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Similar to horizontal earthquake motions, vertical motions are ampli!ed depedent on the
local site conditions which can be critical for the safety of certain structures. Production of
natural gas in Groningen, the Netherlands, results in reservoir compaction causing low
magnitude, shallow earthquakes which are recorded with a borehole seismic network.
These recordings form an excellent data set to understand how shallow unconsolidated
subsurface geology in"uences the ampli!cation behaviour of compressional waves
(P-waves). First, we present borehole and single-station techniques (ampli!cation
factors, empirical transfer functions (ETF) and V/H spectral ratio implementations) to
quantify vertical ampli!cation. We show that vertical-wave incidence is a reasonable
assumption. All techniques are capable of emphasising the sites with strong
ampli!cation of vertical ground motion during an earthquake. Subsequently, we
compare ETF with single-station methods with the aim to develop proxies for vertical
site-response using spectral ratios. In a second step, we link vertical site-response with
shallow subsurface conditions, like the P-wave velocity and peat content. To better
understand the ampli!cation mechanisms, we analytically simulate P-wave
propagation. In the simulations, we compute synthetic transfer functions using realistic
subsurface conditions and make a comparison with the ETF. The simulations support the
hypothesis that thin layers of shallow gas, originating from the Holocene peat, result in
wave ampli!cation. We observe strong vertical site-response in particular in the eastern
part of Groningen, with industrial facilities and pipeline infrastructure in the region. Here, if
high vertical ampli!cations are persistent at large earthquake magnitudes, appreciable
levels of vertical loading may be expected. This study demonstrates that vertical motions
should be assessed separately from horizontal motions, given that the ampli!cation
behaviour of P-waves is affected by distinctive mechanisms.
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1 INTRODUCTION

Although the subsurface is subjected to earthquake shaking
simultaneously in the horizontal and vertical directions,
vertical motions have received less attention in ground motion
studies than the horizontal counterpart. Primarily because it is
generally assumed that the margins against gravity-induced static
forces provide adequate resistance to dynamic forces induced by
vertical ground motion. As a result, studies on the characteristics
of vertical ground motion are limited in number, particularly at
sites where the earthquake intensity is low. Many seismic design
codes do not consider the vertical component of motion at all, or
use a single scalar multiplication factor on the horizontal
component of motion.

Newmark et al. (1973) suggest that the effect of the vertical
response amplitude spectrum is typically represented as two-
thirds of the horizontal spectrum. Subsequently, Eurocode 8
(CEN, 2004), propose a maximum vertical acceleration factor
of 0.45, normalised over horizontal acceleration. In Eurocode 8 it
is emphasised that vertical ground motion is not very much
affected by the underlying ground conditions and hence no
correction is made for possible ampli!cation in shallow soils.
However, analyses on multiple strong earthquakes (M! 5) have
proven that vertical ground accelerations can exceed values of 2/3
of horizontal, especially at short periods and in near-source
distance range. Hence, vertical motion should be treated
separately from the horizontal component in ground-motion
studies (Ambraseys and Simpson, 1996; Bommer et al., 2011;
Bozorgnia and Campbell, 2016a,b; Elnashai and Papazoglou,
1997; Yang and Sato, 2000; Yang and Lee, 2007; Yang and
Yan, 2009). In addition, Elgamal and He (2004) analysed
borehole arrays across the world and observed ampli!cation
characteristics for compressional waves as for the shear-waves.
Ampli!cation mostly occurs in the top 20 m of the
unconsolidated sediments but compressional waves have a
different site-dependence. This means that vertical ground
motion cannot be treated as a single-value fraction of
horizontal ground motion but should be assessed independently.

Previously mentioned studies focus on high intensity
earthquakes with a tectonic origin and relatively deep
hypocentres. This paper investigates vertical ground motion
for shallow (3 km), low magnitude (Mmax = 3.6 thus far)
earthquakes in Groningen, in the northeast of the
Netherlands. Over the past decades, the extraction of natural
gas from the Groningen gas !eld has triggered induced seismicity.
Although the maximum magnitude of the local earthquakes is
relatively low, the ground motions form a risk since the existing
buildings and infrastructures are not built to withstand
earthquake shaking. The Groningen shallow subsurface
consists of low-velocity, unconsolidated sediments with strong
site ampli!cation which has been studied in detail for motions in
the horizontal direction (Bommer J. J. et al., 2017; Rodriguez-
Marek et al., 2017; van Ginkel et al., 2019, 2021). So far, it has been
assumed that for these low-magnitude earthquakes, vertical
ground motion is not of enough importance to incorporate
into the ground motion model and in seismic design for
buildings (Bommer J. et al., 2017). Neither have shake table

tests (Kallioras et al., 2020) and building response modeling
(Malomo et al., 2019; Korswagen et al., 2019), applied on
Dutch structures, included vertical motions into their tests.
However, in the Groningen area, the implosive component
and the shallow nucleation depth of the induced seismicity
results in relatively strong compressional waves (P-waves)
(Dost et al., 2020). Moreover, speci!c near-surface geology
could result in strong, and locally varying, P-wave
ampli!cation. Consequently, structures with large horizontal
extent, such as bridges, pipelines or industrial facilities might
suffer from a lateral difference in vertical motion from one end to
the other. This can lead to stress within the structure and
subsequently in failure (Saadeghvariri and Foutch, 1991).

The objective of this study is to qualify, and where possible
quantify, vertical site-response based on local induced earthquake
recordings in 69 borehole sites of the Groningen seismic network.
For this network, we show that the ampli!cation measured on the
vertical component corresponds primarily to P-wave
ampli!cation. Site-effect related to the local geology is
evaluated through an analysis of the spectral characteristics of
both earthquake and ambient noise records. Subsequently, by
comparing several seismic methods, we are able to develop single-
station proxies for vertical site-response. Additionally, we
perform 2D wave propagation simulations, in order to
understand the effect of (sub-wavelength) subsurface
conditions and angle of incidence of the earthquake waves.

