak of AS1 and AS2 are 0.36 Hz and 0.53 Hz, respectively. The f1/f0 ratio for
AS1 and AS2 are respectively 2.78 and 3.36. AS3, AS4, and AS5 sites have only fundamental
peaks at 0.39 Hz, 1.12 Hz, and 2.24 Hz, respectively. Thus, it could be inferred that the HVSR
second peak in the Mississippi embayment exists where shallow impedance contrast from
Memphis sand layer is present and disappears with the disappearance of the Memphis sand layer.

Figure 5: HVSR result of seismic stations EPRM, CHRM, CBMO, and MCIL.
15

Figure 6: HVSR results of the Additional Sites along the western edge of the Mississippi
Embayment.
Table 2 shows the second peak frequency and fundamental frequency along with the f1/f0
ratio for the 17 sites with HVSR second peak. The average of f1/f0 ratio of the 17 sites is found to
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be 3.5 Hz with a sample standard deviation of 0.733 Hz. A hypothesis test on the population
mean of f1/f0 was carried out, where
Null hypothesis, H0: Population mean of f1/f0, 𝝁 = 3.0
Alternative hypothesis, H1: Population mean of f1/f0, 𝜇 ≠ 3.0
Now using the equation,

𝑡=

𝑥̅ −𝜇
𝑠
⁄ 𝑛
√

Where, t=test statistics, 𝑥̅ =sample mean, 𝜇 =population mean, 𝑠 =sample standard
deviation, 𝑛 =number of samples. The test statistics, t was found to be 2.81, which is greater
than the critical value of a two tailed t distribution at 5% level of significance, tc=2.120. Thus,
the null hypothesis is rejected that the population mean is equal to 3.
Applying Students t test on the f1/f0 ratio, the lower and upper bound for population mean of
f1/f0 are found to be 3.124 Hz and 3.876 Hz, respectively at 95% confidence interval. This
indicates that there is 95% certainty that the population mean of f1/f0 will be between 3.124 Hz
and 3.876 Hz, indicating the ratios of the peaks is not three and likely not the result of odd
harmonics.
Table 2 Second peak frequency and fundamental frequency along with their ratio, for the sites
with HVSR second peak.
Site Type

NEA Sites

Name

f0 (Hz)

f1 (Hz)

f1/f0

Amagon

0.413

2.154

5.22

Marmaduke

0.312

0.933

2.99

Bay

0.272

1.072

3.94

Monette

0.271

1.077

3.97

Harrisburg

0.26

0.977

3.76

Manila

0.247

0.85

3.44

Marked Tree

0.238

1.024

4.30
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Table 2 (Cont.)
Site Type

AS

Seismic Station

Name

f0 (Hz)

f1 (Hz)

