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1.​Abstract  
Induced seismicity related to gas production remains an important scientific and societal 
issue in the Netherlands, especially because earthquakes may continue after production has 
stopped. This post-production activity, known as trailing seismicity, creates uncertainty in 
seismic hazard assessment, since the largest earthquake does not necessarily occur during 
the production phase. This thesis investigates whether the largest observed trailing 
earthquakes in Dutch gas fields, with specific focus on the 2025 Zeerijp earthquake in 
Groningen, can be justified using an adapted framework of Ryan Schultz combined with 
Gutenberg-Richter magnitude-frequency statistics. 
 
Earthquake data from the Koninklijk Nederlands Meteorologisch Instituut (KNMI) catalogue 
were divided into production and post-production events for selected Dutch gas fields. The 
main parameters used in the analysis were the magnitude of completeness, the number of 
production and trailing earthquakes, the production-seismicity ratio, the Gutenberg-Richter 
b-value, and the maximum magnitude parameter. Groningen was used as a control case 
because of its larger earthquake catalogue, while Annerveen, Eleveld and Roswinkel were 
analysed as smaller gas field examples. A Monte Carlo approach and logic-tree structure 
were used to include uncertainty in the input parameters and to estimate distributions of the 
largest expected trailing magnitude. 
 
The results show that the observed Zeerijp earthquake with magnitude 3.4 falls within the 
predicted Groningen magnitude distribution. For the smaller gas fields, their observed largest 
trailing magnitudes are justified as well; however, uncertainty increases. Overall, the adapted 
framework can justify the largest observed trailing events within the selected Dutch gas 
fields, but the reliability of the prediction depends on the assumed b-value, completeness 
magnitude, seismicity ratio and maximum-magnitude constraint. Therefore, the method is 
useful as a probabilistic tool but should be interpreted together with field-specific geological 
and catalogue uncertainties. 
 

 

3 



2.​Introduction  
Induced seismicity has become an important scientific, political, and societal issue in the 
Netherlands. For several decades, natural gas production contributed to the Dutch energy 
supply and economy. The Groningen gas field, discovered in 1959 and brought into 
production in 1963, became one of the most important gas fields in Europe. Revenues from 
Groningen gas production contributed greatly to Dutch prosperity, with the Dutch state 
earning more than €363 billion from the field over approximately sixty years (Parliamentary 
Committee of Inquiry, 2023). However, the same production also caused reservoir pressure 
depletion, subsidence, and induced earthquakes, which led to damage to structures, safety 
concerns, and loss of trust among regional residents. 

Groningen shows that induced seismicity is not only a geological or technical problem but 
also a societal problem. Even relatively small earthquakes can have serious consequences 
when they occur at near-surface depths and close to houses and infrastructure. In the 
Netherlands, induced earthquakes related to gas production are generally of a low 
magnitude (M < 3), but because they are shallow, they can still cause damage and concern 
among the local population (Dost et al., 2004). In Groningen, repeated earthquakes resulted 
in large numbers of damage claims and a long-term reinforcement operation for buildings. 
According to the parliamentary inquiry into Groningen gas extraction, more than 267,000 
damage claims had been reported by early 2023, and many buildings still required 
assessment or reinforcement (Parliamentary Committee of Inquiry, 2023). Eventually, the 
risks and damage related to induced earthquakes became too significant to ignore, and the 
Dutch government therefore decided to end gas extraction from the Groningen field, and the 
field was permanently closed in April 2024 (Government of the Netherlands, 2024). 

A further risk is that induced seismicity does not always stop immediately when the operation 
stops. Schultz et al. (2022) state that induced earthquakes can continue after injection or 
stimulation has ended. This is called trailing seismicity. In some cases, the largest 
earthquake in a sequence may occur after shut-in, which makes operational risk 
management more difficult (Schultz et al., 2022). A notable trailing event is the Zeerijp event 
of Groningen, with a magnitude of 3.4, one of the highest magnitudes recorded in 
Groningen. Trailing seismicity is not only relevant for Groningen but also for small Dutch gas 
fields (Grigoratos et al., 2023).  

This study focuses on estimating and interpreting induced seismicity parameters for Dutch 
gas fields. By analysing production-period events, trailing events, event ratios, and expected 
maximum magnitudes, the study contributes to a better understanding of how seismicity 
behaves after gas production. Furthermore, it aims to see if the Zeerijp event of magnitude 
3.4 can be justified and, similarly, the top events of other Dutch gas fields within current 
observations.  
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3.​Mechanisms of induced and trailing seismicity 
 
Induced seismicity refers to earthquakes caused by anthropogenic activities in the earth’s 
subsurface. These activities disturb the natural stress state of the earth by changing pore or 
reservoir pressure, temperature or load of rocks and faults. Examples are gas injection, gas 
storage, geothermal energy production, impoundment of reservoirs, salt solution mining and 
mining in general (Ellsworth, 2013; Foulger et al., 2018; Muntendam-Bos et al., 2022). In the 
Netherlands, induced seismicity is relevant because of their involvement in gas production 
and increase of subsurface use, such as energy storage and geothermal heat extraction 
(Muntendam-Bos et al., 2022).  

