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while tectonic events often occur in deeper parts of

Elmer Ruigrok and Dagmar Bouwman contributed equally to
this work.

Highlights
• A combination of differences between P- and S-time picks
per station and P-time picks per two stations allows for a
focused hypocenter solution.
• The uncertainty associated to the hypocenter is estimated
from the 95 % confidence area of the 3D objective function.
• The hypocenter solution for induced earthquakes due to gas
storage, gas extraction and geothermal activities as well as for
tectonic events are estimated.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10950-024-10205-8.

J. Spetzler (B)
Research Department of Seismology and Acoustics, Royal
Netherlands Meteorological Institute, Utrechtseweg 297,
3731 GA De Bilt, The Netherlands
e-mail: jesper.spetzler@knmi.nl

E. Ruigrok
Department of Earth Sciences, Utrecht University,
Princetonlaan 8a, 3594 CB Utrecht, The Netherlands
e-mail: elmer.ruigrok@knmi.nl

D. Bouwman
Department of Acoustics, Dutch National Institute for
Public Health and the Environment, Antonie van
Leeuwenhoeklaan 9, 3721 MA Bilthoven, The Netherlands
e-mail: dagmar.bouwman@rivm.nl

the Earth. A well-estimated hypocenter with uncer-
tainties may help to evaluate whether an event is of
an induced or tectonic origin. In this study, we focus
on the development of a hypocenter method that helps
to better define the source location of an earthquake
and reduce the spatial error of the measurement. The
hypocenter and the uncertainty is obtained by using the
P- and S-wave phase time difference for a station and
the P-wave traveltime differences between pairs of sta-
tions simultaneously in the hypocenter analysis. The
uncertainty inherent to an imperfect reference velocity
model, modelling, instrumental inaccuracy and phase
time picking is propagated into the spacial hypocenter
solution.A refined hypocentermethodology is success-
fully tested in a synthetic experiment with shallow (∼
5km), intermediate (∼ 10km) and deep source points
(∼ 15km). The synthetic experiment indeed shows that
it is possible to separate earthquakes by their depth
solution, hence offering an indication that the event is
either induced or tectonic. Case studies are presented
of estimations of hypocenters and error ellipses for (1)
induced seismicity at sites for gas storage in salt domes,
geothermal production and gas extraction as well as (2)
tectonic events.

Keywords Seismology · Earthquake location ·
Hypocenter uncertainty · Induced and Tectonic
earthquakes

123

/ Published online: 10 April 2024

J Seismol (2024) 28:555–577

http://crossmark.crossref.org/dialog/?doi=10.1007/s10950-024-10205-8&domain=pdf
https://doi.org/10.1007/s10950-024-10205-8
https://doi.org/10.1007/s10950-024-10205-8


1 Introduction

Most published earthquake catalogues provide infor-
mation about the magnitude, origin time, epicenter and
depth.Uncertainties of earthquake properties are some-
times given. The error in the epicenter estimation may
be small since it is usually not difficult to determine the
lateral coordinates of an earthquake provided a proper
azimuthal and distance distribution of stations. On the
other hand, it can be difficult to estimate the source
depth of the event. Several sources of uncertainty play
a role for determination of hypocenter depth such as
inaccuracies in the reference velocity model, the type
of modelling, instrumentation and phase time picking
(Ruigrok et al. 2023). All these different errors con-
tribute to a misfit in timing between the modelled and
observed traveltime picks. Local and regional seismic-
ity is detected by receivers at or near the Earth’s surface
as oppositely to seismic well experiments and global
seismology with stations distributed in depth, too (or
on the other side of the Earth). In local and regional
hypocenter experiments, errors in timing are mostly
propagated into uncertainties in depth.

Natural earthquakes are foundworldwide especially
near tectonic plate boundaries and have existed for
a long time throughout Earth’s geological history.
Induced seismicity is observed at many places where
due to the production of natural resources, the sub-
surface stress conditions being alternated. An earth-
quake is more likely to take place when the subsur-
face stress field reaches the critical point of failure. In
North America (magnitudes, M > 3), induced earth-
quakes due to wastewater disposal are often detected
in Oklahoma, Texas, British Colombia and Alberta
(Schoenball et al. 2017; Savvaidis et al. 2017;Eaton and
Eyre 2017). On the European continent, sites for gas
extraction near Pau, France andGroningen, the Nether-
lands or for geothermal production inBasel, Strasbourg
and recently in Cornwell have shown a significant rise
in the number of detected induced events (Reshetni-
hov et al. 2015; Bardainne et al. 2008; Schmittbuhl
et al. 2021; Spetzler and Dost 2017). Early monitor-
ing and accurate location of subsurface production is
relevant which became clear in the geothermal project
in Pohang, South Korea, that was cancelled after an
increase in induced seismicity with a M5.5 main shock
(Grigoli et al. 2018).

A variety of hypocenter methods have been sug-
gested in the literature. Lienert et al. (1986) improved

the general approach for hypocenter location byGeiger
(1912). This method works on single-phase traveltimes
and iteratively updates the hypocenter until the resid-
ual time can no longer be minimised. Other hypocenter
methods focus on the estimation of the source depth by
using the traveltime difference between P- and S-phase
arrivals per station (Aki and Richards 1980). Pyle et al.
(2023) use the S-P arrival time difference at stations
near the epicenter to constrain the depth of the event.
Lomax (2005), Font et al. (2004), Theunissen et al.
(2012) and Spetzler and Dost (2017) used the travel-
time difference of P-phases between multiple stations
to calculate the hypocenter. The approach by Lomax
(2005) (i.e. Non-Lin-Loc, alomax.free.fr/nlloc/) allows
to define the error ellipse of the estimated hypocen-
ter. The engine to calculate traveltimes for most of the
hypocenter works mentioned in this section is based on
some variation of the ray tracing theory which quickly
loses validity in relatively complex media (Spetzler
et al. 2002). To get around this issue, the Non-Lin-
Loc approach allows to calculate traveltime tables for
P- and S-wave arrival times with the fast marching
method (FMM) (Podvin and LeComte 1991). Smith
et al. (2020) show that the validity of the FMM for a 3D
complex model for the Groningen region, north-east of
theNetherlands, is limited to a distance of around10km
from the epicenter. Willacy et al. (2019, 2020) carried
out a moment tensor inversion (MTI) of induced earth-
quakes in the Groningen field. The Green’s functions
for the MTI were calculated with a finite-difference
waveform scheme for the 3D complex model. Due to
the computational demands of this inversion, the tar-
get area for induced earthquakes was initially limited
to a 20x20 km2 area, but later extended to the com-
plete reservoir area. At last, there is the double differ-
ence method (also known as HypoDD) (Waldhauser
and Ellsworth, 2000;Zhang and Thurber, 2006) which
is often used to relocate earthquakes. The idea behind
hypoDD is to relate traveltime differences for multiple
pairs of nearby events recorded at one station to the
relative position of their hypocenters and origin times.
Relocation analysis of seismicity by this method often
shows clear clustering of repositioned events.