2 GEOLOGICAL SETTING

The province of Groningen, in the north-east of the Netherlands
(Figure 2), is experiencing induced earthquakes due to the
exploitation of a large onshore gas !eld. The Rotliegend
sandstone reservoir is located at 3 km depth and is faulted
during the Jurassic to Cretaceous rifting period. Here,
reservoir compaction due to pressure depletion by the
extraction of has reactivated the existing normal fault system
that traverses the reservoir layer throughout the whole !eld Buijze
et al. (2017).

The Groningen region has a "at topography and the
groundwater table reaches almost up to the surface. The
sedimentary cover is formed by the Cenozoic soft sediments,
named the North Sea Group (NSG). In this study, we focus on the
shallow subsurface, which is composed of unconsolidated
Pleistocene sands and clays, overlain by a very heterogeneous
Holocene formation (Figure 1). The Holocene formation is
subdivided into several members. In Groningen, the Wormer
and Walcheren Members mainly consist of marine clays, silt and
!ne sand. Two peat layers subdivide these two members. In the
northern part, the Naaldwijk Formation mainly consists of sandy
channel systems (MeijlesWong et al., 2007, 2015).

3 DATA SET

In order to monitor seismicity in the Groningen gas !eld, the
Royal Netherlands Meteorological Institute (KNMI) deploys the
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Groningen shallow borehole network (Figure 2). This so called
G-network spreads out over some 850 km2 and consists of 69
stations (Dost et al., 2017), each station is equipped with three-
component, 4.5 Hz geophones at 50m depth intervals (50, 100,

150, 200 m) and an accelerometer at the surface. The stations are
continuously recording since 2015 and the data is available via the
data portal of Royal Netherlands Meteorological Institute
(KNMI, 1993). In this paper we refer to “station” for the

FIGURE 1 | Schematic geological cross section of the upper 200 m of the soft sedimentary cover in the northeastern Groningen region (red line in inset). Note that
the vertical scale is in"ated for the top 50 m to highlight the stratigraphy of the Holocene formations on top of the Pleistocene (PL) formations. Borehole station G19 is
featured because this site is used for wave-propagation modeling. The G-network vertical arrays consists 5 seismometers (accellerometer (blue square) at the surface
and geophones (blue triangles) at depth) with a 50 m depth interval. This cross section is based on GeoTOP (www.dinoloket.nl).

FIGURE 2 |Map view of the Groningen borehole network in the northeast of the Netherlands. The triangles represent the surface location of each borehole site in
the network. Each borehole contains an accelerometer at the surface and four 4.5 Hz geophones at depth with a 50 m depth spacing. The orange circles represent the
local earthquakes with magnitude 2 or higher, recorded in the G-network between 05–2015 and 05–2019. Coordinates are shown within the Dutch National
Triangulation Grid (Rijksdriehoekstelsel or RD) and lat/lon coordinates in the corners for international referencing. Background map: OpenStreetMap contributors,
CC-BY-SA, www.openstreetmap.org.
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entire string with an accelerometer at the surface and four
geophones at depth, and refer to “seismometer” for a single
sensor measurement at a certain depth. Stations G15, G43,
G53, and G68 are discarded from analysis due to
malfunctioning of seismometers during a number of high
magnitude earthquakes, hence not suf!cient data is available.

The induced earthquakes recorded with the G-network have a
magnitude of completeness of 0.5 (Dost et al., 2017). A maximum
magnitude of 3.6 occurred during the Huizinge earthquake in
2012. Most earthquakes in Groningen have a normal faulting
mechanism (Buijze et al., 2017; Dost et al., 2020).

4 BACKGROUND

This chapter presents details on wave propagation to illustrate the
assumption of near-vertical earthquake wave incidence in
Groningen. Secondly, we present our de!nition of
ampli!cation based on reference conditions at depth.

4.1 Wave Propagation and Incidence
In this study we assess P-wave ampli!cation behaviour by using
local earthquake recordings of the vertical component of the
Groningen borehole seismometers. For a straightforward
analysis, we assume that the vertical component measures
primarily P-waves. In this sections we show that this
simplifying assumption largely holds.

Figure 3 shows a typical 3-component recording at the Earth’s
surface in Groningen. P-waves are primarily recorded on the
vertical component (Z), S-waves map primarily to the radial (R)

and transverse (T) components. The well separation in wave
types is largely due to the low near-surface velocities and hence
small angles of incidence. In the top 200°m, P-wave velocities
range, for most sites, between 1 and 2 km/s (Hofman et al., 2017).
At close range to the epicenter, angles of incidence are close to
zero. At larger range, P-waves have apparent horizontal
propagation velocities of approximately 5.1 km/s (Jagt et al.,
2017) resulting in angles of incidence varying between 11 and
23° in the top 200 m. Similar values are empirically found by
Hofman et al. (2017). These angles of incidence results in 86–96%
of the P-wave mapping to the vertical component. For S-waves,
angles of incidence are even smaller in the near-surface due to
very low velocities, down to about 35m/s (Zwanenburg et al.,
2020). And hence, not much S-wave energy can be recorded on
the vertical component, as can be seen in Figure 3.

Further details of the near-surface propagation can be seen at
Figure 4. In panel 1) the ampli!cation can be noted when
comparing the signal recorded at 200m depth and at the
surface. It can be seen that most of this ampli!cation occurs
in the top 50°m. The particle motion on the radial-vertical plane is
presented in Figures 4B,C. The time window (0–4 s) around the
!rst P-arrival shows that this arrival primarily oscillates in the
vertical direction. The time window (5–9 s) around the !rst
S-wave arrival, on the other hand, shows it has a near-
horizontal polarization. P-S and S-P conversions do occur in
the near-surface, but are small in size, again due to the small
angles of incidence. In 4) and 5) the difference in Fourier
Amplitude Spectra (FAS) are shown for the 200 m and surface
levels. The FAS illustrate that the largest amplitudes reside
between 2 and 10 Hz.

Therefore, also from an engineering point of view, processing
of the raw earthquake records was performed in the frequency
band of 1–10 Hz. This study uses the three-component data set of
19 earthquake recordings from local events with magnitude two
or higher. Earthquakes in this magnitude range have suf!cient
energy to be recorded in the entire network and are therefore
usable for assessing site-response. The FAS includes source, path
and site-effect. Site-effects are extracted by taking spectral ratio’s
and or averaging over earthquakes with different hypocentres
(and thus different source and path effects).

