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Abstract. For seismic hazard assessment and earthquake
hypocentre localization, detailed shear-wave velocity pro-
files are an important input parameter. Here, we present a
method to construct a shear-wave velocity profiles for a deep
unconsolidated sedimentary layer by using strong teleseis-
mic phases and the ambient noise field. Gas extraction in
the Groningen field, in the northern part of the Netherlands,
is causing low-magnitude, induced seismic events. This re-
gion forms an excellent case study due to the presence of a
permanent borehole network and detailed subsurface knowl-
edge. Instead of conventional horizontal-to-vertical spectral
ratios (H/V ratios) from amplitude spectra, we calculate
power spectral densities and use those as input for H/V cal-
culations. The strong teleseisms provide resonance record-
ings at low frequencies, where the seismic noise field is too
weak to be recorded well with the employed geophones and
accelerometers. The H/V ratios of the ambient noise field
are compared with several forward modelling approaches to
quality check the teleseism-based shear-wave velocity pro-
files. Using the well-constrained depth of the sedimentary
basin, we invert the H/V ratios for velocity profiles. A close
relationship is observed between the H/V spectral ratios
from the ambient noise field, shear-wave resonance frequen-
cies and Rayleigh-wave ellipticity. By processing only five
teleseismic events, we are able to derive shear-wave veloc-
ities for the deeper sedimentary sequence with a 7 % bias
in comparison with the existing detailed velocity model for

the Cenozoic sediments overlying the Groningen gas field.
Furthermore, a relation between resonance frequency and
unconsolidated sediment thickness is derived, to be used in
other areas in the Netherlands, where detailed depth maps are
not available.

1 Introduction

Induced earthquakes in the province of Groningen, the
Netherlands, are caused by reservoir compaction due to ex-
ploitation of the large gas field. Since 2003, the number
of seismic events and the magnitudes has been increasing
(Dost et al., 2017) and subsequently triggered the research
on induced earthquakes and site response in the Netherlands
(Bommer et al., 2017, 2016; Rodriguez-Marek et al., 2017;
Noorlandt et al., 2018; Kruiver et al., 2017). Although the
magnitudes of the earthquakes recorded to date are rela-
tively small (maximum magnitude of 3.6), damage on houses
is significant, amongst others, due to the shallow depth of
the events (approximately 3 km). An extra factor leading to
significant damage of these low-magnitude earthquakes is
the presence of a low-velocity sedimentary cover. A soft-
sedimentary cover has strong effects on seismic wave propa-
gation and these effects have been observed and studied after
multiple occurrences, e.g. after the Mexico City earthquake
in 1985 (Bard et al., 1988) and the Darfield earthquake in

Published by Copernicus Publications on behalf of the European Geosciences Union.



2016

2010 in New Zealand (Bradley, 2012). Since the installa-
tion of a borehole seismic network in Groningen in 2015, a
region-specific ground-motion prediction model has been de-
veloped, including the assessment of the local site effects of
the sedimentary cover on wave propagation (Bommer et al.,
2016, 2017; Rodriguez-Marek et al., 2017; Noorlandt et al.,
2018).

The current shear-wave velocity model by Kruiver et al.
(2017) is an accurate field-scale description for the upper
120 m of the soft-sedimentary layer in the Groningen region.
Shear-wave velocities in the lower part of the unconsolidated
sediments (known as the North Sea Group; NSG) are based
on single V,/V; ratios derived from only two well logs. This
causes large uncertainties in the lateral variation of the ve-
locities in the lower part of the sedimentary cover, stretch-
ing to about 800 m depth. Specifically at the borehole seis-
mic stations, detailed shear-wave velocities are known for
the upper 200 m (Hofman et al., 2017). We aim to update the
shear-wave velocities for the sedimentary cover below 200 m
(Lower NSG) at each borehole station, e.g., to act as input
velocity model for hypocentre localization.

Seismic properties of the subsurface can be estimated,
amongst others, by the use of the ambient noise field (mi-
crotremors). Many experiments established that the H/V
spectral ratio (the ratio between the amplitude spectra of
the horizontal and vertical components of a seismic record-
ing) shows a correlation with the fundamental resonance
frequency of the recording site (Arai and Tokimatsu, 2005;
Bonnefoy-Claudet et al., 2006a; Fih et al., 2001; Lermo and
Chavez-Garcia, 1993; Nakamura, 1989, 2019; Scherbaum
et al., 2003; Parolai et al., 2002). More recently, teleseismic
phases have also been used to study the resonance of deep
sedimentary basins (Nishitsuji et al., 2014; Ruigrok et al.,
2012). When a strong interface between bedrock and soft
sediments is present, the peak in the H/V curve is closely
related to the shear-wave resonance frequency for that site.
Based on the knowledge of the fundamental resonance fre-
quency and layer thickness, one can determine constraints
on the shear-wave velocity structure (Arai and Tokimatsu,
2004; Fih et al., 2003; Parolai et al., 2002; Scherbaum et al.,
2003; Tsai and Housner, 1970). Zhu et al. (2020) presented
an overview of the uncertainties of using Fourier amplitude
spectra or response spectra and the identification of the fun-
damental resonance frequency.

H/V spectral ratios can be calculated from seismic events,
teleseismic phases or from the ambient seismic noise field.
As a result of almost 4 years of deployment of the Gronin-
gen network, abundant ambient noise data and teleseismic
event recordings are available and are analysed for estimat-
ing shear-wave velocities. In Groningen, the ambient noise
field contains a frequency- and time-dependent mixture of
body and surface waves. This makes it doubtful whether
the estimated H/V ratios need to be interpreted in terms
of surface-wave ellipticities (Malischewsky and Scherbaum,
2004), body-wave resonances (Nakamura, 1989, 2019) or a
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mixture of wave types (Sdnchez-Sesma et al., 2011; Lunedei
and Malischewsky, 2015; Spica et al., 2018a).