To distinguish between induced and tectonic earth-
quakes, Dahm et al. (2015) propose a statistical method
based on Coulomb stress changes and a rate/state-
dependent seismicity model. The authors require that
the hypocenter and the uncertainty are known inputs in
the evaluation method. Zaliapin and Ben-Zion (2016)
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analyse statistical features in large sets of earthquakes
to separate between induced and tectonic events. The
resulting plots with rescaled time and distance show
clusters of events which can be used to indicate the
origin of the earthquakes. Tectonic earthquakes tend
to have shorter rescaled time and distance due to a
regional stress field. Oppositely, induced events group
at longer rescaled time and distance are related to
localised stress changes which are produced by local
injection or extraction.

The detection and location of earthquakes allows to
investigate the interior of the Earth. To obtain accu-
rate models of fault systems, geological structures or
stress changes over time in the crust or deeper parts of
the Earth, geophysics rely on good estimations of the
hypocenter location and the uncertainty of earthquakes.
That is the reason for this work to as accurately as
possible construct a hypocenter method that accounts
for proper wavefield propagation in arbitrary velocity
models and to obtain precise hypocenters related to the
least error range. This paper presents a refined method-
ology to calculate the hypocenter and associated uncer-
tainty of the earthquake location. The validity of the fast
matching method by Podvin and LeComte (1991) for a
given velocity profile to calculate P- and S-wave phase
times is tested by comparison with finite-difference
waveform simulations. In media too complex for the
fast marching method to be valid, it is still possible
to calculate P- and S-wave arrival times by means of
finite-difference or finite-element waveform calcula-
tions which allows to account for the wavefield inter-
ference of propagating transmitted, reflected, refracted
and guided waves. The effect of the choice of phase
differences for the hypocenter estimation for the case
of (1) only P-S traveltime differences per station, (2)
P-wave traveltime difference per two stations and (3) a
combination of both is analysed. Synthetic experiments
with shallow, intermediate and deep events represen-
tative for induced and tectonic seismicity are imple-
mented to investigate which phase difference attribute
can provide the smallest hypocenter uncertainty. The
refined hypocenter methodology is applied in real case
studies of (1) induced seismicity inherent to gas storage
in salt diapirs, geothermal production and gas extrac-
tion for sites in the Netherlands and (2) tectonic events
detected in the border region between the Netherlands,
Belgium and Germany.

2 Traveltime tables from finite-difference
wavefield simulations

Often traveltime computations are performed with the
ray tracing theory (Aki and Richards 1980). The ray
theory is derived from the wave equation using a high-
frequency approximation implicating that this specific
approach can be used in media with large-scale and
weak velocity contrasts. Spetzler and Snieder (2004)
discuss the validity of the ray theory and showexamples
of how to compute the traveltime of wavefields with
a finite frequency for both transmitted and reflected
waves. Spetzler et al. (2002) and Jocker et al. (2006)
tested the validity of the ray theory in an ultrasonic
waveform experiment. To have the ray theory to actu-
ally work properly, one must check the accuracy of a
ray-tracerwith finite-difference or finite-elementwave-
formsimulations.Additionally, the ray theory approach
depends on the amount of smoothing imposed on the
velocity model to avoid spurious deviated rays. Apart
from that, it is tedious to get a ray-tracer to account
for the proper transmission, reflection and refraction of
a wavefield between two points (Dando et al. 2019).
The FMM (Podvin and LeComte 1991) offers another
approach to solve the eikonal equation to compute trav-
eltime in more complicated media. The Non-Lin-Loc
software Lomax (2005) allows calculating phase trav-
eltimes with FMM. This approach was used by Smith
et al. (2020) to compute the arrival times of direct P-
and S-waves in a hypocenter analysis of induced earth-
quakes in the Groningen field, in the north-east of the
Netherlands. It is seen in Fig. 4 of Smith et al. (2020)
that calculated P-phase from the vertical component of
the waveform data is predicted too early for epicentral
distances larger than 10km. For the S-wave arrivals
for the horizontal component, the misfit between first
arrivals and the horizontal component of thewaveforms
already starts to deviate at 5kmepicentral distance. The
reason for the increasingmismatch between first arrival
times and waveforms for increasing distance is in this
case due to a thick high-velocity salt formation over-
lying the gas-bearing reservoir in the structural model.
A wavefield propagating along and or in the vicinity
of large layer contrasts is very burdensome to model
because the wavefront will a combination of a multi-
path wavefield. The ray theory is too simple to describe
the effect of multi-pathing because the conditions for
the ray theory are invalid (Spetzler and Snieder 2001).

123

557J Seismol (2024) 28:555–577



Fig. 1 Seismological network in the Netherlands and loca-
tions of induced and tectonic seismicity. The instruments are
accelerometers and broadband stations at the surface and bore-
hole stations. Orange triangles denote borehole stations, bor-
deaux squares are for accelerometers and green triangles illus-
trate the position of broadband stations (KNMI 2023). The area
for induced seismicity due to gas extraction is shown with the

black square with solid lines, the location of gas storage in salt
diapirs with the blue square with solid line, the geothermal site
with the blue square with dashed lines and the area with tectonic
events is indicated with the black square with dashed lines. The
locations for the induced and tectonic earthquakes in the case
studies are plotted with red stars. The map of the Netherlands is
from OpenStreetMap (2017)
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The finite-difference (FD) waveform method offers
a general solution of the wave equation. All wave phe-
nomena are correctly accounted for, and the free sur-
face condition is incorporated in the FDwaveform sim-
ulations (Robertsson et al. 1994). This is important
because of near-surface low velocity layers which have
the effect of guiding the wave energy between the sur-
face and shallow layer interfaces. Such a train of propa-
gating wavefields can not adequately be modelled with
the ray tracing theory.