f1/f0

Athelstan

0.238

0.739

3.11

Wynne

0.225

0.933

4.15

Palestine

0.218

0.928

4.26

Earle

0.211

0.643

3.05

Greasy Corner

0.207

0.559

2.70

Aubrey

0.186

0.617

3.32

AS1

0.36

1.001

2.78

AS2

0.53

1.78

3.36

EPRM

0.38

0.89

2.34

CHRM

0.51

1.48

2.90

5.0 Inversion Results at Manila, AR
The Manila site is located in the Mississippi County, Arkansas, which is geologically situated
in the lowlands. As per Dart 1995, the depth to bedrock for Manila is around 750 m, whereas the
CUSVM indicates a depth of 813 m (Ramírez‐Guzmán et al., 2012). The Memphis sand depth
at this site is at 83 m and around 200 m as per CUSVM and Ryling 1960, respectively. For shear
wave velocity profiling at this site, a combination of active source multi-channel analysis of
surface wave (MASW), passive source Microtremor array measurements (MAM) and horizontal
to vertical spectral ratio (HVSR) measurements were carried out. The active source MASW was
carried out using 24, 4.5 Hz geophone with 2 m spacing using both vertical (Rayleigh) and
horizontal (Love) geophones. A 4.5 kg hammer was used for the vertical and horizontal impact
to generate Rayleigh and Love wave, respectively. For ensuring high quality data and
minimizing near field effects, source offset of 5 m, 10 m, 20 m, and 40 m were used from the
first geophone of the array. At each source offset location, 10 vertical/horizontal impacts were
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stacked to increase the signal to noise ratio. MAM measurements were made using circular
arrays of 50 m, 200 m, and 500 m diameter. Three component Nanometrics Trillium Compact
20 s broadband seismometers were used. In each array, one seismometer was placed at the
center of the array and nine uniformly distributed around the circumference. Ambient noise was
recorded for one hour for the 50 m and 200 m diameter arrays and for two hours for the 500 m
diameter array.
The Rayleigh and Love wave MASW data were processed using the multiple-source offset
technique combined with the Frequency Domain Beamformer (FDBF) method (Zywicki et al.,
1999, Cox et al., 2011). Rayleigh wave dispersion data from vertical component of ambient
noise, recorded from the circular arrays were processed using the High-Resolution Frequency
Wavenumber (HRFK) method (Capon 1969) and the Modified Spatial Auto-Correlation
(MSPAC) method (Bettig et al., 2001). Love wave data from MAM were also processed using
the HRFK processing. The individual curves from each method and arrays (MAM) were first
cleared of outlying points. Then a composite dispersion curve was produced combining the
dispersion curves from each method (Park et al., 1999, Foti et al., 2014). This composite
dispersion curve along with the HVSR peak were used to make a joint inversion in the Geopsy
software package Dinver. Details of the dispersion processing could be found in Wood et al.,
2018.
The f0 and f1 HVSR peaks for the Manila site are respectively 0.247 Hz and 0.85 Hz with a
f1/f0 ratio of 3.44 (>3.0). From Ryling 1960, two borehole B5 and B6 are located close to the
Manila site, respectively 2.65 km to the east and 4.2 km to the north-east of Manila. From the
borehole logs, it was estimated that B5 and B6 has the Memphis sand layer starting from 200 m
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and 220 m, respectively. Utilizing this borehole information and CUSVM, a preliminary idea
about Memphis sand depth at the Manila site was estimated to be around 80-200 m.
Figure 7 (a) through (c) illustrates three separate shear wave velocity models for Manila.
The 83 m model, shown in Figure 7 (a) is generated by Wood et al. 2018 by joint inversion of
the dispersion data and HVSR fundamental peak. For this model, layer parameterization was
created using CUSVM (Ramírez‐Guzmán et al. 2012) geologic unit boundaries and a subset of
layers to allow varying layer thickness. Vs, and Vp ranges for the parameterization for each layer
is based on Lin et al., 2014, Romero and Rix 2005, Rosenblad et al., 2010, Ramírez‐Guzmán et
al., 2012, and Woolery et al., 2016. The model shown in Figure 7 (a) demonstrates the potential
Memphis sand layer to start from 83 m, which is coherent with the CUSVM Memphis sand
depth at this location.
To resolve the Memphis sand depth more accurately in the VS profile, two more Vs models
were generated in this paper. For these models, the inversions were carried out in two phases. In
the first phase, instead of the fundamental frequency, the HVSR second peak frequency was used
to constrain the Memphis sand depth. The same parameterization used for the 83 m model was
used down to the predicted Memphis sand depth. Dispersion data along with the HVSR second
peak was inverted. In the second phase, the resulting Vs profile from the first phase was used to
constrain the parameterization down to the Memphis sand depth found in the first phase. The
remainder of the parameters were same as Wood et al., 2018. As the second phase is a full scale
inversion down to the bedrock, the fundamental peak was used along with the dispersion data.
For the 131 m model, the first phase inversion was conducted using the 83 m model
parameterization down to 200 m (preliminary estimation of Memphis sand depth) and using the
HVSR second peak at 0.85 Hz. This resulted in demonstrating the Memphis sand depth around
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130 m. For the phase two inversion, the first phase inversion result was utilized to constrain the
parameterization down to 130 m by narrowing down the shear wave velocity ranges. Rest of the
parameterization was the same as the 83 m model. The fundamental HVSR peak of 0.247 Hz
was used to constrain the bedrock depth. The phase two inversion resulted in the Memphis sand
at 131 m as shown in the Figure 7 (b). A third Vs model was formed following the same
procedure. Only this time, in the first phase inversion, the Memphis sand was forced to be
between 170 - 200 m depth by constraining the Vs range in this depth range. The final result
after the phase two inversion resulted in the Memphis sand layer at a depth of 171 m as shown in
Figure 7 (c). All three models were produced using 2 million neighborhood algorithm solutions.
The 1000 best misfit solutions from the 2 million were selected and shown for each model. The
median Vs profile from the best 1000 misfit profiles were calculated and shown as the thick red
line in corresponding models.
The median Vs profile from each model was used to produce the theoretical dispersion curve
for each corresponding model as shown in Figure 8. Figure 8 (a) shows the theoretical Rayleigh
dispersion curve along with the Rayleigh experimental data. Figure 8 (b) shows the theoretical
Love dispersion curve along with the Love experimental data. Figure 8 (a) demonstrates that the
131 m model and 171 m model fundamental mode starts separating from the 83 m model
fundamental mode around 1.77 Hz. The phase velocity at 1.77 Hz is around 492 m/sec, which
corresponds to a depth of approximately 139 m. The fundamental mode of the 131 m model and
171 m model are almost identical. The minimum misfit for 83 m model, 131 m model, and 171
m model inversion results are respectively 0.79, 0.37, and 0.47. The misfit is a function of the
difference between the theoretical and experimental ellipticity peaks and difference between the
experimental and theoretical dispersion data at each frequency point (Deschenes et al., 2019).
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Figure 7: Median Vs profiles of the 83 m model, 131 m model and 171 m model along with the
1000 Vs best profiles are shown. For each model, the estimated Memphis sand depth is shown
with the thick black line. Reference Vs profiles of Lin et al., 2014 for different soil types are
provided for comparison
The misfit values are dependent on the quality and quantity of dispersion data and the
complexity of the geology (Teague et al., 2017). Along with the quantitative misfits, visual fit
quality was also inspected. The minimum misfit of the 83 m model is highest among all three
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models. This is because the other two models were able to fit better with the experimental data
around 1.77 Hz, which also made these two models stiffer than the 83 m model from around 130
m reflecting the impedance contrast. The inset in Figure 8 (a) shows that the 131 m model and
171 m model are visually fitting better with the experimental data than the 83 m model.