In this paper, we apply the H/V methodology to estimate
average shear-wave velocities of the soft Cenozoic sedimen-
tary cover in Groningen, called the NSG, down to depths
around 800 to 1000 m. However, instead of calculating the
H/V from amplitude spectra, as suggested by Zhu et al.
(2020), we demonstrate how we obtain stable H/V spec-
tral ratios by first calculating power spectral density (PSD)
curves (McNamara and Buland, 2004) from each compo-
nent of the recorded data before we apply the H/V division.
We start off with using teleseismic body-wave phases, for
which the interpretation in terms of body-wave resonances is
straightforward. Subsequently, we compute H/V ratios from
the ambient noise field, composed of surface waves or a mix-
ture of wave types, and compare them with modelling and
the pure body-wave results to obtain more insights on the
composition of the noise field. Moreover, we use the rich
Groningen data set to derive a function between resonance
frequency and overall sediment thickness, to be used in set-
tings with a similar sedimentary cover, but where basin depth
is poorly known.

2 Geological setting

The area of interest is the northeast of the province of Gronin-
gen, with a flat topography, close to mean sea level and a
water table almost up to the surface. The sedimentary cover
of interest is formed by the Cenozoic soft sediments, named
the NSG, including the Upper, Middle and Lower North Sea
groups (Fig. 1) (Vos, 2015). The top of the underlying Upper
Cretaceous limestones (Chalk Group) is defined as a refer-
ence horizon in previous site response studies (Rodriguez-
Marek et al., 2017) and recent seismic hazard models (Bom-
mer et al., 2017; Kruiver et al., 2017).

The North Sea Group has an average thicknesses of about
800 m, with local variations in depth due to underlying salt
diapirs and basin deepening towards the north. Paleogene and
Neogene sediments mostly consist of transgressive marine
clays alternated with continental siliciclastic sediments. At
around 500-600 m depth, a high-velocity layer (Brussel Sand
Member) of compacted sands is deposited during a phase
of regression and subsequently partly eroded. Marine delta
slope deposits consisting of clays and sands dominate the up-
per part of the North Sea Group, unconformably overlain by
Quaternary glacial deposits (Wong et al., 2007). The Pleis-
tocene sedimentary sequence is characterized by fluvial, ae-
olian, glacial and marine deposits that are crosscut by deep
(down to 200 m) glacial tunnel valleys which are filled with
sand and compacted clays, named the Peelo Formation. Very
soft Holocene tidal channel sands, marine clays and peat
form the upper 10-20 m of the Groningen subsurface (Mei-
jles, 2015; Wong et al., 2007).
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Figure 1. Schematic cross section of the North Sea Group (NSG) based on formation depths from https://www.dinoloket.nl/ (last access:
January 2020) and stratigraphic charts (Wong et al., 2007). The formations of the Lower NSG have blue colours, formations of the Middle
NSG are in green, and Quaternary formations of the Upper NSG are in orange/yellow. From the different members in the Lower NSG, only
the Brussel Sand Member is included due to its importance for this study.

3 Existing velocity models

Kruiver et al. (2017) have built an integrated shear-wave ve-
locity model for the Groningen area from the surface to the
base of NSG. In this 3-D velocity model, large amounts of
geological, geotechnical and geophysical observations are
merged. Due to the rich data availability for the upper 40 m,
the model is very detailed in this depth range (Noorlandt
et al., 2018). At depths of 40-120m, less detail is available
as the velocity model is constrained through inversion of sur-
face waves (recorded as noise) from reflection seismic sur-
veys. Shear-wave velocities in the deepest part are derived
from a pre-existing compressional-wave velocity model from
reflection seismics and the conversion ratio is based on two
borehole sonic logs (Zeerijp and Borgsweer). We refer to
this velocity model as the Deltares-NAM model. Mainly for
the deeper section of the NSG, the uncertainties are high
for the shear-wave velocities since they are derived from
a single Vp/V; ratio. Compressional-wave velocities show
lateral heterogeneity. A conversion to shear-wave velocities
away from the wells where the V,/V; ratios were determined
leads to errors. For accurate localization of the earthquakes,
a shear-wave velocity profile for the Lower NSG for each
station site is required.

Hofman et al. (2017) derived vertical seismic velocity pro-
files for both P and S waves for nearly all stations in the
Groningen network, using seismic interferometry applied to
local event data. Their method estimated velocities within
four intervals from 0 to 200 m depth. These velocity mod-
els are in general in good agreement with the Deltares-NAM
model, as is shown in Noorlandt et al. (2018). Our study ben-
efits from this detailed shallow velocity structure for the up-
per 200 m of the North Sea Group, which we use to construct
the velocity profiles at each of the seismic stations.

https://doi.org/10.5194/se-11-2015-2020

Spica et al. (2018) presented a comparison between the
model from Kruiver et al. (2017) and velocities derived from
the H/V spectral ratio for the upper 200 m from 10 bore-
hole stations in the Groningen network. Inversions of the
H/V spectral ratios based on the diffuse field assumption
(Sanchez-Sesma et al., 2011) are developed to gather con-
straints on the shear-wave velocities. Subsequently, Spica
et al. (2018b) assessed the velocity structure at 415 sites for
a temporarily deployed dense surface array, covering only
a small part of the Groningen gas field, through joint in-
version of multimode Love- and Rayleigh-wave dispersion
curves and H/V spectral ratios. From this similar dense ar-
ray, Chmiel et al. (2019) obtained shear-wave velocity mod-
els by using depth inversions of surface waves from ambi-
ent noise. They were able to derive velocities up to the base
NSG by adding depth constraints to overcome weak sensi-
tivities of surface waves at these depths. In summary, several
high-resolution shear-wave velocity profiles across different
scales became available over the last years for the Gronin-
gen area. Our findings complement available information on
in situ velocity measurements at each seismic station in the
Groningen network.

4 Data set

To conduct the present study, the Royal Netherlands Meteo-
rological Institute (KNMI) shallow borehole network (fur-
ther referred to as the G-network) was chosen, which has
both borehole and surface seismographs. The G-network in-
stalled on top of the Groningen gas field consists of 69 sta-
tions (Dost et al., 2017) and Fig. 2 shows the distribution of
the seismic stations in Groningen. Each station is equipped
with three-component, 4.5 Hz seismometers at 50 m depth
intervals (50, 100, 150, 200m) and an accelerometer at
the surface. The stations have been continuously recording
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Figure 2. Map view of the Groningen area. The triangles represent the surface location of the stations of the G-network. Each station
contains an accelerometer at the surface (square) and four geophones at 50 m depth intervals (inverted triangles). Coordinates are shown
within the Dutch National Triangulation Grid (Rijksdriehoekstelsel or RD) and lat/long coordinates in the corners for international refer-
encing. Background map: © OpenStreetMap contributors, CC-BY-SA, https://www.openstreetmap.org/#map=6/51.330/10.453 (last access:

October 2019).