We put the FMM and FD modelling schemes to the
test for two velocity profiles in the Netherlands. The
two velocity profiles are extracted in areas with dif-
ferent geological settings where tectonic and induced
earthquakes are detected. Figure1 shows an illustration
of the station network and the regions with known seis-
micity. Tectonic events occur in the province of Lim-
burg (i.e. the southern part of the Netherlands), while
the most part of induced seismicity is recorded in the
Groningen gas field (i.e. the north-east of the Nether-
lands). Figure2 shows the two P- and S-wave velocity
profiles for tectonic earthquakes in Limburg (Profile A)
and induced earthquakes in the gas field in Groningen
(ProfileB).Generally, both locations have increasingP-
and S-wave velocities for increasing depth. However,
the Groningen gas field is characterised by a thick salt

layer between 2km and 3km depth and thinner forma-
tions of high-velocity anhydrite layers within the salt
formation (Dalfsen et al. 2006). The sandstone gas-
bearing reservoir below the salt formation has a lower
P- and S-wave velocity than the above layers. An illus-
tration of a FDwaveform simulation and the picking of
first arrivals of recorded waveforms is shown in Fig. 3
for the velocity profile A in Fig. 2. The source depth
is 2km in this example to show the effect of refracted
waves at 2km depth and free surface multiples in the
waveform simulation plot. The first arrivals are esti-
matedbykurtosis (Baillard et al. 2014) (i.e. a significant
change in frequency content of the wave field defines
the phase pick time). A comparison of the waveforms
and first arrivals at traces to the distance of 70km is
shown in the lower plot of Fig. 3. For both velocity
profiles in Fig. 2, the FMM functionality in the Non-
Lin-Loc software was used to calculate the P- and S-
phase times. Next, the P- and S-wave first arrival times
for the FMM and FD schemes are compared in Figs. 4
and 5 for the two velocity profiles. Both sets of plots
show the traveltime comparison for P- and S-waves for
three source depths which are relevant for either tec-
tonic and induced earthquakes. Figure4 shows that the
traveltimes estimated by the FMM and FD schemes
are identical for velocity profile A. This is explained

A) B)

Fig. 2 The P- and S-wave velocity profiles for A the southern and B north-east of the Netherlands
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Fig. 3 Example of a finite-difference waveform simulation and
first arrival picking by kurtosis (the red line in subplot B). Veloc-
ity profile A in Fig. 2 is used in the illustration

by the gradually increasing P- and S-wave velocities
for increasing depth that is used in this profile. The
results for velocity profile B with the salt formation are
very different. Figure5 shows that the P- and S-wave
traveltimes for the FMM method start to deviate from
the ones for the FD computations at station distances
larger than 3–4km.Generally, the FMMtraveltimes are
arriving too early compared to the FD phase times. This
observation is in agreement with Smith et al. (2020)
though in the example in this paper the breakdown of
the FMM methodology happens at shorter distances.
The velocity inversion and large velocity contrasts in
the salt formation are responsible for the breakdown
of the validity of the FMM methodology. The conclu-
sion of the test presented here is that it is important to
test the validity of the ray theory or FMMmethod with
FD waveform simulations for a given model before the
hypocenter method is applied on field data.

Fig. 4 Picked first arrival times from fast matching method and
finite-difference P- and S-waveforms for different source depths
at 2km (A), 7km (B) and 15km (C) for the velocity profile A in
Fig. 2

In the remaining part of the paper, traveltime func-
tions of epicentral distance and depth for P- and S-wave
arrival times are computed from FD waveform simula-
tions. To reduce the calculation time of FD waveform
simulations, the principle of reciprocity (Strutt and
Rayleigh, 1926;Aki and Richards, 1980) is applied to
interchange source and receiver positions. This means
that the receiver position near the surface of the model
is defined as the source point for the wavefield. The
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Fig. 5 Picked first arrival times from fast matching method and
finite-difference P- and S-waveforms for source depths at 1km
(A), 2km (B) and 3km (C) for the velocity profile B in Fig. 2

2D model is covered with a stack of horizontal arrays
with receiver points at which the horizontal and vertical
component of the propagating wavefield is computed.
The first arrival times of the calculated waveforms are
estimated by kurtosis (Baillard et al. 2014). Finally, the
traveltime tables for P- and S-waves are constructed by
combining the traveltime curves for the subsurface hor-
izontal arrays.

3 Methodology for hypocenter and uncertainty
estimation

A general methodology to estimate the hypocenter of
an earthquake is to find the extremumpoint of the poste-
rior probability distribution (PPD) (Aki and Richards,
1980;Tarantola, 1987). For traveltime data with nor-
mally distributed errors, the PPD is expressed as

σ(r) =k exp(−1

2

[
dcalc(r) − dobs

]t

C−1
d

[
dcalc(r) − dobs

]
), (1)

where the superscript t is the transpose of the vector
difference and the vectors dobs and dcalc consist of
observed and calculated traveltime data, respectively.
The PPD σ(r) is computed for a 3D distribution of
possible hypocenter locations (r). The constant k is
calculated by normalising the PPD to a total proba-
bility of one. For every trial hypocenter position (r),
the difference term [dcalc(r) − dobs] is computed. The
data covariance matrix Cd depends on the chosen data
attribute and the timing errors originating from mod-
elling uncertainties, instrumentation andphase picking.
The data covariance matrix is calculated from

Cd = ACn A
t , (2)

which is a general formulation for the transformation of
anyCartesian covariancematrix (Solar andChin 1985).
Matrix A describes how the combination of phase dif-
ference attributes is used and relates the data noise vec-
tor d to the general noise vector N through d = AN
(Tarantola 1987). The noise vector for stations with P-
and S-wave traveltime picks is given by

N =
⎛
⎜⎝

σ 2
s
...

σ 2
p

⎞
⎟⎠ , (3)

while the corresponding noise covariance matrix Cn is
defined by

Cn =
⎛
⎜⎝

σ 2
s · · · 0
...

. . .
...

0 · · · σ 2
p

⎞
⎟⎠ . (4)
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The variances for the P- and S-wave phase attribute
are denoted byσ 2

p andσ 2
s , respectively. These variances

describe the uncertainty that exists in the P-wave and
S-wave phase picks.