Further details on propagation from source to surface can be
deduced from !nite-difference simulations. The supplementary
material contains the details of the model setup and input data
for this simulation. Figure 5 shows the seismic wave !eld in the
subsurface originating moderate-size earthquakes at reservoir depth
(3 km), mimicing a limited shear rupture in a fault plane. The !gure
shows three snapshots of the vertical (Z-component) and horizontal
(R-component) particle velocities after the start of the event. The
shape of seismic wave fronts deforms to almost horizontal when they
reach the shallow subsurface. Hence, a borehole geophone near the
epicentre measures mainly P-waves on the sensor for the vertical
particle velocity. The waveform simulations support the observations
from the earthquake recordings as presented in Figure 4 and the
assumption of almost vertical P-waves.

The following analyses of earthquake wave propagation
includes time windows of 20°s after earthquake rupture, and
comprises not just the !rst P-wave arrival time window as

FIGURE 3 | 3-component seismogram recorded at the surface station
of borehole G62 for the 08–01–2018 M3.4 Zeerijp earthquake. R = radial/east
component, T = transverse/north component, Z = vertical component.
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presented in Figure 4B. We deliberately choose this extended
time window because in the frequency domain, the signal
becomes more stable by including complex body-wave
reverberations of the earthquake coda wave window. These
complex arrivals experience similar ampli!cation between
200°m depth and the surface.

4.2 Ground Motion Ampli!cation in
Groningen
In the Groningen region, S-wave ground motion ampli!cation
is mainly governed by two factors; !rstly the reduction in

seismic velocities with decreasing depth and secondly, the
presence of a velocity contrast at a certain depth causing
resonance in the near-surface layer (van Ginkel et al., 2019). If
this resonance of this near-surface layer has a similar
resonance frequency as the structures at the surface,
hazardous shaking can develop. In addition, shaking will
not only occur at a single fundamental frequency but also
at overtones. Ampli!cation of P-waves follows the same
physics as for S-waves, but has a different susceptibility to
the near-surface lithology. Firstly, as P-waves have longer
wavelengths, a deeper portion of the near-surface zone is
relevant for resonance. Secondly, different impedance

FIGURE 4 | Earthquake record in particle velocity for station G62 for the Zeerijp earthquake on January 2018withmagnitude 3.4 for a 20 s window after earthquake
origin time. With in panel (A) 3-component borehole seismogram. (B) Particle motion in the R-Z plane for the direct P-wave arrival for a time window of 0–4 s for G62
surface seismometer. (C) Particle motion in the R-Z plane for the direct S-wave arrival for a time window of 5–9 s for G62 surface seismometer. (D) Fourier Amplitude
Spectra of the 200 m seismometer. (E) Fourier Amplitude Spectra of the surface seismometer.
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contrasts might be important, e.g., the interface between a
water-saturated clay and sand has a high S-wave, but a low
P-wave impedance contrast.

The example borehole seismograms and the FAS (Figure 4)
show a major increase in amplitudes between the vertical
component of the 200 m depth and the surface
seismometer. Here, local site ampli!cation occurs, on top of
the free-surface effect. This ampli!cation in the top 200 m is
observed in multiple seismograms across the Groningen
network.

Generally, ampli!cation is quanti!ed with respect to a hard
rock outcrop over a full spectrum, however, these measurements
are lacking in Groningen due to the 800–1,000 m thick sediment
cover over the entire area. Alternatively, we de!ne a reference site
as a hypothetical outcrop with P-wave velocity of 1,900 m/s and a
density of 2040 kg/m3. These are the values that are found, on
average, in Groningen at 200 m depth (Romijn, 2017; Hofman
et al., 2017).

5 METHODOLOGY

Ampli!cation de!ned in the frequency-domain uses the
Fourier Amplitude Spectra (FAS) of the earthquake records.
The FAS (Uij(f)), for the ith event and jth station, can be
written as a convolution (i.e., multiplication in the frequency
domain) of a source, path, site-effect and instrument term:

Uij f! " ! Si f! "Gij f! "Lj f! "Ij f! ", (1)

where Si is the source term, Gij is the path term (between the
ith event and the jth station), Lj is the site term, and Ij is the
instrument-response term. Ij is known and removed before
further processing the data. This leaves the source, path and
site terms. Different approaches are used to extract from this the
site term.

5.1 Empirical Transfer Functions
Quanti!cation of site-effects across a frequency range of 1–10 Hz
is performed by calculating borehole empirical transfer functions
from local earthquake recordings. As shown in the previous
section, we assume that vertical component is comprised of
mainly P-waves in the 20 s time window used for the
earthquake data processing. Therefore, the empirical transfer
functions (Tm,n) represent P-wave ampli!cation and are
de!ned as a division of the Fourier amplitude spectra at two
different depth levels

Tm,n f! " ! Um

Un
, (2)

where m is the depth level of interest and n the reference horizon
(Liu and Tsai, 2018; Rong et al., 2019). In Um and Un the source
and path terms (Eq. 1) are (nearly) identical and hence the
transfer function is only a description of the local propagation
effects. When Um is chosen at the Earth’s surface, Tm,n describes

FIGURE 5 | 2D full wave form !nite difference model snapshots of absolute vertical (top) and horizontal (bottom) particle velocity for (A) 1100 ms after start of the
earthquake, (B) 1500 ms. All panels have the same distance and particle velocity scale as the panel in the bottom left. The used velocity model is shown in
Supplementary Figure S1.
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site-effects and |Tm,n| describes the frequency-dependent
ampli!cation with respect to the reference horizon.