Table 1. List of teleseismic events used for this study. The epicentral distance and back azimuth are calculated for reference station G24.

Event Magnitude  Origin Origin Epicentral ~ Back azimuth

date time (UTC)  distance (km) ©)
Mexico (Chiapas) 8.1 8 September 2017 04:49:21 9356 287.4
Alaska (Kodiak) 7.9 23 January 2018 09:31:42 7663 345.9
Venezuela (Sucre) 7.3 21 August 2018 21:31:44 7718 260.2
Peru 8.0 1 March 2019 08:50:44 10008 260.2
Southern California 7.1 6 July 2019 03:19:58 8762 317.0

since 2015 and the data are available via the data portal of
Royal Netherlands Meteorological Institute (KNMI, 1993).
We use a large three-component data set of ambient noise
and five strong teleseismic events (Table 1) measured by the
G-network. Several strong teleseismic events are required to
obtain an estimate of the H/V ratios and the standard devia-
tion thereof. We refer to “station” for the entire string with
one accelerometer and four geophones and refer to “seis-
mometer” for a single sensor measurement at a certain depth.
For calibration purposes, we use one broadband seismometer
which is nearly co-located with one of the geophones.

Solid Earth, 11, 2015-2030, 2020

5 Velocity profiles from teleseismic phases

Multiple strong (M > 7.0) global teleseismic phases are
recorded within the G-network. Incoming body waves res-
onate between the free surface and the large impedance
contrast between the soft-sediment layer and the seismic
bedrock, resulting in amplification of both vertical and hori-
zontal seismic motions. We assume that teleseismic S phases
are transmitted into the NSG with angles smaller than 5° with
vertical.

The size of the underlying impedance contrast determines
how strongly the waves are reflected and thus how much of
the wave energy is trapped. The interference of multiple re-
verberations within the soft layer leads to a resonance pattern
in which certain frequencies are amplified and others inter-
fere destructively.

https://doi.org/10.5194/se-11-2015-2020
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Figure 3. Comparison of the Mexico M8.1 event (Table 1) recorded on (a) a soft-sediment site in Groningen (seismometer G300, epicentral
distance 9359 km) and (b) at a hard-rock site (seismometer HGN, epicentral distance 9378 km) in the south of the Netherlands. R is the
radial, T is the transverse, and Z is the vertical component of the seismometer. In panel (a), the red ticks indicate the 1000 s window. The
direct P wave arrives at 750 s on the Z component, while the direct S wave arrives on the R and T components at 1400 s.

From five teleseismic arrivals, 1000s time windows are
taken, starting just prior the S-phase onset. The direct
S phase, the later coda and the subsequent weaker shear-wave
phases are included in this window. Figure 3 shows a seismo-
gram for the Mexico M8.1 event for a soft-sedimentary site
in Groningen and a hard-rock site in the south of the Nether-
lands. Both stations have a comparable distance to the event
(9359 vs. 9378 km). A time window around the P phase and
S phase is shown. Their amplitude is larger in Fig. 3a than in
Fig. 3b mainly due to amplification over the soft sediments.
Also, the basin setting for Fig. 3a leads to stronger coda. The
response is band-pass filtered between 0.03 and 2 Hz. This
is a low-frequency band for the equipped geophones and ac-
celerometers. The lower part of this band, from 0.03 to about
0.2 Hz, is indeed most of the time dominated by instrumen-
tal noise. Strong teleseismic arrivals, however, are still well
recorded down to 0.03 Hz. Their amplitudes are up to a factor
of 1000 higher than the microseism. Events with magnitudes
above 7.0 and with distances up to 90° produce S phases with
sufficient energy to compute H/V curves that contain reso-
nances of the entire sedimentary sequence.

5.1 Identification of resonance frequencies using
teleseismic phases

Conventional H/V curves are computed based on Fourier
amplitude spectra (FAS; e.g. SESAME Project, 2004) or re-
sponse spectra (Zhu et al., 2020). Here, we estimate H/V
curves from PSDs. We obtain the PSD by first estimating the
FAS that we use in Eq. 1, which is the absolute value of the
discrete Fourier transform: | F'|. Computing the PSD amounts
to

2
, At

PSD = 2|F|2—,
T

ey
where At is the sample duration and 7 the duration of the
time window that was used to compute the FAS. The factor
of 2 only needs to be applied when merely positive frequen-
cies are used. The PSD is a frequency-normalized version of
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the power spectrum, which makes the spectrum less sensi-
tive to input data duration 7 (Havskov and Alguacil, 2004).
Our main reason to start off with PSDs instead of FAS is that
PSDs are already routinely computed for data inspection and
quality checking purposes (McNamara and Buland, 2004).
In the computation of PSDs, we follow the recipe of Peter-
son (1993) which results in well-averaged spectra, which is
elementary for usage in H/V computation. A large differ-
ence with typical PSD computations is that we do not apply
any smoothing. From a 1000 s window, starting just prior to
the S-phase arrival (Fig. 3), PSDs are computed using time
windows of 102.4s with a 75 % overlap (Peterson, 1993).
The two horizontal components are averaged by vector sum-
mation and subsequently the horizontal-to-vertical ratio is
taken from the PSDs, resulting in the body-wave H/V ratio
(HVBW):

/PSDg +PSDy
J/PSD, ’

where the subscripts E, N and Z denote the east, north and
vertical components, respectively. When substituting Eq. (1)
into the above equation, one finds that the PSD-based HVBW
is consistent with a FAS-based H/V computation:

HVBW = )

|FEI>+|Fn|?