P- and S-wave traveltimes can be used in several
ways in a hypocenter analysis.A schematic of the appli-
cation of phase times for P- and S-waves is illustrated
in Fig. 6. It takes a certain time for a seismic wave to
propagate from source to station. The arrival times of
the P- and S-wave arrivals are recorded. The hypocen-
ter estimation of an earthquake can be based on (A)
the difference in P- and S-wave traveltimes per sta-
tion, (B) the difference in P-wave traveltimes between
two stations or (C) a combination of both differences
in traveltimes. In this paper, the three ways of using
the phase difference attributes in Fig. 6 are denoted P-S
mode, P-EDT mode and P-S and P-EDT mode. The
matrix A in expression (2) is constructed accordingly
to the chosen phase difference mode.

Let a seismic experiment have three stations. The
noise covariancematrixCn in Eq.4 is a 6x6matrixwith
the diagonal first filled with the variances for S-wave
traveltimes succeeded by the variance for the P-wave
traveltimes. For the P-S mode, the matrix A has the
form

A =
⎛
⎝
1 0 0 −1 0 0
0 1 0 0 −1 0
0 0 1 0 0 −1

⎞
⎠ . (5)

and the data covariance matrix is calculated from Eq.2
resulting in

Cd =
⎛
⎝

σ 2
s + σ 2

p 0 0
0 σ 2

s + σ 2
p 0

0 0 σ 2
s + σ 2

p

⎞
⎠ . (6)

For the P-EDT mode where P-wave traveltime dif-
ferences between pairs of stations are used, only the
right side block of the matrix A is build. For the case of
three stations, the P-traveltime difference between the
one station and the two next stations is written in two
rows as

A =
(
0 0 0 −1 1 0
0 0 0 −1 0 1

)
. (7)

and the data covariance matrix is calculated from Eq.2
giving

Cd = σ 2
p

(
2 1
1 2

)
. (8)

In the P-S and P-EDT mode where differences
between P- and S-wave traveltimes per station and
between P-wave travetimes between two stations are

Fig. 6 Schematics of three
ways to use P- and S-wave
phase arrivals in hypocenter
estimation. A P-S mode:
The difference between P-
and S- wave arrival times
per station. B P-EDT: The
difference between P-wave
phase times between pairs
of stations. C P-S + P-EDT
mode: A combination of the
two previous phase
differences
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Fig. 7 Hypocenter analysis of a synthetic earthquake at 2km
depth and an average station distance at 5km. The format of the
plot are three rows with the hypocenter results first for the P-S
mode, then the P-EDT mode and finally the combined P-S and
P-EDT mode. The representation of the hypocenter solution is
projected onto a horizontal and vertical cross-section which are
plotted in the respectively first and second columns. The esti-
mated and true hypocenters are shown with the star and circle,
respectively. The 95 percentile volume of the posterior proba-
bility distribution for the estimated hypocenter is illustrated with

orange-yellow colours (yellow for lowvalues and orange for high
values of the normalised PPD). The error ellipse for the first stan-
dard deviation of the posterior probability distribution is shown
with a thin gray line. If the area for the 95 percentile posterior
probability distribution is small in a plot, the error ellipse will
not be clearly visible and is omitted. The horizontal and verti-
cal cross-section is shown for all three phase arrival modes. P-S
mode: A and B. P-EDT mode: C and D. P-S + P-EDT mode: E
and F
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combined, the matrix A is written as

A =

⎛
⎜⎜⎜⎜⎝

1 0 0 −1 0 0
0 1 0 0 −1 0
0 0 1 0 0 −1
0 0 0 −1 1 0
0 0 0 −1 0 1

⎞
⎟⎟⎟⎟⎠

. (9)

and the data covariance matrix is calculated from Eq.2
with the result

Cd =

⎛
⎜⎜⎜⎜⎝

σ 2
s + σ 2

p 0 0 σ 2
p σ 2

p
0 σ 2

s + σ 2
p 0 −σ 2

p 0
0 0 σ 2

s + σ 2
p 0 −σ 2

p
σ 2
p −σ 2

p 0 2σ 2
p σ 2

p
σ 2
p 0 −σ 2

p σ 2
p 2σ 2

p

⎞
⎟⎟⎟⎟⎠

.

(10)

The PPD in expression (1) requires that the inverse
of the data covariance matrix Cd exists. This means
that the data covariance matrices in Eqs. 6, 8 and 10
must have a non-zero determinant. For the P-S mode
in Eq.6, it is trivial. However, for the station configu-
ration matrices in Eqs. 8 and 10, the P-wave traveltime
difference between the second and third station is omit-
ted since it turns out that this last traveltime difference
between two stations is linearly dependent on the two
traveltime differences between the first station and the
other stations. Generally for a seismological network
with n-stations, the station configuration matrix for the
part of the P-EDT mode will be constructed for one
station and the remaining n-1 stations in order to cal-
culate the inverse of the data covariance matrix. There
is therefore no need to use a regularisation condition to
calculate the inverse of the data covariance matrix in
Eq.2 for any of the three phase differencemodes which
is used in the objective function in expression (1).

At last, the procedure to estimate the hypocenter
and uncertainty of an earthquake is explained. The
hypocenter is estimated in a grid search optimisation of
expression (1) for the choice of phase difference mode.
The error ellipse is defined as one standard deviation of
the posterior probability distribution in each direction.
According toWang et al. (2015), the first standard devi-
ation is obtained by dividing the 95 percentile of a 3D
distribution by 2.795. Pyle et al. (2023) define as well
the 95 percentile as the boundary for the error ellipse.
The complete hypocenter solutionwill be a point for the

epicenter (x, y) and depth (z) of the event surrounded
by an uncertainty volume.