In order to further improve estimation of the site-effect, we
average the deconvolution (Equation 2) over 19 events with
magnitudes > 2.0. This can be seen as an implementation of
seismic interferometry by deconvolution (Wapenaar et al., 2010).
We use 20 s long time windows for particle velocity recordings on
the vertical component of the borehole stations. In this
implementation, for each event the deconvolution is applied as
in Equation 2. Subsequently, the deconvolution results are
stacked to enhance stationary contributions. With a reference
horizon at 200 m depth and the level of interest at the Earth’s
surface, the transfer function has both a causal and acausal part.
The causal part maps upward-propagating waves, from the
reference level to the surface. The acausal part maps
downward-propagating waves back to the free surface (Nakata
et al., 2013). To describe ampli!cation, we are only interested in
the causal part. We select this causal part of the estimated transfer
function and compute its Fourier amplitude spectrum to obtain a
measure of frequency-dependent ampli!cation. The resulting
amplitude spectrum we call the empirical transfer function
(ETF). In order to get an estimate of uncertainty in the
results, the above processing sequence is applied per
earthquake and the standard deviation is computed from the
resulting distribution.

5.2 V/H Spectral Ratios
Instead of the frequently used Horizontal-to-Vertical Spectral Ratio
(HVSR) to estimate site-effects, we explore the option of using the
inverse of theHVSR, the vertical-to-horizontal spectral ratio (VHSR).
The HVSR-method (Nakamura, 1989, 2019) is based on the
assumption that the vertical component spectrum is quite "at,
hence a peak in the spectral ratios is generated by a peak in the
horizontal component spectrum, which would be related to S-wave
resonance. However, the spectrum of the vertical component is not
"at, as demonstrated in the previous sections and supported by the
!ndings of Sarmadi et al. (2021). By taking the inverse of HVSR, we
can also not assume that the horizontal component spectrum is "at.
However, peaks and troughs related to P-wave resonance and S-wave
resonance are generally well separated in frequency. Comparing the
spatial distribution between ampli!cation established by the ETF and
the one obtained with the VHSR, makes it possible to assess whether
the VHSR can be used as tool to act as a proxy for P-wave
ampli!cation. Also, Lermo and Chavez-Garcia (1993) uses the
VHSR to estimate resonance frequencies and peak amplitudes for
the vertical component of ground motion from local earthquake
recordings.

From earthquake recordings, generally time windows are
picked containing direct arrivals of seismic waves to calculate
the HVSR for site-response estimations (Chin and Aki, 1991;
Mayeda et al., 1991; Kato et al., 1995; Su et al., 1996; Bonilla
et al., 1997; Sánchez-Sesma et al., 2011). However, given that
the local earthquakes are shallow and at short range, the
window of the direct arrivals is very short, hence this
implementation of VHSR is unstable. As alternative we use
the coda window, which includes reverberations of the P-and S
arrivals and reveals information on the local structure. Perron

et al. (2018) evaluate the standard spectral ratio curves of the
direct S and P-arrivals and the coda wave window and show
that both parts of the waveform provide similar results. The
signal must be of long enough duration to include suf!cient
reverberations to produce any resonance peak. The longer the
picked window, the more back-scattered waves coming from
many azimuths (illustrated in Figure 5) are included in the
signal, resulting in a directionally averaged site-effect. By
taking the ratio of the vertical and horizontal components,
the propagation effects included in the signal largely vanish.
Data processing for obtaining the VHSR from local event
recordings is carried out in the following steps:

• Application of bandpass !lter on earthquake recordings of
1–10 Hz

• Selection of a 15 s coda window, starting at (hypocentral
distance/mean Vs.) + 5 s after earthquake origin time.

• Check whether the local earthquakes have a suf!cient
signal-to-noise ratio for the selected coda wave time window

• From the coda wave window, calculation of VHSR from
power spectral densities (PSDs). Following (the reciprocal
of) the procedure described in van Ginkel et al. (2020), the
VHSR is computed from the vertical component (Z) and
horizontal components (E and N) as:

VHSR !
#####
PSDZ

"############
PSDE + PSDN

" , (3)

where the horizontal components are averaged by vector
summation.

• Per site, averaging of the VHSR curves (by stacking in the
frequency domain) over all local events. Figures 9A–F
shows examples.

• Picking the peak amplitude for each averaged VHSR curve

6 RESULTS AND INTERPRETATION

6.1 Ampli!cation Factors
We calculate an overall ampli!cation factor in the range of
1–10 Hz over the borehole vertical array, following the
procedure described in van Ginkel et al. (2019, 2021). The AF
is computed for each borehole site by taking the ratio of the
maximum amplitudes recorded within 20 s after rupture time at
the vertical component of the surface and the 200 m deep
seismometer. The amplitude at the surface was divided by a
factor of 2 in order to remove the effect of free surface
ampli!cation. Next, the AF per borehole is obtained by
repeating the above procedure for all available M> 2.0 events
and subsequently averaging the values. A signal-to-noise
threshold is applied on the events.

Throughout the borehole network, a maximum AF of 2.7 is
reached at the eastern edge of the network, while other locations
do not experience P-wave ampli!cation at all (Figure 6). Hence,
this AF-plot presents a !rst indication of the spatial variability
across the G-network of vertical ground-motion ampli!cation.
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Ampli!cation factors from records on the horizontal components
are calculated by van Ginkel et al. (Figure 4; 2019) and display a
different spatial pattern than the vertical AFs, which is further
investigated in the following sections.

6.2 Empirical Transfer Functions
In order to get an estimate of uncertainty, the above processing
sequence is applied per event and from the resulting distribution, the
standard deviation is computed and examples are plotted in

FIGURE 6 | (A) Spatial distribution of the ampli!cation factors computed based on earthquake records on the vertical component of the borehole seismometer at
200 m and at the surface. (B) Spatial distribution of the ampli!cation factors computed based on earthquake records on the horizontal components of the borehole
seismometer at 200 m and at the surface, modi!ed from van Ginkel et al. (2019).