Because several related terms are used throughout this thesis, the most important concepts 
are defined below: 

-​ Induced seismicity: earthquakes that are mainly caused by human activity. In this 
thesis, this mainly refers to earthquakes related to gas production and the resulting 
pressure and stress changes in the reservoir. 

-​ Triggered seismicity: earthquakes that occur on faults that may already be close to 
failure, but where sudden activity changes the stress conditions enough to bring the 
earthquake forward in time. In this case, the human activity does not necessarily 
create the fault instability completely, but it can trigger slip on an already critically 
stressed fault. 

-​ Trailing seismicity: earthquakes that occur after the operation has stopped. In this 
thesis, this refers to earthquakes that occur after gas production has ended. Trailing 
seismicity is important because the largest earthquake in a sequence does not 
always occur during the production phase. 

 

Physically, the cause of induced seismicity is the reactivation of faults. Faults may already 
exist and could already be close to failure due to natural stresses. Human activity can then 
alter the existing stress state enough to make the fault slip. For injection, the most important 
factor is the increase of pore pressure, reducing the normal stress acting, leading to easier 
slippage of the fault (Ellsworth, 2013; Keranen et al., 2014). A different mechanism occurs 
for gas extraction: during production reservoir pressure decreases, changing the effective 
stress in and around the reservoir, which could lead to activation of faults (Muntendam-Bos 
et al., 2022; Richter et al., 2020).  
 
Induced earthquakes in the Netherlands are generally of low magnitude (roughly M ≤ 3.6, 
the largest recorded) but can still be felt because they occur at shallow depths where weak 
topsoils amplify ground motion. Events of magnitude 1.5-2.0 are already perceptible to the 
public, and larger events can cause non-structural damage to houses and infrastructure 
(Muntendam-Bos et al., 2022). 
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4.​Methodology 
The aim of the methodology is to test whether the largest observed post-production 
earthquakes in Dutch gas fields are statistically plausible within a trailing-seismicity 
framework. To do this, each earthquake sequence must first be defined in a consistent way. 
This requires three steps: selecting earthquakes that can reasonably be related to gas 
production, separating the selected events into production and post-production phases and 
applying a magnitude threshold so that only reliably recorded events are used. 

In induced seismicity studies, both the location and timing of an earthquake are important. 
An earthquake can only be interpreted as induced if it has a plausible spatial and temporal 
relation to a subsurface operation. Therefore, earthquakes were not automatically assigned 
to the nearest gas field. Instead, the selection followed the Dutch induced seismicity 
classification approach described by Muntendam-Bos et al. (2022). In this approach, events 
are assessed using their spatial relation to gas fields and subsurface operations, while also 
considering location uncertainty, hypocentre depth, and nearby geological structures. This is 
consistent with the general induced seismicity reasoning of Davis and Frohlich (1993), where 
spatial relation, timing, depth, and regional seismic history are used to assess whether 
earthquakes may be induced. 

The earthquake data used in this study were taken from the KNMI earthquake catalogue 
(Koninklijk Nederlands Meteorologisch Instituut, n.d.). This catalogue provides the origin 
time, epicentre location, depth, and local magnitude ML​ of recorded earthquakes. These 
variables are needed to determine when each earthquake occurred, where it occurred, and 
how large it was. After the spatial attribution step, the timing of each selected earthquake 
was compared with the production history of the associated gas field. 

This timing step is important because induced seismicity can occur both during and after the 
operational period. Earthquakes that occur while gas extraction is still ongoing are 
considered production-phase events. However, seismicity does not always stop immediately 
after production ends. Stress changes caused by reservoir pressure depletion and 
compaction can continue to redistribute after shut-in, and faults may still respond during this 
post-production period, thus causing trailing seismicity. Schultz et al. (2022) therefore 
distinguish between an operational phase and a trailing phase when analysing induced 
seismicity sequences. 

In this thesis, the same distinction is applied to Dutch gas fields. The operational phase is 
defined as the period between the start and end of gas production. The trailing phase is 
defined as the period after production has stopped. Each selected earthquake is therefore 
assigned to either the production phase or the trailing phase based on its occurrence time 
relative to the field-specific production dates. 