4 Synthetic example

The synthetic example is designed to simulate earth-
quakes at different depths. Three cases with source
depths at 2, 7 and 15km are analysed. The velocity
profile A in Fig. 2 is used in the example. The effect
of the station distance and distribution to the source is
investigated as well. Bear in mind that the possibili-
ties of station configurations are endless. We want to
keep the synthetic example simple and have therefore
placed 5 stations around the source point. The station
distance is uniformly distributed with an average dis-
tance of 5km or 15km which corresponds to represen-
tative distances in local and regional station networks.
The azimuthal distribution is unaltered in the synthetic
experiment. Examples of uneven station configurations
can be found in the case studies of induced and tectonic
events in the Netherlands in the next section. An addi-
tion of different noise components to data is not mean-
ingful since the variance for the P- and S-wave phases is
already defined in the noise covariance matrix in Eq.4.
The traveltimes for P- and S-wave picks are extracted
from the finite-difference traveltime tables to calculate
the “true” input data for each source-station combina-
tion. The hypocenter and error ellipse are estimated for
all three phase difference modes (i.e. the P-S mode,
P-EDT mode and P-S and P-EDT mode). Representa-
tive values for the uncertainty of P- and S-waves are
set to σp = 137 ms and σs = 248 ms which have been
estimated in a regional seismic network in the north
of the Netherlands (Table 1). The network types in the
Netherlands are discussed in the next section.

The results for the hypocenter analysis are presented
in Figs. 7, 8, 9 and 10 for the average station distance
at 5km and 15km, respectively. An inspection of the
hypocenter plots for the average station distance at 5km
reveals that the original hypocenter is perfectly repro-
duced by the inversion methodology. This is simply a
demonstration that the forward and inverse problem is
correctly implemented. The most likely hypocenter is
only part of the complete solution. The uncertainty of
the hypocenter solution must be addressed, too. Gener-
ally, it is observed in the plots that the smallest uncer-
tainty is obtained with the combined P-S and P-EDT
mode inversion. The P-S mode inversion tends to have
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Fig. 8 Hypocenter analysis of a synthetic earthquake at 7km
depth and an average station distance at 5km. The horizontal and
vertical cross-section is shown for all three phase arrival modes.

P-S mode:A and B. P-EDTmode:C and D. P-S + P-EDTmode:
E and F. The format and symbols are the same as in Fig. 7

the largest uncertainty in the epicenter, while the uncer-
tainty area is smaller for the depth estimate. For the P-
EDT mode inversion, the uncertainty in the epicenter
is smaller but the uncertainty in depth is cone shaped
with increasing width for deeper structures. The com-
bined P-S and P-EDT mode inversion benefits from
the best of the two individual approaches and provides

a hypocenter solution with the smallest uncertainty in
epicenter and depth. This latter point is demonstrated
in Fig. 10 for the average station distance at 15km.

Another remarkable observation is the rather large
vertical extension of the uncertainty of the hypocen-
ter solution for shallow-to-intermediate source depths
in Figs. 7, 8 and 10. The reason for this is the slowly
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Fig. 9 Hypocenter analysis of a synthetic earthquake at 15km
depth and an average station distance at 5km. The horizontal and
vertical cross-section is shown for all three phase arrival modes.

P-S mode:A and B. P-EDTmode:C and D. P-S + P-EDTmode:
E and F. The format and symbols are the same as in Fig. 7

Table 1 The uncertainty (i.e. the first standard deviation) in the P- and S-phase traveltimes for different networks in the Netherlands

Area σp [ms] σs [ms] Network type

North Netherlands 137 248 Regional

South Netherlands 200 300 Regional

Groningen 50 75 Regional

Zuidwending 20 25 Local

Venlo 108 120 Local
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Fig. 10 Hypocenter analysis of a synthetic earthquake at sev-
eral depths and an average station distance at 15km for only the
P-S and P-EDT mode. The horizontal and vertical cross-section

is shown for all three phase arrival modes. 2km depth: A and
B. 7km depth: C and D. 15km depth: E and F. The format and
symbols are the same as in Fig. 7

Table 2 Hypocenter solution from different affiliations for the induced event in the geothermal field near Venlo

Affiliation X [m] Y [m] Depth [m]

This paper 204,546 ± 190 380,305 ± 230 2000 ± 360

Q-con ∼ 204,042 ∼ 380,050 ∼ 2400

KNMI 208,497 ± 4000 379,488 ± 4000 1000 (fixed)

Theuncertainty for the hypocenter solution fromQ-con is not given inVörös andBaisch (2022). The coordinates are given in theDutchRD
(in Dutch: Rijksdriehoeksstelsel, http://www.kadaster.nl/web/Themas/Registraties/Rijksdriehoeksmeting/Rijksdriehoeksstelsel.htm)
coordinate system
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increasing velocities for increasing depth from 2km
in profile A of Fig. 2. Given a station distance, trav-
eltimes for either P- or S-waves can have comparable
values at various depths whichwill result in amultitude
of possible hypocenter solutions, hence extending the
uncertainty area.

Another question to be addressed is the effect of the
station distance on the hypocenter uncertainty. Notice
that the plots for the hypocenter solutions for the aver-
age station distance at 5km and 15km do not have the
same lateral scale because it would be difficult to pro-
duce clear plots with identical spatial ranges. A close
examination of the uncertainty ellipses in Figs. 7, 8,
9 and 10 does not favour either short nor long sta-
tion distance. In the synthetic experiment, the effect of
station distance is irrelevant since the detectability of
good phase picks is unlimited. However, in a hypocen-
ter analysis of real earthquakes, the station distance is
of great importance due to indeed limited detectabil-
ity of P- and S-waves. The signal detectability depends
on the quality of the network, radiation patterns of the
seismic sources, attenuation effects and the magnitude
of the event. The case studies of hypocenter analysis
of induced and tectonic earthquakes in the next section
providemore information about the effect of the station
distance in different types of networks.

Finally, the effect of a poor azimuthal distribution
of stations has been investigated. The synthetic experi-
ment is set up with 5 stations around the source, the sta-
tion distance is uniformly distributed with an average
distance of 15km, but this time, a range of azimuthal
gaps from 72◦ to 350 ◦ is introduced. The hypocen-
ter inversion for the combined P-S and P-EDT phase
attribute is carried out. The results are presented as the
horizontal and vertical uncertainty of the hypocenter
as function of azimuthal gap. Figure11 shows that the
horizontal uncertainty is much affected by an increase
in azimuthal gap while the vertical uncertainty remains
more or less constant. The synthetic experiment indi-
cates that the uncertainty of a hypocenter will remain
limited even for an azimuthal gap of 200–250 degrees.
The case studyof hypocenter analysis of tectonic events
with a large azimuthal gap shows indeed that the error
ellipse canbe small enough tohave awell-defined range
for the source location.