HVBW = ,
|FzZ|

3)
in which the FAS of both horizontal components is combined
through vector summation. No smoothing is applied since
smoothing will affect the picking of the exact fundamen-
tal resonance peak. For sites with multiple significant peaks,
smoothing could result in a shift to higher frequencies and
a bias in identification of the fundamental resonance peak
(Zhu et al., 2020). Albarello and Lunedei (2013) present sev-
eral alternative procedures to average the horizontal compo-
nents for computing ambient noise H/V ratios and conclude
that vector summation is the most physically logic averag-
ing method; therefore, this averaging procedure has been ap-
plied to the two horizontal-component PSDs. Nevertheless,
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Figure 4. (a) Velocity profile from the Deltares-NAM model at station G24. The top 800 m is made up of the NSG with much lower Vg
than the underlying Chalk Group. The coloured triangles denote instrumented depth levels, corresponding to the colours of the lines in (b).
The red star indicates the depth of the synthetic source. (b) Forward-modelled amplitude spectra (coloured lines) for a vertically incident
shear wave, recorded at the five different depth levels. Both the fundamental mode and first higher mode of the entire sedimentary column
can be seen. Also, waves resonate between the free surface and the high-velocity layer at 450 m depth (Brussel Sand Member). The resulting
fundamental mode interferes with the first higher mode of the entire NSG and results in the elevated peak just below 0.5 Hz.

we tested the different methods and found no difference in
resulting peak frequencies for our data set, but biases may
arise between the different averaging methods when evaluat-
ing the amplitude of the H/V peak (Albarello and Lunedei,
2013).

A synthetic test shows that the borehole seismometers
across different depths measure the same fundamental res-
onance (fp) of the entire soft-sedimentary column. An ex-
ample is shown in Fig. 4 for the Deltares-NAM model at sta-
tion G24. The H/V amplitude at fi = 0.18 Hz does vary over
the different depth levels. The instruments at depth experi-
ence notches due to interference of upward- and downward-
propagating waves. For larger depths, the notches shift to
lower frequencies; in Fig. 4, the first notch for the 200 m
depth instrument can be identified at 0.55 Hz. The interfer-
ence of the notch with fj leads also to a shift in frequency.
Since the frequency perturbation is less than 0.01 Hz, it is de-
cided to calculate the mean HVBW over all depth levels to
better cancel out noise and to obtain a more stable result for
picking fp.

We compute the HVBWs (Eq. 2) for five teleseismic ar-
rivals (Table 1). Figure 5 shows example HVBW curves for
station G24. Note that, though the amplitudes are slightly
different, the frequency of the main peak (fy) is consistent
from event to event. Frequencies above 0.7 Hz are omitted
since the S phase provides insufficient energy above this fre-
quency threshold. By applying the H/V method to teleseis-
mic phases, the source and path effect are largely suppressed

Solid Earth, 11, 2015-2030, 2020

to focus on the site effect. However, this suppression is al-
ways incomplete. Furthermore, we assume vertical incidence
but in reality this is not obtained. These two facts explain
the difference in amplitudes of the resonance peak for each
event, despite the uniform subsurface. Some HVBW curves
show multiple peaks near the fy (Fig. Sa, d), causing a chal-
lenge to distinguish the peak corresponding to the resonance
of the entire North Sea Group. Comparing HVBW curves
from different events helps to pick the peak belonging to
the fundamental resonance frequency, and by averaging over
multiple events, the error in the mean f is minimized.

5.2 Calculating shear-wave velocities

From the HVBW, we interpret the prominent low-frequency
peak at 0.18 Hz as the fundamental shear-wave resonance
frequency (fp) of the complete NSG package. From each
HVBW peak (fj), shear-wave velocities can be calculated
based on (Tsai, 1970), assuming vertically incident body
waves and assuming a known thickness of the resonating
layer d:

“4)

where fj represents the fundamental resonance frequency, Vs
is the (harmonically averaged) shear-wave velocity from sur-
face to the bedrock interface, and d the depth of the base of
the NSG. Since the depth of the NSG is accurately defined

https://doi.org/10.5194/se-11-2015-2020
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Figure 5. HVBWs from five teleseismic events recorded at station G24: (a) Mexico (MS8.1), (b) Alaska (M7.9), (¢) Venezuela (M7.3),
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show the average per event. (f) From the five mean HVBWs (black lines in panels a—e), a second averaging is performed to estimate the final
HVBW for this station. The black line is the calculated mean HVBW over the five event HVBWs (coloured lines). The peak frequency of
the mean HVBW ( fj)) is picked for shear-wave velocity calculations using Eq. (4).

from 3-D reflection seismics in combination with lithos-
tratigraphic marks of hundreds of boreholes (Van Dalfsen
et al., 2006; Kruiver et al., 2017), the shear-wave velocity
is straightforwardly calculated. Per station and for each tele-
seismic event, the velocity is calculated with Eq. (4), and sub-
sequently the five shear-wave velocities are averaged. This
averaged shear-wave velocity for each station is referred to
as VSNSG and is plotted in Fig. 6a. Stations G45 and G52 are
discarded, due to the scattering effect of the underlying salt
domes, the local 1-D assumption is here not valid to calculate
velocities using Eq. (4). After all, shear-wave velocities are
calculated at 63 stations .

Hofman et al. (2017) have constructed detailed shear-wave
velocity profiles of the upper 200 m at G-network stations
(VS200). The teleseismic velocity profiles (VSNSG) give veloci-
ties for the complete NSG. Per station, an estimate of the av-
erage S-wave velocity of the Lower NSG (VSNSL) is obtained

by combining the VSNSG and VS200 estimates using

ZNSL B ZNSG Z200 5
NSL — yNSG = 7/200°

VS VS VS

which corresponds to harmonic de-averaging. This calcula-
tion is done for each station (Fig. 6b), where z¥5C represents
the thickness of the entire NSG and zNSU the thickness of

https://doi.org/10.5194/se-11-2015-2020

the lower part of the NSG. Figure 7 shows four examples of
velocity profiles constructed with this method. The seismic
velocity of the Chalk Group is based on well logs in Zeerijp
and Borgsweer. For each station, these profiles are used as
input for forward modelling (Sect. 7).

For all stations, the standard deviation of the average
VNSG over five teleseismic events is calculated and plotted
in Fig. 8a. This figure shows the variation of the estimated
velocity over the 63 sites. If we leave out the outliers (G58
and G59), we get an average shear-wave velocity and stan-
dard deviation of VG over Groningen of 526 and 31 ms ™!,
respectively. For VSNSL, the average velocity and the stan-
dard deviation are 637 and 59 ms~!, respectively (Fig. 8b).
Higher standard deviations for VSNSL can be explained by the
same error being attributed to only the Lower NSG instead
of the entire NSG.