Before the event numbers and maximum magnitudes are calculated, the catalogue is filtered 
using the magnitude of completeness, MC​. The magnitude of completeness is the lowest 
magnitude above which the earthquake catalogue is assumed to be complete. Only 
earthquakes with magnitudes equal to or larger than this threshold are included: 
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 𝑀
𝑖

≥ 𝑀
𝐶
 

This filtering step is necessary because smaller earthquakes may be missing from the 
catalogue, especially in older periods or in areas with fewer seismic stations. If incomplete 
low-magnitude data were included, the calculated production and trailing event counts could 
be biased. By applying MC​, the comparison between production-phase and trailing seismicity 
is based only on events that are expected to be reliably recorded. After event attribution, 
phase separation, and completeness filtering, the following variables are defined for each 
gas field: 

  
NP = number of earthquakes during production 
NT = number of earthquakes after production 
MP,max = largest earthquake during production 
MT,Max = largest earthquake after production 

 
 
Resulting into a maximum observed difference of: 

 ∆𝑀
𝑜𝑏𝑠

 =  𝑀
𝑇,𝑚𝑎𝑥 

− 𝑀
𝑃,𝑚𝑎𝑥 

 
 
Schultz et al. (2022) base their maximum-magnitude framework on the unbounded 
Gutenberg-Richter magnitude-frequency distribution (GR-MFD):  
 

 𝑁 =  10𝑎10−𝑏𝑀

or equivalently:  
 𝑙𝑜𝑔

10
(𝑁) = 𝑎 − 𝑏𝑀

 
Where N is the number of earthquakes with magnitude greater than or equal to M, the 
a-value describes earthquake productivity and the b-value describes the relative proportion 
of small and large earthquakes (Schulz et al., 2022).   
 
The confidence-based maximum-magnitude estimate is derived from the sample size 
hypothesis. This hypothesis states that the expected largest earthquake in a catalogue 
depends on how many earthquakes are sampled from the Gutenberg-Richter distribution. A 
larger catalogue has a higher probability of containing a larger event. Assuming an 
unbounded Gutenberg-Richter distribution, the largest observed event scales with the 
logarithm of the total number of induced earthquakes (Van der Elst et al., 2016): 
 

 𝑀
𝑚𝑎𝑥

≈  𝑀
𝐶

+  1
𝑏 𝑙𝑜𝑔

10
𝑁( )

 
To include uncertainty in the predicted largest earthquake, a confidence parameter 𝒖 from 
the sample-size approach used by van der Elst et al. (2016) and Schultz et al. (2022) is 
included.  
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 𝑀
𝑚𝑎𝑥

(𝑢) ≈  𝑀
𝐶

+  1
𝑏 𝑙𝑜𝑔

10
𝑁( ) −  1

𝑏 𝑙𝑜𝑔
10

− 𝑙𝑛(𝑢)( )
 
Where  is the maximum magnitude at confidence level 𝒖, and 𝒖 is a confidence 𝑀

𝑚𝑎𝑥
(𝑢)

parameter between 0 and 1. Schultz et al. (2022) use this sample-size expression as the 
basis for their trailing seismicity model.  
 
Now here we use the same logic as Schulz et al. (2022) to derive the formulation for the 
relation between gas production earthquakes and its trailing earthquakes:  
 

 ∆𝑀 =  𝑀
𝑚𝑎𝑥 

− 𝑀
𝑃,𝑚𝑎𝑥 

≈  1
𝑏 𝑙𝑜𝑔

10
1 +

𝑁
𝑇

𝑁
𝑃

( ) + 1
𝑏 𝑙𝑜𝑔

10

𝑙𝑛(𝑢
𝑃
)

𝑙𝑛(𝑢)( )
 
This follows directly from:  
 

 𝑀
𝑃,𝑚𝑎𝑥

(𝑢
𝑃
) ≈  𝑀

𝐶
+  1

𝑏 𝑙𝑜𝑔
10

𝑁
𝑃( ) −  1

𝑏 𝑙𝑜𝑔
10

− 𝑙𝑛(𝑢
𝑃
)( )

  𝑀
𝑚𝑎𝑥

(𝑢) ≈  𝑀
𝐶

+  1
𝑏 𝑙𝑜𝑔

10
𝑁

𝑃
+ 𝑁

𝑇( ) −  1
𝑏 𝑙𝑜𝑔

10
− 𝑙𝑛(𝑢)( )

 
Now the difference in magnitude between the production and the combined phase is  
 

 ∆𝑀 =  𝑀
𝑚𝑎𝑥

(𝑢) − 𝑀
𝑃,𝑚𝑎𝑥 

(𝑢
𝑃
)

 ∆𝑀 =  1
𝑏 𝑙𝑜𝑔

10

𝑁
𝑃
+𝑁

𝑇

𝑁
𝑃

( ) + 1
𝑏 𝑙𝑜𝑔

10

𝑙𝑛(𝑢
𝑃
)

𝑙𝑛(𝑢)( )
Here:  