FIGURE 7 | (A) Each panel depicts the empirical transfer functions (ETFs) between the seismometer at 200 m depth and the surface (red) and standard deviation
(pale red area) for sites G19, G31, G37, G60, and G62, displaying the frequency-dependent ampli!cation. The blue lines illustrate the ETFs between the seismometers at
200 m and 50 m. Borehole G62 additionally depicts the ETF between the surface and 50 m seismometer (gray). Borehole G58 is added as example of a borehole site
with no ampli!cation measured. (B) Spatial distribution of the peak amplitudes from the ETF for 60 borehole station sites.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8126588

van Ginkel et al. Ampli!cation Behaviour of Compressional Waves



Figure 7A–F. For these examples, also the ETF between 200 and
50m depth is shown. It can be seen that most of the ampli!cation
occurs in the top 50m.

Some ETFs show multiple side peaks, but the peak with largest
amplitude value is identi!ed as resonance peak, following the
recommendation by Zhu et al. (2020). At some sites, this
resonance peak has a large contribution to the overall
ampli!cation. Applying smoothing on the FAS and ETF can
lead to suppression and shifting of peaks. We apply no smoothing
and pick the largest amplitude and corresponding frequency. G58
has been added to Figure 7F to illustrate an ETF for a site with no
ampli!cation of P-waves. For 60 borehole stations, the ETF is
computed. Subsequently, for each site, the corresponding peak
amplitude for the 200 m -interval ETF is identi!ed. Figure 7G
depicts the spatial distribution of these peak amplitudes. Here, the
distribution of amplitudes shows highest values in the eastern
section of the region.

6.3 V/H From Spectral Acceleration
The previous section describes maximum ampli!cation across a
frequency range using the Fourier amplitude spectra of
earthquake recordings of the borehole seismometers. However,
Kramer. (1996) and Eurocode 8 (CEN, 2004) suggest using
spectral ordinates at a varying range of periods in the acceleration
response spectrum as ground-motion parameter.

As input, earthquake recordings (20 s after earthquake origin
time) at the surface are taken to calculate the pseudo spectral
acceleration (PSA). Subsequently response spectra (Figure 8A) for
all three components, for each surface seismometer site, are calculated
for pre-de!ned spectral periods (0.01–5.0 s), and taking the standard
critical damping factor of 5% (Kramer, 1996; CEN et al., 2004). Per a
de!ned period and per event, a V/H ratio is calculated from the PSA
by dividing the vertical PSA with the geometric mean of the

horizontal components. Subsequently, for each pre-de!ned period,
an average V/H is calculated over all events and plotted in Figure 8B.
As shown in 8b, in Groningen the V/H PSA value for certain
locations at short periods is exceeding the standard values of 0.45
and 2/3 by Eurocode 8 andASCE.Moreover, it is shown that for each
period, there is a vast range of site-speci!c V/H PSA values. At long
periods (T> 0.3 s) the average value becomes closer to the single
values proposed in literature. At short periods (T< 0.3 s) the average
is considerably higher (0.81 for T = 0.1 s).

6.4 V/H Spectral Ratios
In this section we assess an additional single-station method
for characterizing the spatial distribution of P-wave
ampli!cation. In Groningen, the induced events do not
include surface waves at the short ranges within the
G-network. The coda-based VSHR is therefore primarily a
spectral ratio of P- and S-wave reverberations in the
unconsolidated sediments. At many sites in Groningen,
VSHR curves reach levels above 1 for distinct frequencies
(Figure 9A). Location G58 is added as reference illustrating a
VHSR below 1; here the horizontal component is dominating
over the vertical for all presented frequencies. Figure 9A is
illustrating the spatial distribution of VHSR peak amplitudes
across the Groningen area.

6.4.1 VHSR From the Ambient Seismic Field
Site-effects are commonly assessed by using the ambient seismic noise
!eld, (e.g., Bonnefoy-Claudet et al. (2006)). In Groningen, the noise
level is suf!ciently high in order to exceed the sensitivity of the surface
accelerometers (Koymans et al., 2021). In addition to coda VHSR, the
VHSR is also estimated from 1month of ambient noise !eld
measurements (VHSRASF), using the approach presented in van
Ginkel et al. (2020, 2019).

FIGURE 8 | (A) Example of acceleration response spectrum for the surface seismometer at station G60 from the Westerwijtwerd earthquake of M = 3.4, where the
blue line represents the PSA at the vertical component, the gray line the eastern horizontal component and in black the northern horizontal component. (B) Averaged V/H
from response spectra for each surface seismometer, processing 20 earthquake recordings, at each de!ned period plotted together with the mean (red) and median
(blue) and extreme values (dashed gray) per period. The shaded area depicts the mean plus-minus one standard deviation, the black dashed line illustrates the 0.45
value as proposed by Eurocode 8 and the dot-dash the 2/3 value proposed by the ASCE.
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In Figures 9A–F, the meanVHSRASF curves are added in blue for
comparison with the VHSRcoda curve characteristics in order to
investigate whether noise can be used as a proxy for site
ampli!cation. From the VHSR curves, the corresponding peak
amplitudes are determined for each surface seismometer in the
Groningen network. In general, the noise-based VHSR peak
amplitudes are larger than the coda-based VHSR peak amplitudes.
This is a common observation, and ismost likely caused by the strong
presence of surfacewaves in the noise. The surface-wave ellipticity has
notches which in"ate the amplitude levels of VHSR (Bonnefoy-
Claudet et al., 2006; Konno and Ohmachi, 1998). Figures 9G,H
presents the peak amplitudes from coda-based and noise-based
VHSR, for each surface seismometers in the Groningen network.

The spatial distribution of amplitudes exhibits a comparable pattern
for both types of VHSR.

6.5 Relationship With Subsurface
Conditions
The AF, ETF and V/H ratio peak amplitude distribution
demonstrate a consistent pattern of increased peak
amplitudes measured in the eastern part of the Groningen
region (Figures 6, 7, 9). In order to understand this large
variation in ampli!cation, this section elaborates on the effect
of shallow subsurface conditions on ampli!cation behaviour of
P-waves.