A Python program is provided as supplementary
information to give the reader the opportunity to test

the effect of the choice of phase difference mode (i.e.
P-S, P-EDT, P-S and P-EDT). To simplify the program
code, the example is limited to a 2D constant veloc-
ity model. The short note “Python_instructions.pdf” in
the supplementary information explains how to set the
parameters before executing the program.

5 Hypocenter solution of events in the Netherlands

The hypocenter methodology is tested for several case
studies of induced and tectonic earthquakes. The cause
for the induced seismicity is either gas storage in
salt diapirs, geothermal production or gas extraction.
These are subsurface activities found abundantly in the
Netherlands. The examples with tectonic events are
from a region in the south of the Netherlands known
for natural seismicity. Available local velocity profiles
are incorporated in each separate hypocenter analysis
except for the source location estimation of the tec-
tonic events where profile A in Fig. 2 is used. Figure1
illustrates with coloured squares the areas of induced
and tectonic seismicity in the Netherlands and the cur-
rent national seismological network (KNMI2023). The
instrumentation is a mixture of surface accelerome-
ters, broadband stations and borehole geophones. Most

Fig. 11 Estimation of the hypocenter uncertainty in a synthetic
experiment with a range of azimuthal gaps between 72 and 350
degrees. The source depth is 15km, and the average station dis-
tance is 15km
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instruments have been added in the past 10 years due
to (1) a rise in induced seismicity in the Groningen gas
field, the north-east of theNetherlands, (2) recent devel-
opments in geothermal production near the Hague, (3)
gas storage in depleted gas fields and (4) wastewater
disposal into a depleted gas/oil reservoir. There are
few broadband stations in the north and west of the
Netherlands. The majority of broadband stations have
been installed in south-east of the Netherlands in order
to detect tectonic earthquakes. Besides the national
network, several local networks are installed on gas
storage sites, small producing gas fields and geother-
mal production sites. For these locations, local velocity
models are available from well-logs provided by con-
tractors. Traveltime tables are computedwith the finite-
difference waveform simulations for the local velocity
models.

Figure12 shows an example of recorded waveforms
for an induced event in Groningen and a tectonic earth-
quake in Limburg. These two examples are used in the
case study of relocated hypocenters further in the arti-
cle. The impact of the dense network to detect induced
earthquakes in the Groningen field is illustrated by the
short epicentral distance in waveform plot A. In the
south of the Netherlands, the sparse broadband station
network result in long epicentral distances which is
seen in the waveform plot B. Generally, the waveform
data show clear P-phase arrivals, whereas the later S-
phase arrivals are still visible. The signal-to-noise ratio
is good enough (i.e. >3) to pick phases in the plotted
waveforms which is a general characteristics of many
events detected in the Dutch seismic network in the
Netherlands.

The uncertainties for P- and S-waves in picked trav-
eltimes (i.e. σp and σs) in Eq.4 have been determined
for the northern part, southern part and the Groningen
region of the Dutch national station network and for
the local stations on gas storage and geothermal pro-
duction settings.Many event detections are available in
the national network (see the KNMI earthquake cata-
logues for induced and tectonic events, www.knmi.nl).
The uncertainties for P- and S-waves were obtained in
a statistical analysis of the deviation of picked arrival
times with respect to traveltimes based on a reference
velocity model. On the other hand, there are not many
recorded events in the local networks. In that case, the
estimate relies on an expert opinion and a calculation of
the standard deviation of a limited number of residual

Fig. 12 Waveform plots of A a M0.6 induced event on Novem-
ber 28, 2021, in Groningen, north-east of the Netherlands and B
a M1.2 tectonic event on November 2, 2017, in the south of the
Netherlands (source: www.knmi.nl). The colour codes for the
waveform data are red, blue and green for the vertical, radial and
transversal components. The waveforms are band-passed filtered
between 3 and 18 Hz

traveltimes for P- and S- waves. The uncertainties for
P- and S-waves in the individual network branches are
given in Table 1. The smallest uncertainties are found
for the local network on the gas storage site in Zuid-
wending. This network is state-of-the art with bore-
hole stations with two instruments at about 60m and
90m depth (source: the contractor). The noise condi-
tions (generally signal-to-noise level > 3–4) are good
enough to be able to pick both P- and S-wave phases in
the recorded waveforms (not shown in this paper). The
local network at the geothermal production site near
Venlo consists of surface stations. Consequently, the
noise level in the measurements is accordingly higher
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causing greater values for the P- and S-wave uncer-
tainties. For the national network branches, the uncer-
tainties for P- and S-waves are smallest for Groningen
which is characterised by short station distances in the
order of 3–4km. Station distances increase for the net-
work part in the north of the Netherlands and are much
longer (i.e. 20–50km) for instruments in the south of
the Netherlands. This is reflected in the increment in
the uncertainty in P- and S-waves.

Several case studies compare the hypocenter solu-
tion obtained in this paper with the hypocenter location

in theKNMI official earthquake catalogue (www.knmi.
nl/kennis-en-datacentrum/dataset/aardbevingscatal
ogus). To help understand, the difference between the
two hypocenters, a short note has been prepared in the
supplementary information to explain the method in
the KNMI daily operations. The operational procedure
remains fixed for the time being. Likewise, the official
earthquake catalogues for induced and tectonic events
in the Netherlands will remain unchanged. Instead,
refined locations will be available as a research earth-
quake catalogue.

Fig. 13 Hypocenter analysis of two shallow induced earth-
quakes due to gas storage in a salt cavern. A and B are the
horizontal and vertical cross-sections of a M0.6 event. C and

D are the two cross-sections of a M−0.5 event. The format and
symbols are the same as in Fig. 7
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5.1 Induced events

The subsurface of northern Netherlands is charac-
terised by a thick formation of salt, geologically known
as the Zechstein layer (Dalfsen et al. 2006). In the
Groningen region, the Zechstein layer is 1km thick
and local salt diapirs have pushed upward to 1km
below or even closer to the surface. Such locations
are favourable for gas storage. On one location, 6
salt caverns with volumes, 300–400m height by 50–
80m width are situated below 1km depth and are
used as gas depots for usage during winter. In August
2020, two events with a magnitude 0.6 and −0.5 were
recorded by the contractor who is monitoring the pro-
duction area for induced seismicity. For both events,
clear waveforms were recorded at 4–6 borehole sta-
tions and P- and S-phase times were picked by the
contractor and further used in this hypocenter anal-
ysis The contractor’s report is confidential, but the
waveforms can be downloaded from the KNMI data
portal (www.knmi.nl/kennis-en-datacentrum/dataset/
seismische-en-akoestische-data-tools). The relocated
hypocenters using the P-S and P-EDT mode for the
two events are presented in Fig. 13. The events have
a similar hypocenter. The epicenters and depth esti-
mates are well-defined with a small spatial uncertainty.
The contractor performed an independent hypocenter
analysis based on the same velocity profile and a clas-
sical P-S mode approach. Both analyses show similar

results. The cause of the induced events according to
the contractor is a rock fall at the edge of the cavity in
the salt diapir.