5.3 Calculating an empirical bedrock—depth function

In the previous section, we took advantage of the well-
constrained depth of the unconsolidated sediments to invert
for shear-wave velocity. In other areas in the Netherlands,
similar sedimentary fills exist, but the depth of the NSG
is less well constrained. Some areas have depth constraints
from deep wells in the area, but much fewer exist than in
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Figure 6. Average shear-wave velocities for the North Sea Group from each station in the Groningen network. Coordinates are plotted in
RD projection. (a) Map of the depth of base North Sea Group (Van Dalfsen et al., 2006) with, in circles, the average shear-wave velocities
for the entire North Sea Group (VSNSG). The solid circle represents discarded station G45 and the dashed circle represents discarded station
G52. (b) Average shear-wave velocities calculated according to Eq. (5) for the lower part of the NSG (VSNSL): from 200 m depth to the base

of the sedimentary cover.
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Figure 7. Final subsurface velocity profiles, respectively, for stations GO7, G14, G30 and G59. The left panel shows the construction of a
merged shear-wave profile: velocity profiles of the upper 200 m (VSZOO, dark grey line) are taken from Hofman et al. (2017); the entire NSG
average velocity (VSNSG, dotted line) is taken from teleseismic phases. VSNSL (light grey line) is calculated from VSZOO and VsNSG (Eq. 5).
The velocity contrast at around 800 m depth is between the base NSG and top Chalk Group.

Groningen. Other areas rely on reflection seismic data and
again other areas have neither of the two. Alternatively to us-
ing Eq. (4) together with an average NSG shear-wave veloc-
ity as found in the previous section, we first use the large data
set available for the Groningen area to establish a frequency—
depth relationship by finding an empirical relation connect-
ing depth d with resonance frequency fo in the form of

d=afy, (©6)

as introduced by Ibs-von Seht and Wohlenberg (1999). In the
particular case of a lossless single-resonating wave assump-
tion, the factors a and b in Eq. (6) correspond to Vi/4 and
—1, respectively (Eq. 4).

Solid Earth, 11, 2015-2030, 2020

Figure 9 shows the fp—depth distribution and least-squares
fit of Eq. (6), yielding as a mean model for the NSG sedi-
ments:

d =206f,"", (7)

and a depth standard deviation of 73 m. Using the mean depth
of the data set (814 m), this corresponds to a standard devia-
tion of 9 %. For comparison, the model that Ibs-von Seht and
Wohlenberg (1999) found in the Aachen area (Germany) is
shown. Clearly, using the latter model would yield a too-deep
sedimentary fill for the Netherlands. Here, we show that the
sedimentary setting in the Netherlands is different from fitted
models around the world, as summarized in Thabet (2019),
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Figure 8. (a) Average shear-wave velocities (black dots) and standard deviation (grey bars) derived from the H/V ratio of five teleseismic

events, sorted by station number for (a) VSNSG and (b) VSNSL.
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Figure 9. The thickness of NSG versus fundamental resonance fre-
quency fq distribution for 63 sites in Groningen (black circles), to-
gether with the least-squares fitted function (orange line) and the
empirical model for the Aachen region (yellow line) as obtained by
Ibs-von Seht and Wohlenberg (1999).

leading to different values for a and b. The marine and clay-
rich sediments of the NSG are of a very young age; therefore,
less compaction has strengthened the material. The newly es-
tablished relationship can be used to estimate the sediment
thickness for the NSG where the geology is similar.

6 Probability density functions of ambient noise H/V
spectral ratios

The majority of studies on H/V spectral ratios are based on
recordings of the ambient noise field. In this section, we es-
timate the H/V spectral ratios using the ambient noise wave
field. Multiple years of ambient noise recordings are avail-
able, and to obtain stable H/V ratios we employ a sequence
of averaging procedures as outlined below. In the next sec-
tion, the obtained results are compared with modelled H/V
spectral ratios. For the H/V modelling, we use the Geopsy

https://doi.org/10.5194/se-11-2015-2020

gpell algorithm for surface waves and the velocity profiles
derived in Sect. 5. This enables us to quality check the H/V
method applied to teleseismic arrivals.

Similar to the teleseismic recordings, power spectral den-
sities (PSDs) are calculated from ambient noise data for all
three components for the 50 m depth seismometers in the G-
network. The 1 d ambient noise records are divided into time
windows, and for each time frame the PSD (Eq. 1) is calcu-
lated, using 75 % overlapping time segments. Each segment
is 2'4 time samples (82's) long. Subsequently, for each day,
an H/V ratio is computed from the PSDs by implementing
Eq. (2). In McNamara and Buland (2004), the probability
density function (PDF) of the PSD is computed. This allows
separating long-term noise conditions from transient events
and time periods with sensor malfunctioning. We follow an
approach similar to the one in McNamara and Buland (2004),
but instead of a PDF of the PSD, we compute a PDF of the
ambient noise H/V ratios. We further refer to this distribu-
tion as PDFs of H/V spectral ratios of the ambient noise
(HVAN). Figure 10 shows examples of the HVAN PDF for
station G39 for multiple recording durations. In a conven-
tional H/V plot, there would be a mean H/V value for each
frequency, or a mean value and a confidence zone, based on
a normally distributed error model. Instead, the PDF shows
the complete digitized H/V probability distribution for each
frequency. From this distribution, the mean, mode, median
and different percentiles can be taken.

Generally, H/V estimations are based on noise measure-
ments of largely varying duration: for less than 1 h (e.g. Fiah
etal.,2001; Scherbaum et al., 2003), a few days (e.g. Ruigrok
et al., 2012) or up to a month (e.g. Parolai et al., 2002). Due
to the permanent deployment of the network in Groningen,
noise has been recorded for almost 3 years. This creates an
excellent opportunity to test what minimum window of noise
data yields a stable H/V curve. Furthermore, by measuring a
long period of noise, the HVAN can be expressed as a PDF
for any desired period for each seismometer in the network.
Figure 10 shows distribution plots of, respectively, 1 week,
1 month and 1 year of the calculated HVAN PDEF. A stable
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Figure 10. Probability density functions (PDFs) from ambient noise horizontal-to-vertical spectral ratios (HVAN) for station G39, 50 m level.
The black line represents the mean. (a) HVAN PDF for 1 week (21-28 March 2017). (b) HVAN PDF for 1 month (1 May-1 June 2017).