FIGURE 9 | (A–F) Each panel depicts the mean VHSR (black line) and standard deviation (dashed line) for the surface seismometer for the stations G19, G31, G37,
G60, G62, where high VHSR amplitudes are calculated. Station G58 is added as reference to show a VHSR for a location with no ampli!cation of P-waves. The blue line
indicates the VHSR from the ambient noise !eld. (G) Spatial distribution of coda-based VHSR peak amplitudes for each surface seismometer in the Groningen network.
(H) Spatial distribution of noise-based VHSR peak amplitudes for each surface seismometer in the Groningen network.
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6.5.1 Seismic Velocities
Wave ampli!cation is largely determined by local variations
in seismic velocities. For each borehole location, P-wave
interval velocities are known for the upper 200 m, with a
50 m interval resolution (Hofman et al., 2017). These
velocities were computed by applying seismic
interferometry to events recorded within the borehole
stations. Since the majority of the peak amplitude increase
arises in the top 50 m, the ETF peak amplitudes (Section 6.2)
are plotted against the average P-wave velocities Vp for the top
50 m (Figure 10A). All strong ampli!cations (high ETF peak
amplitudes) occur at velocities below 1,400 m/s. The relation
between the near-surface P-wave velocity and the maximum
ampli!cation from the ETF is !tted (Rsq = 0.52) by an
exponentially decaying function (Eq. 4). This empirical
relation can be used to estimate the maximum
ampli!cation A in the vertical direction at other sites with
unconsolidated sediments, when the average velocity Vp over
the top 50 m is known:

A ! 2.4 + 114e#0.004Vp (4)

Next, the interval P-wave velocity distribution is compared
to the shallow lithostratigraphy throughout Groningen. For
this purpose, cumulative thickness maps for different
lithologies are extracted from the digital geological model
GeoTOP (Sta"eu et al. (2011; 2021), www.dinoloket.nl). The
P-wave velocity distribution satisfactorily corresponds to
areas with accumulations of peat in the shallow subsurface
(10b). Thus, peat accumulations correlate with relatively low
interval P-wave velocities. As a consequence, high ETF peak
ampli!cation develops during an earthquake where peat
accumulates.

6.5.2 Effect of Gas on P-Wave Velocity
Since peat originates from organic material, methane can be
generated, stored or migrated upwards and subsequently being
trapped in the overlying sediments during burial. Although the
peat layers are relatively thin in the Groningen !eld (less than 1
and up to 6m throughout the top 50m), their presence and resulting
gas content can signi!cantly reduce the P-wave velocityVp [m/s]. The
effect of gas on Vp can be understood from the Biot-Gassmann
equations for wave propagation in poro-elastic media, such as soil
Biot (1962) or Fjaer et al. (2008). Take that for seismic frequencies the
so-called undrained condition holds and that the relative "uid
displacement with respect to the rock can be neglected. In this
case, Vp !

#####
K!/!

$
where ! [kg/m3] is the bulk density and K! =

K + "2M + 4G/3 [Pa] where K and G [Pa] are the bulk and shear
moduli of the drained rock and " = 1 ! K/Ks [-] is the so-called Biot
constant.Ks [Pa] is the bulkmodulus of the grains in the rock.M [Pa]
is a poro-elastic constant which can be expressed as:

M ! K

1 # "( )" # # 1 # " #K%Kf& ' (5)

Where # [m3/m3] is the pore volume fraction andKf [Pa] is the
effective bulk modulus of the "uid. For a "uid containing both gas
and water at equal pressure, 1/Kf = Sw/Kfw + (1 ! Sw)/Kfn. Sw [m3/
m3] is the volume fraction of pore water or the water saturation.
Kfw and Kfn[Pa] are the bulk moduli of water and gas. In the
shallow subsurface, Kfn " Kfw. Even for very low gas saturations,
Kf # Sn/Kfn. Further, K " Ks at least for clay and sand. So this
implies, " # 1 andM # Kf/# # Sn/(#Kfn). Since unconsolidated soil
has a reasonable porosity, K! # K + 4G/3. So, the "uid stiffness
hardly contributes to the stiffness of the rock and K!
approximates the so-called drained bulk modulus of soil. A
direct consequence is that Vp values for peat at shallow depth

FIGURE 10 | (A) Correlation between P-wave velocities for the top 50 m and ETF peak amplitudes, !tted with an exponential decaying function (Eq. 4). (B) Spatial
distribution of the P-wave velocity values (Hofman et al., 2017) for the top 50 m for each borehole location (circles) plotted on top of the cumulative thickness map of
Holocene peat.
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can be become quite low. Values in the range 0.2–0.5 km/s are
possible as has been measured by Mad Said et al. (2015); Zimmer
et al. (2007). In the following we show the effect of low Vp-layers
in the shallow subsurface on P-wave ampli!cation by computing
theoretical transfer functions (TTFs) from 2D wave propagation
simulations. As has been shown in Section 4.1, at the near
surface, the incoming waves have a maximum angle of
incidence of 23°. Hence, simulations have been done for 0, 10
and 20° angles of incidence.

6.6 Shallow 2D Wave Propagation
Simulations
From 2D wave propagation simulations in the shallow
subsurface, we calculate the impact of subsurface lithology on
P-wave ampli!cation. Details on the simulations like the velocity
and damping pro!les, and the model setup are presented in the
Supplementary Material. The effect of gas saturated layers in the
shallow subsurface is implicitly included in the choice of the Vp

pro!les. In particular, we have selected the lithology around
borehole location G19 in the Groningen !eld where the ETF

displays high peak amplitudes for frequencies around 6, 7 Hz.
Instead of 1D simulations, we deliberately performed 2D
simulations to understand also the effect of the angle of
incidence on wave ampli!cation and on P-to-S wave
conversion. Moreover, we compared the empirically-derived
ETFs with the synthetic or theoretical ones (TTFs) from the
simulations. The supplementary material presents the simulation
details, the input data and model set up (Supplementary
Section 1.2).