 
𝑁

𝑃
+𝑁

𝑇

𝑁
𝑃

=1 +
𝑁

𝑇

𝑁
𝑃

Thus: 

 ∆𝑀 ≈  1
𝑏 𝑙𝑜𝑔

10
1 +

𝑁
𝑇

𝑁
𝑃

( ) + 1
𝑏 𝑙𝑜𝑔

10

𝑙𝑛(𝑢
𝑃
)

𝑙𝑛(𝑢)( )
Where: 

 
1

𝑅
𝑃

=  𝑁
𝑁

𝑃
= 1 +

𝑁
𝑇

𝑁
𝑃

= 1 + 𝑅
𝑇𝑃

 𝑅
𝑇𝑃

=
𝑁

𝑇

𝑁
𝑃

 𝑅
𝑃

=
𝑁

𝑃

𝑁
𝑃
+𝑁

𝑇

 
In addition to the unbounded Gutenberg-Richter magnitude-frequency distribution, a 
bounded Gutenberg-Richter distribution can also be considered. In the unbounded 
formulation, there is no physical upper limit on the possible earthquake magnitude. This 
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assumption is used by Van der Elst et al. (2016), who show that the largest observed 
induced earthquakes can be explained by sampling statistics from an unbounded 
Gutenberg-Richter distribution. Schultz et al. (2022) use this same sample-size logic in their 
statistical framework for trailing seismicity. This is useful for statistical sampling, but it may be 
less realistic for gas fields where the maximum possible rupture size is limited by reservoir 
dimensions, fault length, reservoir thickness, and stress conditions. Therefore, a bounded 
Gutenberg-Richter distribution introduces an upper magnitude limit. We introduce this as the 
MU; 

 𝑀
𝐶

< 𝑀 < 𝑀
𝑈

 
 
 
In the bounded Gutenberg-Richter model, the cumulative distribution function can be written 
as:  

 𝐹
𝐵

(𝑀) =  1−10
−𝑏(𝑀−𝑀

𝐶
)

1−10
−𝑏(𝑀

𝑈
−𝑀

𝐶
)

 
Here, FB(M) is the probability that an earthquake magnitude is smaller than or equal to M. 
The denominator normalises the distribution between MC and MU (Beirlant et al., 2019). This 
means that:  

 𝐹
𝐵

(𝑀
𝐶
) = 0

 𝐹
𝐵

(𝑀
𝑈

) = 1
 
The corresponding exceedance probability is the following:  
 

 𝑃(𝑀
𝑖

≥ 𝑀) = 10
−𝑏(𝑀−𝑀

𝐶
)
−10

−𝑏(𝑀
𝑈

−𝑀
𝐶
)

1−10
−𝑏(𝑀

𝑈
−𝑀

𝐶
)

 
This formula follows directly from the same bounded cumulative distribution, because 
exceedance probability is the probability of observing a magnitude equal to or larger than M 
within the bounded interval. 
 
To estimate the largest magnitude in a catalogue of N earthquakes, the sample-size 
approach is used. Van der Elst et al. (2016) show that induced earthquake maximum 
magnitudes can be interpreted using Gutenberg-Richter sampling statistics. For a bounded 
distribution, if Mlrg,B is the largest earthquake in the sample, then all N earthquakes must be 
smaller than or equal to this value: 
 

 𝑃(𝑀
𝑙𝑟𝑔,𝐵

≥ 𝑀) = 𝐹
𝐵

(𝑀)𝑁 
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Using a confidence level u, this becomes:  
 

 𝐹
𝐵

(𝑀)𝑁 =  𝑢 
Taking the N-th root gives:  

 𝐹
𝐵

(𝑀) = 𝑢
1
𝑁

Substituting the bounded Gutenberg-Richter cumulative distribution gives: 

 1−10
−𝑏(𝑀−𝑀

𝐶
)

1−10
−𝑏(𝑀

𝑈
−𝑀

𝐶
) = 𝑢

1
𝑁

 
 
 
Rearranging gives: 
 

 1 − 10
−𝑏(𝑀−𝑀

𝐶
)
 = 𝑢

1
𝑁 1 − 10

−𝑏(𝑀
𝑈

−𝑀
𝐶
)( )

 
Therefore:  
 

 10
−𝑏(𝑀−𝑀

𝐶
)
 = 1 −  𝑢

1
𝑁 1 − 10

−𝑏(𝑀
𝑈

−𝑀
𝐶
)( )

 
Taking the log10 and solving for M gives the following: 
 

 𝑀
𝑙𝑟𝑔,𝐵

(𝑢) = 𝑀
𝐶

− 1
𝑏 𝑙𝑜𝑔

10
1 −  𝑢

1
𝑁 1 − 10

−𝑏(𝑀
𝑈

−𝑀
𝐶
)( )( )

 
This is the bounded largest-magnitude equation. It follows the same sample-size reasoning 
used by Van der Elst et al. (2016), but it includes the upper-bound term from the truncated 
Gutenberg-Richter distribution described by Beirlant et al. (2019). 
 