(c) HVAN PDF for 1 year (1 February 2017-1 February 2018).

peak around 0.4 Hz is created by at least 1 month of recording
of the ambient noise field. This 1 month is the preferred du-
ration because of manageable data handling instead of a year
of data. Therefore, for all stations at 50 m depth, 1 month of
ambient noise data is used to compute the HVAN PDF. From
this distribution, the mean HVAN is extracted. This HVAN is
likely descriptive of the site, rather than a remnant of source
or path effects.

For the 4.5 Hz seismometers in the G-network, instrument
noise is dominating frequencies below 0.2 Hz, where also the
fundamental mode of the NSG resonance is expected. Due to
large storms across the year, in which the microseism noise
surpasses the instrumental noise, the computed HVAN PDF
for 1 year (Fig. 10c) shows a peak around the fundamental
resonance frequency (0.15Hz) of the NSG. In the case of
an energetic ocean state, the amplitudes in the fundamental
mode are similar to the higher mode peak. However, over the
year, the probability is low and picking the corresponding
peak frequency is unreliable. In August 2018, four broad-
band seismometers were installed in Groningen at 100 m
depth. With these broadband data, we are able to confirm
the recordings of the fundamental mode of the NSG. Fig-
ure 11a shows the HVAN PDF for broadband station G82B
which does have a clearly resolved peak for the fundamental
frequency. Due to the unreliability of the fundamental mode
peak in the G-network geophones and accelerometers, in the
following we focus on the subsequent notch, between 0.3 and
0.4 Hz (Fig. 10).

Triggered by a study by Lontsi et al. (2015), the depth de-
pendency of the H/V curve across a downhole array is evalu-
ated in Fig. 11b. With increasing seismometer depth, a max-
imum shift (0.06 Hz) of the higher-mode peak is observed.
For the surface accelerometer, nearly all ground motion falls
outside its dynamic range, below 0.3 Hz. The instrumental
noise has the same level on all 3 components. As a conse-
quence, the H/V ratio is close to 1 below 0.3 Hz, whereas
the geophones still have a small sensitivity down to 0.2 Hz.
The remaining pattern of the H/V curves in Fig. 11 are con-
sistent with Fig. 3b, where the body-wave H/V amplitude is
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decreasing as function of depth. Here, we use the seismome-
ter at 50 m depth, where anthropogenic noise is consider-
ably less than at the Earth’s surface, and hence a more stable
HVAN can be computed. The software (Geopsy gpell) used
for forward modelling assumes measurements at the surface;
therefore, the 50 m depth station is preferred over the deeper
levels.

7 Surface- and body-wave forward modelling

Commonly, the ambient seismic field is dominated by sur-
face waves (Aki and Richards, 2002; Bonnefoy-Claudet
et al., 2006a,b). Ocean-generated seismic noise (microseism)
is measured on the Groningen seismometers from ~ 0.1 to
1.0Hz. Here, the low-frequency ambient seismic field is
composed of microseisms induced by Atlantic Ocean gravity
waves, while the higher frequencies are mainly induced by
North Sea gravity waves. Both sources have a main prop-
agation direction from the northwest (Spica et al., 2018a;
Kimman et al., 2012). Spica et al. (2018b) discuss the wave
field in Groningen up to 0.6 Hz and conclude that the H/V
peak around 0.15Hz is dominated by Rayleigh waves and
the H/V peak around 0.4 Hz by body waves. Moreover, a
review of Lunedei and Malischewsky (2015) expresses the
view that H/V curves are composed by the whole ambient-
vibration wave field, although not in equally distributed pro-
portions. To better understand the measured H/V curves and
to create a perspective on the composition of the microseis-
mic ambient noise field, we perform both body-wave forward
modelling (shear-wave resonance) and surface-wave forward
modelling (Rayleigh-wave ellipticity).

7.1 Body-wave forward modelling

Body-wave forward modelling is performed using Open-
HVSR, developed by Bignardi et al. (2016). This software
computes theoretical transfer functions of layered soil mod-
els based on the fast recursive algorithm from Tsai (1970).
For the forward model input files, we use the subsurface

https://doi.org/10.5194/se-11-2015-2020
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Figure 11. (a) HVAN PDF for 1 month (1 September—1 October 2018) at broadband station G82B, located within 100 m of G39, with a
depth of 100 m. The broadband HVAN PDF displays a peak for the fundamental mode (around 0.15 Hz) and the secondary peak (around
0.45 Hz) reflects the higher mode for Rayleigh waves or the presence of a second strong impedance contrast. The black line indicates the
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Figure 12. Modelled shear-wave resonance (dashed line),
compressional-wave resonance (dotted line), HVAN (black solid
line) and HVBW (blue solid line) for the 50 m depth seismometer of
station G39. The HVBW is taken as the mean over five teleseismic
phases (Table 1).

shear-wave velocity profiles as described in Sect. 5. To the
five layers over a half-space velocity model, we add also a
five-layer seismic quality factor. Q values of, respectively,
10, 50, 50, 50 and 100 are determined from the borehole sta-
tions. Compressional-wave velocities are derived from exist-
ing velocity models (Van Dalfsen et al., 2006). The body-
wave forward model (Fig. 12) shows modelled shear- and
compressional-wave resonance spectra and is combined with
the HVAN curve and the HVBW from station G39. The fun-
damental frequency for the HVBW has quite a good fit with
the modelled body-wave resonance.

https://doi.org/10.5194/se-11-2015-2020

7.2 Ellipticity forward modelling

Next to body-wave forward modelling, we apply a forward
modelling tool for surface waves (Rayleigh waves) to fur-
ther investigate the wave field composition. Rayleigh waves
exhibit an elliptical particle motion confined to the radial-
vertical plane (Aki and Richards, 2002). Many studies have
shown that the H/V ratio of ambient noise is related to the
amplitude ratio of the radial component of the Rayleigh wave
over its vertical component (Arai and Tokimatsu, 2004; Bard,
1999; Bonnefoy-Claudet et al., 2006a; Konno and Ohmachi,
1998; Lachetl and Bard, 1994; Marano et al., 2012, 2017)
and that the H/V ratio does not depend on the source or the
path of the Rayleigh wave, but it depends only on the struc-
ture beneath the receiving station (Ferreira and Woodhouse,
2007a,b). Rayleigh-wave ellipticity is frequency dependent
in the case of a layered and more complex subsurface. In the
case of a strong impedance contrast of a factor of 2.5-3.0, the
ellipticity curve shows singularities where the energy of the
vertical component vanishes (Wathelet, 2005). In theory, this
results in a singular peak at the fundamental resonance fre-
quency and a singular trough at higher frequency (SESAME
Project, 2004; Malischewsky and Scherbaum, 2004; Malis-
chewsky et al., 2006). In practice, no full singularities are
obtained since the recordings never purely contain Rayleigh
waves.