Figure 8: Rayleigh (a) and Love (b) dispersion curves, respectively. Green, red, and blue are for
83 m model, 131 m model, and 171 m model, respectively. Solid line, dotted line and dashed
line are for fundamental mode, first higher mode and second higher mode of theoretical
dispersion curves, respectively. The black dots are experimental dispersion data. The inset in (a)
shows an enhanced image of the fundamental mode dispersion data from 0.5 Hz to 2.5 Hz. The
inset shows the separation of 131 m and 171 m model fundamental from the 83 m fundamental
mode at 1.77 Hz and following the experimental data.
The fundamental mode ellipticity curve and TF for each model was produced from the
median Vs profile of each corresponding model as shown in Figure 9. The experimental HVSR
results of the Manila site along with the ellipticity curve and TF of the 83 m model, 131 m
model, and 171 m are demonstrated in Figure 9 (a) through (c), respectively. The experimental
HVSR second peak is at 0.85 Hz with a standard deviation of 0.15 Hz. Theoretical ellipticity
second peak for 83 m model, 131 m model, and 171 m are respectively 1.23 Hz, 1.12 Hz, and
1.07 Hz, which demonstrates that the difference between the experimental second peak and
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theoretical ellipticity second peak are decreasing gradually with increasing Memphis sand depth.
The resonance frequency from the TF of 83 m model, 131 m model, and 171 m are respectively
0.2333 Hz, 0.2457 Hz, and 0.2436 Hz. The 83 m model, 131 m model, and 171 m model TF
resonance frequency have 5.5%, 0.52%, and 1.39% difference with the HVSR fundamental
frequency.
Between 131 m model and 171 m model, the former has the lowest minimum misfit,
indicating a better fit with the experimental data. The 131 m model was not forced in the first
phase of the inversion to resolve the impedance contrast depth, rather it was allowed to search
for the best fit. The 131 m model demonstrates the lowest difference between its TF resonance
frequency and HVSR fundamental frequency. The approach to generate the 131 m model is
practically more suitable as it only needs a tentative idea of the impedance contrast depth but still
gives a better result considering the shear wave transfer function.
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Figure 9: Shear wave transfer function and theoretical ellipticity curve for each model along with
the Manila HVSR respectively for the 83 m model (a), 131 m model (b), and 171 m model (c).
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6.0 Conclusion:
The horizontal to vertical spectral ratio method was used to estimate the resonance frequency
at 15 sites in North East Arkansas. The HVSR results of thirteen sites showed prominent second
peak in addition to the fundamental HVSR peak. Shear wave transfer functions were compared
for select sites with the HVSR second peaks which indicated poor agreement between the second
HVSR peak and the second peak in the shear transfer function for 10 of the 13 sites with second
HVSR peaks. In addition, the ratio of f1/f0 was shown to be greater than 3 at a majority of the
sites reducing the likelihood that an odd harmonic is causing the second HVSR peak. To relate
the HVSR results with the Mississippi embayment geology, four seismic stations and an
additional five HVSR sites were selected near the northern and western borders of the
embayment. The additional HVSR results showed that the HVSR second peak disappeared
gradually with the gradual diminishing of Memphis sand layer indicating the second HVSR peak
is only present in areas where the Memphis sand exists.
The HVSR second peak was then used along with the fundamental peak and dispersion data
to conduct a joint inversion in two phases for a site in Manila, AR. The two VS models
generated in this procedure demonstrates the Memphis sand depth at 131 m and 171 m provides
a better fit to the experimental data and borehole information than the estimated depth provided
by the CUSVM at 83 meters. This demonstrates the usefulness of including the second HVSR
peak in the joint inversion for sites in the Mississippi Embayment.
Applying the new approach of VS profiling utilizing HVSR second peak for the rest of the
NEA sites could be a topic of the future study as the experimental dispersion data for all fifteen
North East Arkansas sites are available from Wood et al., 2018.
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