For this thesis the bounded Gutenberg-Richter approach has been used.  
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5.​Code Description 
For this project two MATLAB scripts were used, script_MakeTrailDist_main.m and 
script_dMtrail.m. These were originally created by Ryan Schultz, after minimally altered by 
Annemarie Muntendam-Bos and finally adjusted by Bubu Schmal to fit for this project.  
Full code descriptions are readable in Appendix A and B respectively.   

5.1 TrailDistance 
The TrailDistance script analyses the production-seismicity ratio Rp and fits the observed 
data to a beta distribution. The ratio Rp describes the fraction of earthquakes that occur 
during the operation compared with the total number of earthquakes. Schultz et al. (2022) 
showed that that the distribution for injection/stimulation induced seismicity follows a beta 
distribution. TrailDistance uses a bootstrap methodology to derive the optimum parameter for 
the beta distribution and a Kolmogorov-Smirnov test to determine the significance of this 
beta distribution compared to a random distribution.  

5.2 dMtrail 
The second script used was the script_dMtrail.m. This script estimates the distribution of the 
largest expected trailing earthquake magnitude, Mlrg, after production has stopped or after a 
red-light/shut-in situation.  
 
The main purpose of the script is to estimate the possible magnitude range of trailing 
seismicity. Instead of using one fixed value, the script samples possible combinations of 
input parameters. These include the Gutenberg-Richter b-value, the seismicity ratio Rp, and 
the maximum magnitude parameter Mmax. By sampling these parameters, the script creates 
a probabilistic distribution of possible largest trailing magnitudes.  
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6.​Selection of Gas Fields  
The Dutch gas fields considered for this research are shown in Table 1, alongside the dates 
of production start and end, their statistical relations according to chapter 4 'Methodology', 
and the largest observed magnitude. These include the total number of events (Ntotal, M ≥  
MC), observed events during production (NP, M ≥  MC), observed trailing events (NT, M ≥  MC) 
and the ratios NT/NP and RP (NP/Ntotal). 

Table 1: Overview of the Dutch gas fields considered, including their production dates and 
​ statistical relations 

The first notable thing is that many Dutch gas fields have a low number of earthquakes. 
Several fields have no trailing earthquakes at all, while others have only one or a few 
production-related events. Although these fields are still considered, their Rp values are less 
reliable, because a single event can strongly influence the calculated ratio. For example, 
Roden has 5+/-2 events observed, with 2+/-2 trailing events, which results in an Rp-value of 
0.714+/-0.266. In contrast, Eleveld has 42+/-2 events and 2 trailing events, which results in 
an Rp-value of 0.955+/-0.002. Therefore, the Rp-values of fields with a low number of 
observed events contain a large uncertainty. If all fields are included in the beta-distribution 
fit with equal weight, these uncertainties are not taken into account and introduce a bias in 
the fit. 

For this reason, the selection was narrowed down to the fields with >20 earthquakes in the 
minimum scenario, thus reducing the uncertainty in RP to < 0.05. Groningen, Annerveen, 
Eleveld, and Roswinkel clearly stand out in the table because they have a relatively high 
number of earthquakes without an RP of 1. Groningen clearly dominates the total seismicity; 
however, in these smaller gas fields enough seismicity has occurred to create meaningful 
data.  
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Groningen will also be used here as a control field because its abundant seismicity provides 
the statistical basis needed to validate the method. Its catalogue contains 1,396 detected 
events (December 1991–November 2021) across a field with over 1,100 mapped faults 
(Muntendam-Bos & Grobbe, 2022). 
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7.​Parameters Input  
As the methodology is based on a Monte Carlo simulation, different input parameters need 
to be stated. The gas field-specific constant parameters include the MC and Np. The logic 
tree parameters include b-value, RP and Mmax. 

7.1 Groningen 
Groningen is the most extensively researched Dutch gas field. For that reason, besides 
parameters, a decision tree has been made. Besides the parameters in the Groningen logic 
tree, there is one more:  
 
NP ​ ​ 596  

Mmax is one of the key but also uncertain inputs for the Monte Carlo simulation. Therefore, 
the Groningen Mmax value is taken from the logic tree of the Groningen Mmax Panel of 
Nederlandse Aardolie Maatschappij B.V. (2022). The Groningen logic tree, visible in figure 2,  
represents knowledge-based uncertainty by the Groningen Mmax Panel in the maximum 
possible earthquake magnitude, Mmax, for seismic hazard and risk analysis of the 
Groningen gas field. In this context, Mmax is not treated as one fixed value but as a 
distribution of defensible upper-bound magnitudes. This is important because the Groningen 
Mmax Panel explains that Mmax is the largest magnitude that a seismic source is expected 
to produce. This means that Mmax sets the highest possible magnitude used in the hazard 
model (Nederlandse Aardolie Maatschappij B.V., 2022). The report also emphasises that the 
Groningen Mmax assessment applies specifically to seismicity caused by gas extraction 
from the Groningen field and not to natural tectonic earthquakes in the region. 