The acquired subsurface shear-wave velocity profiles
(Sect. 5) based on teleseismic arrivals, are used as input for
Rayleigh-wave forward modelling, using the gpell module in
Geopsy (Wathelet et al., 2008). Velocities from the half space
(Chalk Group) are derived by averaging sonic logs from the
wells of Zeerijp and Borgsweer (Kruiver et al., 2017), which
are assumed to be constant over the area. We perform several
tests to investigate the sensitivity for properties of the refer-
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ence horizon (Malischewsky and Scherbaum, 2004), shear-
and compressional-wave velocity variations, single and mul-
tiple velocity layers over a half space, and the presence of a
high-velocity layer representing the Brussel Sand Member.
These variations are of minor impact on the resulting ellip-
ticity curves.

Since instrument noise dominates in the frequencies below
0.2 Hz, the fundamental peak of the ellipticity curves cannot
be compared to the HVAN of the seismometers in the G-
network. According to Marano et al. (2012), the ellipticity of
the fundamental mode exhibits not only a peak at the funda-
mental resonance frequency (fo) but also a trough at higher
frequencies corresponding to changes in particle motion. In
the HVAN curve, a trough is well expressed and can be linked
to the trough of the ellipticity fundamental mode, while the
first and second higher modes are hidden in the wide peak
around 0.4 Hz and cannot be distinguished as single peaks in
the HVAN (Fig. 13a).

The misfit between the troughs of the fundamental-mode
HVAN and modelled ellipticity is presented in Fig. 13b. The
majority of the stations are within the < 0.03 Hz error range.
The mean misfit is about zero, which indicates that the com-
putation of HVBW and the further extraction of velocity pro-
files (Sect. 5) has not introduced a bias. From the overall
good fit between the HVAN curves and ellipticity troughs of
the fundamental mode, we can conclude that the input sub-
surface shear-wave velocity model is on average consistent
with the measured ellipticity troughs of HVAN.

Hobiger et al. (2009) developed RayDec, a method en-
abling Rayleigh-wave ellipticity to be extracted from the am-
bient noise based on the random decrement technique. We
applied this method and compared the result with the HVAN
curve and modelled ellipticity curves. In RayDec, the signal
of each time window is projected in the direction of domi-
nant polarization. This azimuth depends on the time-varying
and frequency-dependent noise field. Thus, for a successful
application of RayDec, it is necessary to use small time win-
dows and split up the larger-frequency band in different bins.
For site G39, the RayDec curve does show a trough close
to the HVAN minimum (Fig. 13a); therefore, this technique
confirms that this trough can be attributed to Rayleigh-wave
ellipticity.

7.3 Ambient noise field composition

Body-wave (Fig. 12) and surface-wave (Fig. 13) forward
modelling results are compared with HVAN to determine the
ambient wave-field composition. It can be noted that there
is a small offset in peak frequency between the shear-wave
resonance peak for body waves (close to 0.19 Hz) and the
ellipticity peak for surface waves (around 0.2 Hz). With an
impedance contrast around a factor of 2.5-3.0 between the
NSG and the Chalk Group, the offset between the funda-
mental resonance frequency and ellipticity notch is consis-
tent with the observations from Wathelet (2005). The HVAN
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(black line in Fig. 12) shows a large similarity to the HVBW
observed at G39 (blue line) between 0.4 and 1.0 Hz. This in-
dicates that there is a prominent body-wave presence in the
ambient noise, for the investigated frequency range, which
corresponds with findings of Spica et al. (2018a) and Bren-
guier et al. (2020). At the same time, there is a surface-wave
presence, because Fokker and Ruigrok (2019) and Mordret
et al. (2020) retrieved Rayleigh waves in this band, using
noise recordings from the G-network.

The trough between 0.2 and 0.4 Hz on the HVAN curve
is not well developed in the modelled shear-wave resonance
(dashed grey line in Fig. 12). It shows more similarities with
the notch in the ellipticity (blue line in Fig. 13). With Ray-
Dec, it was confirmed that there is indeed a Rayleigh-wave
presence in this frequency band. This observation is sup-
ported by Kimman et al. (2012), who used a broad-band array
in the Groningen area and found well-pickable phase veloc-
ities for Rayleigh waves between 0.2 and 0.4 Hz. Interest-
ingly, a similar ellipticity trough can be seen in the HVAN
curve (Fig. 12). This means that there must also be a (minor)
contribution of Rayleigh waves in the teleseismic phases, in
order to explain a similar notch. Direct Rayleigh waves will
be largely attenuated at 0.3 Hz over teleseismic distances.
Thus, the Rayleigh-wave presence is likely in the coda of
S phases due to conversions in or near the sedimentary se-
quence.

8 Discussion

In this paper, we present a method to establish a shear-wave
velocity profile for the NSG sedimentary layer, based on five
teleseismic events at each station location of the Gronin-
gen borehole network. Subsequently, velocity profiles for
the lower part of the NSG are constructed. These velocity
profiles are used as input for body- and surface-wave for-
ward modelling and compared to the HVAN to determine
the wave-field composition. Moreover, we have validated
the new shear-wave velocity profiles by comparing HVAN
curves to the theoretical Rayleigh-wave ellipticity curves in
the band where Rayleigh waves dominate. On average, there
is a good match between the two. However, locally there are
inconsistencies between the HVAN and HVBW results. In
this section, we make a comparison with the existing velocity
model of Deltares-NAM and discuss uncertainties and limi-
tations of our approach.

The new shear-wave velocity profile for each station loca-
tion is compared with the Deltares-NAM model (Fig. 14),
which is constructed using fixed V,/Vs ratios over the
Groningen area, and thus local lithological variations that af-
fect V; differently than Vj, are not accounted for. By using
direct measurements of teleseismic phases per station, lo-
cal subsurface variations are directly translated into average
shear-wave velocities, which can explain the differences in
velocities between the Deltares-NAM model and our model.
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Figure 14. Histogram of the misfit between the Deltares-NAM ve-
locity model (Kruiver et al., 2017) and the velocity profiles for the
lower part of the North Sea Group (VSNSL) presented in this paper.
A count with a positive misfit corresponds to a station location with
higher velocities in the Deltares-NAM model.