6.6.1 Theoretical Transfer Functions
The theoretical transfer functions (TTF) are calculated from
P-wave displacement velocities recorded at the vertical
component of probe 1 at the surface and probe 2 at 200 m
depth (Supplementary Figure S3). Since the shallow P-wave
velocity pro!le is hypothetical (Supplementary Section 1.2) !rst
a sensitivity analysis of the TTF on the P-wave velocity pro!le in
performed (Figures 11A,B). For both pro!les, the TTFs for
various angles of incidence ($ = 0, 10 and 20°) exhibit similar
characteristics in terms of peak frequencies and amplitudes.
Furthermore, Figure 11A shows that the effect of the wave

FIGURE 11 | (A) Theoretical transfer functions (TTF) for P-wave velocity Pro!le 1 for various angles of incidence. (B) TTF for P-wave velocity Pro!le 2 for various
angles of incidence. (C) Theoretical (blue) and empirical (red) transfer function for borehole G19. (D) Excitation (in velocity) for the P-waves on the vertical plane (blue) and
S-waves on the horizontal plane (red) at 200 m (dashed) and at the surface (solid) with $ of 20°. The inset depicts the related particle motion at surface for the P-wave
arrival time window.
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front incidence angle is minor on the TTF curve characteristics.
Higher angles of incidence shift the TTF peak frequency from 6.6
to 6.9 Hz as the travel time of the wave between the probe
locations reduces.

Figure 11C compares the ETF with the TTF for velocity
Pro!le 1 for zero angle of incidence ($ = 0°). Both transfer
functions have a peak between 6 and 8 Hz, which peak is
related to near-surface ampli!cation. Between 2 and 3 Hz, the
character of the transfer functions is quite different. The TTF
peak around 2.5 Hz develops due to a notch at the 200 m
recording. This notch is caused by the interference of up- and
down-going waves. In the simulations, the subsurface is assumed
laterally uniform. In reality, the subsurface is laterally quite
heterogeneous, suppressing or disrupting such a notch. As a
result, the ETF has no strong peak around 2.5 Hz. Moreover, the
TTF is based on the propagation of a single wavelet while the ETF
is an average from multiple earthquakes with various angles of
incidence and azimuths. With this simulated transfer functions,
we show that a varying angle of incidence is not of major
in"uence on the ampli!cation behaviour of P-waves.

6.6.2 P-To-S Wave Conversion
For non-zero angles of incidence on a layer interface, P-to-S wave
conversion occurs. This conversion is of practical importance
since prior to the direct S-wave arrival, P-waves might convert to
S-waves and extend the period of exposure of buildings to
horizontal ground motions during an earthquake. For the
simulated small angles of incidence a limited P-to-S wave
conversion can be seen in Figure 11D. It shows the simulated
vertical P-wave and horizontal S-wave displacement velocities at
200 m and at the surface for a wave front with an angle of
incidence of 20°. At around 0.23 s, when the high amplitude
P-wave arrives at the surface, only minor S-wave excitation
develops. Additionally, the particle motion plot (inset) for this
time window comprises mainly a motion in the vertical (Z) plane.
Since the generated S-wave amplitudes remain only a fraction of
the P-wave amplitudes (less than 20%), this P-to-S wave
conversion is deemed unimportant for the ampli!cation and
duration of the ground motion.

7 DISCUSSION

This paper presents various empirical methods for the
quali!cation of site-effects on vertical ground motion
ampli!cation of signals originating from induced earthquakes
for the Groningen gas !eld. In characterising ampli!cation in the
vertical direction, we used 1) ampli!cation factors, 2) borehole
transfer functions, 3) V/H from spectral accelerations, and 4)
V/H spectral ratio’s from earthquake coda-waves and the ambient
seismic !eld. All four approaches exhibit a similar distribution of
the degree of ampli!cation in the vertical direction for each
borehole site. In a second step, we explain this site-dependent
ampli!cation distribution depending upon the shallow
subsurface composition and perform simulations in order to
model the effect of low-velocity peat layers on P-wave
propagation. In the following paragraphs we discuss the

validity, uncertainties and the approaches presented, as well as
the limitations.

Throughout this study we assume P-wave dominated vertical
motions due to nearly vertical incidence of the seismic waves,
hence the absence of direct wave type conversions. The following
arguments show the validity of the previous hypothesis: 1) the
range of angles of incidence (0–20°) is small and 2) empirical as
well as theoretical particle motion plots mainly show motion in
the vertical plane within the P-wave arrival time window. These
criteria lead to an expectation we measure predominantly
P-waves.

To test the in"uence of non-zero incidence, we varied the
angle of incidence in the synthetic 2D wave propagation
simulations. As shown in Figure 11D, varying the angle of
incidence of the wave front does not lead to major P-to-S-
wave conversions. Therefore, we consider the assumption that
the vertical component represents the ampli!cation of the
P-waves as valid.

Previous studies (Kruiver et al., 2017; van Ginkel et al., 2019)
have shown that horizontal ground motion ampli!cation mostly
occurs in the near-surface (top 50 m). Also the seismograms for
the vertical component display most of the amplitude increase in
this top 50 m, see Figure 4. Due to the free surface effect,
constructive interference of the down going wave might
in"uence the recordings on the seismometer at 50 m. At
200 m this interference can be excluded, hence we decided to
compute transfer functions over the 200 m interval following the
approach by van Ginkel et al. (2021) (Figure 7).

Because of the data richness in Groningen, we are able to test,
compare and evaluate borehole and single-seismometer
techniques. The purpose of this comparison is to evaluate
which single-station method (V/H PSA and VHSR) yields the
best proxy to identify sites with the potential of vertical ground-
motion ampli!cation. Figure 12 compares the peak amplitudes of
the various techniques. We are aware that the techniques include
ampli!cation computed from response spectra, FAS, as well as
particle velocity in the time-domain. Hence the peak amplitudes
are treated qualitatively in order to investigate whether all
techniques identify sites with high amplitudes. Panel 12a is
added to display the correlation between the AF and ETF peak
amplitudes. It shows that the relatively simple approach of
computing AFs enables us to identify locations with high
P-wave ampli!cation.