 

Figure 2: The Groningen logic tree from the Nederlandse Aardolie Maatschappij B.V. (2022) 
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The first split in the Groningen logic tree separates two possible seismicity-source models: 
induced seismicity only and triggered-and-induced seismicity. The induced seismicity branch 
receives a dominant weight of 0.9. This branch assumes that future Groningen earthquakes 
are mainly caused by gas production. The report explains that this branch is supported by 
evidence that observed Groningen seismicity is strongly related to gas extraction processes 
and reservoir compaction (Nederlandse Aardolie Maatschappij B.V. 2022). 

The second main branch represents a combined triggered-and-induced seismicity scenario 
and receives a lower weight of 0.1. This branch is included because the possibility of 
triggered seismicity cannot be fully ruled out, even though the report states that triggered 
seismicity has not been clearly observed so far in Groningen. Triggered events may involve 
ruptures extending beyond the capabilities of the gas production-related seismicity, which 
means that this branch can include larger possible Mmax values than the induced-only branch 
(Nederlandse Aardolie Maatschappij B.V. 2022). 

Within the induced branch, the logic tree is divided into two equally weighted approaches for 
estimating Mmax: the statistical and hybrid modelling approach and the physical-dimensions 
approach. Both receive a weight of 0.5. The statistical and hybrid modelling branch uses the 
observed Groningen earthquake catalogue together with physical modelling approaches, 
such as stress changes, failure criteria, and simulations of spatial and temporal seismicity 
patterns. The physical-dimensions branch estimates possible maximum magnitudes from the 
dimensions of plausible ruptures within the reservoir, using information on mapped faults, 
reservoir structure, rupture length, rupture width, and empirical magnitude-scaling 
relationships. The panel gives equal weight to these two approaches because they represent 
different but defensible ways of estimating Mmax: one based mainly on observed seismicity 
and modelling and the other based on possible rupture within the reservoir (Nederlandse 
Aardolie Maatschappij B.V., 2022). 

The final Groningen Mmax logic tree, therefore, gives most probability to lower maximum 
magnitudes in the induced-seismicity branch while retaining a small probability of larger 
magnitudes through the triggered-and-induced branch. In the 2022 assessment, the Mmax 
distribution ranges from M=4.0 to M=6.5, with most of the probability mass between M=4.0 
and M=5.0. The discrete probability weights are visible in Figure 2 and Figure 3. This shows 
that the model is dominated by induced seismicity but still includes a conservative 
low-probability tail for larger triggered scenarios (Nederlandse Aardolie Maatschappij B.V. 
2022). 

In this project, the Groningen logic tree was adapted for use in the Monte Carlo model. The 
literature-based Mmax structure was combined with a normal distribution of 
Groningen-specific seismicity parameters, a b-value of 0.89  (Nederlandse Aardolie 
Maatschappij B.V. 2022) and an Rp value of 0.95. This adapted decision tree is presented in 
figure 3.  
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Figure 3: Adapted Groningen logic tree  

 
 

7.2 Annerveen  
The input parameters for Annerveen are the following:  
Np​ ​ 45  
b-value​ A normal distribution with the tectonically standard distribution of N(1.0, 0.052) 
Rp​ ​ A normal distribution of (0.9375, 0.0052) 
Mmax​ ​ 4.0 (TNO, 2022). From this a normal distribution has been made of 

N(4.0, 0.12) 

7.3 Eleveld  
The input parameters for Eleveld are the following: 
Np​ ​ 44  
b-value​ A normal distribution with the tectonically standard distribution of N(1.0, 0.052)  
Rp​ ​ A normal distribution of N(0.9550, 0.0052) 
Mmax​ ​ 3.6 (Nederlandse Aardolie Maatschappij B.V. [NAM], 2016). From this a  

normal distribution has been made of N(3.6, 0.12) 

7.4 Roswinkel 
The input parameters for Roswinkel are the following: 
Np​ ​ 35  
b-value ​ A normal distribution with the tectonically standard distribution of N(1.0, 0.052)  
Rp ​ ​ A normal distribution of N(0.9459, 0.0052) 
Mmax ​ ​ 3.8 (Nederlandse Aardolie Maatschappij B.V. [NAM], 2007). From this, a  

normal distribution has been made of N(3.8, 0.12) 
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8.​Results  
Groningen is presented first as a control field, followed by Annerveen, Eleveld, and 
Roswinkel. For each field, the results report the input parameters used, the modelled Mlrg 
output and the Rp value or adjustment where applicable. 