The mean shear-wave velocity difference between the two
models is —48 ms~!. This negative mean difference means
that HVBW derived velocities are in general higher than the
Deltares-NAM velocities. The majority of the stations have
less than 100ms~! difference in shear-wave velocity be-
tween the two models. Stations G58 and G59 represent the
highest misfit in velocities because of the exceptional high
VNSG that we found.

As for most unconsolidated sediments, in Groningen, V;
increases with depth, which results in surface waves showing
their normal dispersive behaviour, meaning that lower fre-
quencies propagate faster. When Eq. (4) is used for finding
the depth of these normally dispersive sediments, Bignardi
(2017) showed that the depth is underestimated. Also we
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found, when modelling the resonance of a complex Gronin-
gen NSG model (Fig. 4), that fj is larger than in the case of a
single layer with the same harmonic average as the sequence
of layers. In the normally dispersive multi-layer case, the part
of the wave field that already reflects before reaching the free
surface interferes with the free surface reflection, leading to
an increase of the combined fj. The shift of fj is small and
highly dependent on the near-surface model that is assumed.
Nevertheless, using Eq. (4), a larger fj results in underesti-
mation of the depth. Similarly, when using Eq. (4) for finding
an average Vi when the depth is known, a larger fj leads to
an overestimation of the velocity. This finding is consistent —
on average — with the overestimation of the velocity that we
obtain with respect to the Deltares-NAM model.

Other assumptions that underlie Eq. (4) are that there are
no losses and vertically incident body waves. Though fy
goes up for a more realistic layering, fo goes down again
when realistic losses are added to the model. Moreover, fo
would further be reduced if a correction was made for the
non-vertical incidence of the teleseismic phases, which were
used for computing the HVBW. Since the exact corrections
are unknown, it is not straightforward to make these correc-
tions. On average, we measure higher shear-wave velocities
than the Deltares-NAM model, and this inconsistency might
imply the dominant effect of multi-layer interference that is
not incorporated in this model.

Finally, it has been assumed that a local 1-D approxima-
tion can be made. The main impedance contrast is the base
of the NSG, which is laterally smoothly varying over the re-
gion. This supports a local 1-D assumption for each individ-
ual borehole station. Two stations at flanks of salt domes have
been excluded from the analysis because of possible 3-D ef-
fects.
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In the near future, the updated Vi model will be tested
for hypocentre localization with the Groningen network. Be-
cause of the above considerations, it is expected that there is
a bias in the absolute values, but that the lateral variations of
Vs are quite well resolved.

We computed probability density functions of the ambient
noise H/V prior to extracting an average. Knowing this H/V
distribution, a tailored averaging procedure can be taken to
obtain a non-biased H/V estimate. For example, to exclude
the influence of outliers, first the 95 % confidence zone of the
H/V distribution can be selected, and subsequently the mean
of this distribution can be taken. In the case of a bi-modal
distribution, one of the distributions is often pertaining to the
actual resonance characteristics of the site, whereas the other
might correspond to the operational hours of a nearby source.
In this paper, we computed the H/V using the microseism.
This is a constant noise source, without near-receiver sources
in the same frequency band. It sufficed to take the arithmetic
mean of the HVAN PDF.

9 Conclusions

In this paper, we have shown how average shear-wave veloc-
ities (VSNSG) of the soft sediments of the North Sea Group
(NSG) can be retrieved from processing five teleseismic
events for almost all stations of the Groningen network in
the Netherlands. Average velocities for the lower part (VSk)
were derived from VSNSG and from detailed velocity profiles
from the upper 200 m. Shear-wave velocities in the Lower
NSG have a mean of 637 ms—!, with local variations in a
range from 465 to 870 ms~!. The shear-wave velocities de-
rived with the teleseismic body-wave horizontal-to-vertical
spectral ratio (HVBW) approximate the velocities in the
Deltares-NAM model and show that this method is suitable
for a first estimate of a shear-wave velocity model for an en-
tire sedimentary sequence. Furthermore, the new model has
the advantage that it is derived from 63 direct site measure-
ments and incorporates local subsurface variations. However,
we are aware of limitations in our approach since we did
not include a detailed layered subsurface model or attenu-
ation and assumed vertical wave incidence. Therefore, the
lateral variation we found is likely close to the actual vari-
ability over the boreholes. However, there could remain a
bias in the absolute numbers. More generally, since many
seismic properties are combined and partly interfering with a
single spectrum, the inversion of H/V curves is highly non-
unique, no matter which underlying assumptions one puts in.
Therefore, its main use is limited to the exploration stage.
Besides, the retrieved H/V curves from a month of ambi-
ent noise recordings were combined with Rayleigh ellipticity
forward models. These forward models were based on shear-
wave velocity profiles constructed from teleseismic phases.
We have shown that the retrieved ellipticity curves from these
input velocities are in good agreement with the horizontal-
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to-vertical spectral ratio of ambient noise (HVAN) curves. In
order to interpret stable resonance peaks, we computed the
H/V ratios from the power spectrum densities, and subse-
quently computed probability density functions of the H/V
ratios. With the permanent deployment of the Groningen net-
work, we were able to select the optimal duration of ambient
noise recordings. We found that 1 month of data is sufficient
to find a stable distribution for the resonance frequencies ob-
served below 1.0 Hz. For better understanding of the ambient
wave-field composition, we performed Rayleigh-wave ellip-
ticity forward modelling and shear-wave resonance forward
modelling. By comparison of the HVAN and HVBW curves
from the real data with the synthetic models, we found the
presence of both body waves and surface waves in the ambi-
ent noise field in the low-frequency range. The method to de-
rive average shear-wave velocities from teleseismic arrivals,
ambient noise or a combination of the two as demonstrated
in this paper is confirmed as a powerful geophysical tool for
exploring shear-wave velocities in a sedimentary layer. We
have shown that strong teleseismic arrivals are useful in ex-
tending the frequency range in which resonance spectra can
be found. Furthermore, we used the accurate mapping of sed-
iment thickness over Groningen, together with the observed
resonance frequencies, to find an empirical relation between
the two. This relation can be used in other areas in the Nether-
lands where detailed depth maps are not available.
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