There is an increasing focus on geothermal energy
as part of the transition from fossil fuels to re-useable
and climate friendly energy sources. Often, geothermal
plants are built near greenhouses to supply heat during
wintertime. In one case, a M2.0 event was detected at
a site with geothermal production near the city Venlo,
the south-east of the Netherlands (Vörös and Baisch
2022). The event was large enough to be felt locally
by few people and was recorded at the five surface
stations (i.e. K01-K05) of the local network. P- and
S-wave arrival times were picked, and the hypocenter
was estimated using the P-S and P-EDT mode. The
KNMI report (Spetzler et al. 2018) includes a plot of
thewaveformdata and a sectionwith an investigation of
the local velocity profile. Figure14 shows the relocated
hypocenter and uncertainty volume (K05 is further
away from the wells and not seen in the plots). In addi-
tion, a quantitative comparison of the three hypocenters
for the induced event is given in Table 2. The hypocen-
ter is located at about 2.0 km depth, close to the dou-
blet system. Thewells CAL01-05 are indicated by gray
lines in Fig. 14, and they are extending to 1.6 kmand 2.4
km below the surface. The estimated hypocenter depth
by the contractor Q-con is about 2.4 km although no
uncertainty in the hypocenter is provided in Vörös and
Baisch (2022). Q-con used well perforation shots to

Fig. 14 Hypocenter analysis of shallow induced earthquake due to geothermal production. A and B are the horizontal and vertical
cross-sections of a M2.0 event. The format and symbols are the same as in Fig. 7
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calibrate the inverse velocity difference (1/Vs −1/Vp)
and then determined the hypocenter solutionwhichwas
found to be located between the wells of the doublet
system. The presented hypocenter from this paper and
the Q-con source solution are close considering the
uncertainty range of the applied hypocenter methods.
The KNMI hypocenter solution is calculated from dis-
tal stations in the national network and the Seiscomp
software, resulting in a hypocenter solution far from
the more likely location determined in this paper and
by Q-con.

The last case study to discuss in this subsection is
induced seismicity due to the extraction of gas. The
gas is produced from the Groningen gas field which

has resulted in many small events and the recorded
maximummagnitude is 3.6, (deJager and Visser 2017).
The velocity profile B in Fig. 2 shows an example of
the structure of the overburden and gas-bearing reser-
voir. The lateral extension of the gas reservoir is almost
25x40 km2. The first induced event was recorded in
1991. The induced seismicity steadily increased due
to an increase in production of gas in following years
(Dost et al. 2017). Spetzler and Dost (2017), Willacy
et al. (2019, 2020) and Smith et al. (2020) made esti-
mates of the hypocenter of induced events inGroningen
based on different approaches. All three studies show
that the events predominantly occur at reservoir level.
Figure15 presents the result of the hypocenter analysis

Fig. 15 Hypocenter analysis of shallow induced earthquake due to gas extraction.A and B are the horizontal and vertical cross-sections
of a M0.6 event. C and D are the two cross-sections of a M2.2 event. The format and symbols are the same as in Fig. 7
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of two events: aM0.6 in 2021 and aM2.2 event in 2022.
The azimuth distribution of stations is almost uniform
around the hypocenters, and the maximum azimuthal
gap is less than 90 deg and station distances are below
7km. A comparison with the hypocenter published by
the KNMI (source: Induced earthquake catalogue on
www.knmi.nl) and the relocated hypocenter reveals a
similar outcome. The depth in the KNMI hypocenter
is by default set to 3km without defining the error. The
top of the Zechstein layer and the vertical extension of
the gas reservoir (extracted from the 3D elastic model
for the Groningen field, Romijn (2017)) is indicated in
the cross-section with the hypocenter depth in Fig. 15.
The estimated hypocenter depths for both events using
the P-S and P-EDT mode presented in this paper are
between 2900 and 3000m (± 200m), indicating that
they are confined within the reservoir. The hypocen-
ters are likewise well-defined near faults which is most
clear in the cross-section plot for the M2.2 event. The
error ellipse slightly extends into the Zechstein layer
above and the Carboniferous layer below the reservoir.
TheQC-reports for the two events estimated byWillacy
et al. (2020) published on www.namplatform.nl show
similar hypocenters and error ellipses.

5.2 Tectonic events

The border region between the Netherlands, Germany
and Belgium is well-known for natural seismicity due

to active faulting in the Ruhr Valley Graben (Paulssen
et al. 1992). The largest event recorded in this region
is the M5.8 event on April 13, 1992, near Roermond,
the Netherlands. The earthquake was widely felt and
due to a long duration caused much structural damage.
Large magnitude events (M> 4) do not take place very
often. The recurrence of a large magnitude earthquake
in the area is several centuries (Vanneste et al. 2013;
Camelbeeck et al. 2020). On the other hand, many
smallmagnitude earthquakes are detected by the broad-
band stations every year. These small tectonic events
are often not felt due to the deep hypocenters. The
velocity profiles used to calculate the finite-difference
traveltime tables for P- and S-waves are discussed in
Paulssen et al. (1992) and Reamer and Hinzen (2004).
The hypocenter solutions and their uncertainties for a
M1.2 event and the M5.8 earthquake are presented in
Figs. 16 and 17, respectively. Plot B in Fig. 12 shows
the recorded waveforms of the M1.2 event. The sta-
tion distances are much longer compared to the previ-
ous case studies for the induced earthquakes leading to
larger hypocenter uncertainties. Both events are found
to have a hypocenter in the lower crust. The depth of
the hypocenter of the M5.8 earthquake is estimated to
be around 25km. Paulssen et al. (1992) calculated the
depth to be around 20–21km based on an inversion
with P-wave onsets only. The KNMI hypocenter is set
to 15km. The depths of the two tectonic events esti-
mated in this work are both found to be 10km deeper