8.1 Beta Distribution fit 
The four selected fields have RP values close to 0.95 (Table 1). Figure 1 shows the fitted 
beta distribution for the fraction of earthquakes that occur during production, RP. The fitted 
beta distribution shows a strong peak near high RP values. The scatter plot of the 
bootstrapped alpha and beta parameters shows a clear positive relationship, while the 
histograms show that most bootstrap results cluster around the mean parameter values. The 
fitted mean parameters are α = 495 and β = 26, whereas the background data of Schultz et 
al. (2022) is α = 0.73 and β = 0.11.  

 

Figure 1:  Fitted beta-distribution of the selected gas fields on top of a database from Schulz 
et al. (2022) 
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8.2 Groningen 
The Groningen results are presented in two steps. First, the present model uses the 
observed production and trailing seismicity available at the time of analysis, together with the 
original Rp value of approximately 0.95. This model is used to test whether the observed M = 
3.4 Zeerijp earthquake falls within the predicted Mlrg distribution. Second, an adjusted 
Groningen model is introduced to account for the fact that Groningen is still seismically 
active after production stopped. This adjusted model uses a lower Rp​ value to include 
projected future trailing seismicity.  

8.2.1 Present  
The input parameters for Groningen are described in Section 7.1. The production 
earthquake count used in the model is NP = 596. The initial Groningen logic tree used a 
b-value of 0.89, an Rp value of approximately 0.95, and the Mmax structure shown in Figure 
3.  
 
The Zeerijp earthquake occurred on November 14th, 2025, with a magnitude of 3.4. This is 
the largest trailing earthquake that occurred in the Groningen gas field. Figure 4 models the 
distribution of the largest expected magnitude, Mlrg, and shows that values centre around 
magnitude 4, with a range extending from approximately 3 to above 5.5. The observed 
Zeerijp earthquake with magnitude 3.4 falls within the lower part of the predicted distribution.  
 

 
Figure 4: Mlrg  distribution for Groningen based on the Figure 3 logic tree 
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Figure 5 displays how the input parameters distribute for Figure 4 and shows the predicted 
total number of events as per the April 2026 dataset. The predicted number of events peaks 
at 627 and ranges from approximately 612 to 642.  

 
Figure 5: The input parameters for Figure 4 and the predicted total amount of events 

 

19 



8.2.2 Adjusted Groningen 

The Groningen gas field is still seismically active and is predicted to remain active for a 
while. In the previous results, Rp was based on the number of trailing events observed from 
2024 until April 2026: 17 earthquakes above Mc = 1.2. In order to make a prediction of the 
distribution of Mlrg, Figure 4-9 (Appendix C) of Nederlandse Aardolie Maatschappij (2025) 
was used. Based on this, Table 2 was constructed. From Table 2, the expected number of 
trailing earthquakes predicted for 2026-2050 is 92. Together with the 17 observed trailing 
events from 2024 until April 2026, this results in a predicted Rp of 0.838. Furthermore, to 
obtain the increased range the Rp normal distribution has been changed to N(0.833, 0.032) 
The resulting final decision tree is shown in Figure 6.  
 

 
Table 2: Projected seismicity according Ministerie van Klimaat en Groene Groei (2025), 

Appendix I 
 

 
Figure 6: Updated Groningen logic tree as per newly introduced Rp 

 
Using the predicted Rp,  the newly produced distribution of Mlrg and input parameter figures 
are visible in Figures 7 and 8, respectively. With the adjusted Rp the expected number of total 
earthquakes lies between ~620 and ~850 above Mc = 1.2 and peaks around ~710. Meaning, 
as per April 2026, the expected number of earthquakes still to occur is between 0 and ~230. 
Furthermore, figure 7 does not show a major change in the Mlrg  distribution compared to 
figure 5.  
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Figure 7: Updated Mlrg distribution based on the updated Rp value 

 
Figure 8: The updated  input parameters as per updated Rp value 
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8.3 Annerveen  
Annerveen has NP = 45 production events, NT = 3 trailing events, Ntotal = 48, Rp = 0.938, 
and an observed largest magnitude of Mlrg = 2.43 (Table 1). The input parameters used in 
the model, as described in section 7, are b = N(1.0, 0.052), Rp = N(0.9375, 0.0052), and 
Mmax = N(4.0, 0.12).  
 
The largest magnitude observed for Annerveen is 2.43. Figure 9 models the Mlrg distribution 
for the Annerveen gas field. The distribution peaks around 2.6 and ranges from 
approximately 1.5 to 4.3. Therefore, the largest observed magnitude of 2.43 lies just left of 
the distribution peak.  
 