Figures 12B–E illustrate the correlation between maximum
ampli!cation (ETF peak amplitudes) and three possible single-
station proxies for ampli!cation: peak amplitudes from V/H
pseudo-spectral accelerations for a period of 0.01 s, coda-based
VHSR and noise-based VHSR. These data points are !tted, using
A0 = a*eb*P as a functional form, where A0 represents the peak
amplitude and P the input proxy. a and b are the two unknown
parameters that are found through the !tting exercise. The
correlation coef!cient (Rsq) is calculated to qualify the !t. The
spatial distributions of peak amplitudes for respectively the ETF
(Figure 7) and VHSR (Figures 9G,H) display a similar pattern,
but discrepancy still remains between the absolute amplitudes.
This is expressed in the relatively low Rsq-values in Figures
12B–D. Still each of the three presented methods makes it
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possible to identify the borehole sites with potentially high
vertical ground motion ampli!cation during an earthquake.

For this study we use mainly local earthquake signals to
estimate seismic site-effect in the vertical direction, following
for example, Perron et al. (2018); Bommer et al. (2011). These
approaches have the disadvantage that they require the
occurrence of earthquakes in the !rst place. For that reason, a
comparison between the VHSR of the earthquake signal and from
the ambient noise !eld is made. The noise VHSR reasonably
resembles the earthquake VHSR in terms of curve characteristics
and peak amplitudes (Figure 12D), hence the noise VHSR can act
as !rst proxy for increased P-wave ampli!cation at certain
locations, in case of absence of earthquakes. In general,
measurements of noise microtremors have proven to be very
informative for site-response estimation and remain a valuable
input for seismic site-response zonation (Bonnefoy-Claudet et al.,
2006; Molnar et al., 2018). However, the VHSR coda and noise
absolute amplitudes have some discrepancies, mainly because the
noise is composed of a mixture of surface and body waves.
Further discussion about this discrepancy is beyond the scope
of this paper.

The 2D full waveform simulations (Figure 5) show that the
angle of incidence of the wavefront at the surface near the
earthquake epicentre is relatively small (< 20°). For the
expected range of angles of incidence, the TTFs appear to be
quite similar and ampli!cation not in"uenced by inclining
earthquake waves. This also holds for the TTFs of two

comparable but different synthetic Vp pro!les, showing that
the TTFs are not very sensitive to uncertainties in Vp in gas
containing shallow subsurface layers, such as peat. Also, the
simulations indicate that P-to-S conversion in the shallow
subsurface is minor.

The wide range of V/H and ETF peak amplitude distributions
found in the Groningen borehole network are consistent with the
observations from Ambraseys and Simpson (1996); Bozorgnia
et al. (2000); Liu and Tsai (2018); Elgamal and He (2004); Yang
and Sato (2000). Empirically we show that vertical groundmotion
ampli!cation is very site dependent and comprises a different
spatial pattern than it is horizontal counterpart. We show that
peat content plays an important role in P-wave ground motion
ampli!cation. while S-wave ampli!cation is largely controlled by
the stiffness of the Holocene sediments (van Ginkel et al., 2019,
2021). These insights are relevant for the Groningen region and as
a consequence, it is not recommended to use the standard practise
for assigning a single-value fraction of horizontal ground motion
in order to assess motion in the vertical direction as suggested by
CEN. (2004); Newmark et al. (1973); Loads (2017) is not
recommended.

Furthermore, we show that in absence of a borehole network,
the methods using a single surface seismometers are a reliable !rst
proxy to highlight locations with likely elevated ampli!cation in
the vertical direction. The borehole earthquake transfer functions
indicate that mainly the eastern part of Groningen (borehole
locations G19, G62, G60, G31, and G37) is experiencing vertical

FIGURE 12 | Each panel depicts the correlation between the ETF and (A) Ampli!cation factor from maximum amplitudes of earthquake records, (B) the V/H from
pseudo-spectral accelerations at 0.01 s, (C) the coda-based peak amplitudes of the VHSR and (D) the noise-based peak amplitudes of the VHSR, and (E) the
correlation between the VHSR coda and noise. Each blue line illustrates the !tting function between the two parameters.
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ground motion ampli!cation (Figure 10). These borehole sites
are in the vicinity of large industrial facilities and pipeline
infrastructure nearby the city of Delfzijl. If high vertical
ampli!cations are persistent at large magnitudes, appreciable
levels of vertical loading may be expected.

8 CONCLUSIONS

An interdisciplinary approach based on detailed geological and
geophysical analyses is performed to asses the potential for local
P-wave ampli!cation in an unconsolidated shallow sediment setting.
Near-surface P-wave ampli!cation is in the Groningen setting
primarily recorded on the vertical component of the borehole
seismometers. This study demonstrated empirically and
analytically that vertical ground motion ampli!cation occurs
especially at sites with low P-wave velocities. Regarding the
in"uence of shallow local geology, it could be shown that peat-
generated gas impacts the P-wave velocities. The data richness in
Groningen allowed the analysis of borehole earthquake
ampli!cation factors and transfer functions as well as a
comparison with the analysis of single-station techniques, using
local earthquake records and noise data. Qualitatively, there is a good
agreement between the earthquake ground motion ampli!cation, as
determined with the various approaches. To this extent we showed
that surface seismometer recordings can be used as !rst proxy to
indicate the site-effect of groundmotion ampli!cation by P-waves to
an earthquake. Furthermore, the theoretical transfer functions
appear to be quite similar for various angles of incidence, hence
the level of ampli!cation is not in"uenced by inclining
earthquake waves.

The P-wave ampli!cations (up to a factor of 2.7) observed
especially at the eastern part of the Groningen study area,
illustrate the signi!cance of a detailed study of ampli!cation in
the vertical direction. Given that this amplitude distribution shows a
different pattern than for the ampli!cation of the horizontal ground
motion, we conclude that vertical ground motion ampli!cation by
lowmagnitude earthquakes at shallow depth cannot be treated as an
average percentage of horizontal ground motion. In Groningen,
unconsolidated sediments with low Vp lead to signi!cant P-wave
ampli!cation, and should be considered to be included in predictive
ground motion equations. P-to-S wave conversion in the shallow
subsurface is found to be unimportant.

Although the gas production in Groningen will be ceased in
the coming years, knowledge on vertical ground motion
ampli!cation by shallow and low magnitude earthquakes in a
soft sedimentary setting is also key in other areas with seismic
hazard, either in the Netherlands or at any site across the globe
with similar conditions.
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