Fig. 16 Hypocenter analysis of tectonic earthquake. A and B are the horizontal and vertical cross-sections of the M1.2 event. The
format and symbols are the same as in Fig. 7
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Fig. 17 Hypocenter analysis of tectonic earthquake. A and B are the horizontal and vertical cross-sections of the M5.8 event near
Roermond, the Netherlands. The format and symbols are the same as in Fig. 7

than the official KNMI hypocenters. This discrepancy
in depth can be explained by the difference in hypocen-
ter methodology and velocity profile. The velocity pro-
file for the area with tectonic earthquakes which is
used here was derived in a tomographic experiment
by Reamer and Hinzen (2004). The velocity profile for
the south of the Netherlands in the KNMI seismologi-
cal operations is an averagemodel to fit the purpose of a
larger regionwith different kinds of geological settings.
In addition, it is noted that the depth sensitivity of the
seismic wavefield decreases for stations farther away
from the source which may have some effect on the
hypocenter solution of the M5.8 event in Roermond.

An example of hypocenter relocation of three other
detected events in Limburg is found in Spetzler (2023).
The official KNMI hypocenter depth was fixed to 1km,
a solution attributed by the current setup and veloc-
ity profile in the daily operations. The Dutch regulator
The State Supervision of Mines was concerned that the
three events were caused by past mining activities in
the area (Cuenca et al. 2013). The issue was solved
by a new analysis of the events based on the improved
hypocenter method and velocity profile for Limburg.
The source depth of these earthquakes was found to
be around 11km. The three earthquakes were charac-
terised as having a tectonic origin.

6 Discussion and conclusions

We have investigated how to improve the methodol-
ogy for hypocenter analysis of earthquakes. The essen-
tial components in the earthquake location process are
the engine to calculate traveltimes in the hypocenter
method, the optimisation approach to find the hypocen-
ter and the estimation of the uncertainty of the source
location.

For the traveltime calculations, we compared the
FMM method by Podvin and LeComte (1991) with
FD simulations. Traveltimes were extracted from the
FD waveforms by kurtosis. The FMM approach in the
open-source Non-Lin-Loc software offers an effort-
less way to calculate traveltimes for P- and S-waves
in relatively complex 3D media. However, there are
limitations to the use of the FMM method for increas-
ing complex structures.We validated the FMMmethod
for two velocity profiles taken from a geological set-
ting for tectonic earthquakes and a region with induced
seismicity. For the case of tectonic earthquakes where
the model consists of increasing velocities for increas-
ing depth and relative small velocity contrasts, it was
sufficient to use the FMM to calculate P- and S-wave
traveltime functions. However, for the demonstration
with the velocity profile for induced events, the elas-
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tic model has a strong velocity increment due to a thick
salt formation sealing the topof the reservoir. TheFMM
failed for epicentral distances larger than 3–4km. For
that reason, the P- and S-wave traveltime tables were
calculated with finite-difference waveform simulations
to account for all wave phenomena.

TheFMMmethodandFDwith thekurtosis approach
to calculate traveltime functions with an epicentral dis-
tance and depth dependence can be calculated on a
modern desktop computer. The traveltimes are quickly
calculated with pre-defined traveltime functions for P-
and S-waves. The hypocenter analysis can be carried
out with a common grid search method which as well
allows to quickly calculate the posterior probability dis-
tribution. The spatially distributed objective function is
required to estimate the uncertainty of the hypocenter
location. The error ellipse for the hypocenter is defined
as one standard deviation of the posterior probability
distribution and is derived from the 95 % percentile
volume.

To reduce the hypocenter uncertainty, the estab-
lished hypocenter approach based on either P-S phase
difference per station or P-phase difference between
pairs of stations has been combined to use both phase
difference attributes simultaneously. The result is that
the uncertain in epicenter is reduced mainly with the
effect of P-phase differences between two stations
while the smallest error in the depth is coming from
the P-S traveltime differences. The hypocenter uncer-
tainty accounts for errors in the background velocity
model, modelling, instrumentation and phase picking.

The hypocenter method was tested on different seis-
mological events types and geological settings. For
the case studies of induced earthquakes, production
with either injection or extraction of fluids can locally
change the stress regime. For example for induced
earthquakes in the Groningen gas field, the extrac-
tion of gas has reduced the supporting pressure in the
reservoir at 3km depth. The massive overburden is
pushing down on pre-existing faults in the reservoir
which at some point exerts the critical failure point and
an induced earthquake can take place (Wentinck and
Kortekaas 2023). The induced earthquakes in the gas
storage facility in salt diapirs are again likely caused
by the overburden adding pressure on the upper part of
the dome with caverns inside (Bosq 2020). The site
near Venlo is characterised by faults in the subsur-
face which initially was favourable for the fluid flow
in the doublet system. Unfortunately, the nearby faults

were re-activated by injecting water into the subsur-
face (Vörös and Baisch 2022). The region between the
Netherlands, Germany and Belgium has a mixture of
a complex horst and graben structure and past min-
ing activities. For this region, the important question is
whether events are of an induced or tectonic origin. In a
preliminary study of the set of detected events in Lim-
burg using the hypocenter approach presented in this
work, we found that indeed many events in the Ruhr
Valley Graben area are located in the middle-to-lower
crust. The large depth (>20km) of some of the events
points to a considerable depth of the brittle-to-ductile
transition. For other areas further south towards the bor-
ders between the Netherlands, Germany and Belgium,
we have found that detected events tend to have depths
in the upper-to-mid crust. The study of the seismicity in
the border region between the Netherlands, Germany
and Belgium is too extensive to describe in details in
this paper. Hinzen et al. (2021) provide an overview of
recent seismicity in this area.

With awell-definedhypocenter and error ellipse, it is
likely possible to differentiate whether a detected event
would be induced or tectonic based on the depth esti-
mate. Equally, accurate hypocenters of tectonic events
can help to distinguish between different geological
settings or stress field regimes. The examples of real
induced and tectonic events in this work show that the
P-S and P-EDTmethod is capable of accurate hypocen-
ter determinationwith valuable information about loca-
tion uncertainty.
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