 
Figure 9: Mlrg  distribution for Annerveen   

 
Figure 10 models how the input parameters distribute for Figure 9. Furthermore, it models 
the total number of events to be between approximately 47 and 49.  
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Figure 10: The input parameters for Figure 9 and the predicted total amount of events 

8.4 Eleveld  
Eleveld has NP = 42 +/- 2 production events, NT = 2 trailing events, Ntotal = 44 +/- 2, Rp = 
0.955 +/- 0.002, and an observed largest magnitude of Mlrg = 2.99 (Table 1). The input 
parameters used in the model, as described in section 7, are b = N(1.0, 0.05^2), Rp = 
N(0.9550, 0.0052), and Mmax = N(3.6, 0.12).  
 
The largest magnitude observed for Eleveld is 2.99. Figure 11 models the Mlrg distribution for 
the Eleveld gas field. The distribution peaks around 2.6 and ranges from approximately 1.5 
to 3.8. Therefore, the largest observed magnitude of 2.99 lies to the right of the distribution 
peak.  
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Figure 11: Mlrg  distribution for Eleveld   

 
Figure 12 models how the input parameters distribute for Figure 11. Furthermore, it models 
the total number of events to be between approximately 45 and 47.  
 

 
Figure 12: The input parameters for Figure 11 and the predicted total amount of events 
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8.5 Roswinkel  
Roswinkel has NP = 35 production events, NT = 2 trailing events, Ntotal = 37, Rp = 0.946, 
and an observed largest magnitude of Mlrg = 3.35 (Table 1). The input parameters used in 
the model are b = N(1.0, 0.052), Rp = N(0.9459, 0.0052), and Mmax = N(3.8, 0.12).  
 
The largest magnitude observed for Roswinkel is 3.35. Figure 13 models the Mlrg distribution 
for the Roswinkel gas field. The distribution peaks around 2.5 and ranges from 
approximately 1.5 to 4.1. Therefore, the largest observed magnitude of 3.35 lies to the right 
of the distribution peak.  

 
Figure 13: Mlrg  distribution for Roswinkel  

 
Figure 14 models how the input parameters distribute for Figure 13. Furthermore, it models 
the total number of events to be between approximately 36 and 38.  
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Figure 14: The input parameters for Figure 13 and the predicted total amount of events 
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9.​Discussion  
The aim of this study was to test whether the largest observed earthquakes in selected 
Dutch gas fields can be explained using a bounded Gutenberg-Richter-based adaptation of 
the Schultz et al. (2022) trailing-seismicity framework.  

9.1 Gas Field Robustness  
The beta-distribution fit shows that the selected Dutch gas fields are strongly concentrated 
near high Rp values. This means that, for these fields, most earthquakes occurred during the 
production period and only a small part occurred during the trailing period. The clustering of 
the bootstrapped alpha and beta parameters around the mean suggests that the fitted beta 
distribution is stable for the selected dataset. 
 
However, the fitted parameters for the selected Dutch gas fields, α=495 and β=26, differ 
strongly from the background dataset of Schultz et al. (2022), where α=0.73 and β=0.11. 
This difference is important because it shows that the selected Dutch gas fields do not follow 
the same broad Rp distribution as the full Schultz et al. dataset. The Dutch fields form a 
much narrower subset, with Rp values concentrated close to 0.95. 
 
This difference may be caused by the field selection used in this thesis, which is limited. 
Fields with too few events or Rp = 1 were excluded, which reduces the spread of Rp values. 
Therefore, the fitted beta distribution should not be interpreted as a general distribution for all 
induced-seismicity cases. Instead, it should be interpreted as a field-specific fit for the 
selected Dutch gas fields. 
 
The high Rp values suggest that trailing seismicity forms only a small part of the total 
seismicity in these selected fields. However, this does not mean that trailing seismicity is 
unimportant. Even a small number of trailing events can include the large observed events, 
as shown by the Zeerijp earthquake in Groningen. Therefore, the Rp distribution is useful for 
estimating trailing-event occurrence, but it must be interpreted together with the modelled 
Mlrg distribution. 

9.2 Justification Groningen  
Groningen is used as the control field because it has by far the largest earthquake catalogue 
of the selected fields. With a Np of 596 the Groningen model is better constrained than the 
models for Annerveen, Eleveld, and Roswinkel. Therefore, Groningen is used to test 
whether the method can reproduce a realistic largest observed magnitude for the field with 
the strongest data basis. 

The largest observed trailing earthquake in Groningen is the Zeerijp earthquake, with a 
magnitude of 3.4. In the first Groningen model, the Mlrg​ distribution peaks around magnitude 
4 and ranges from approximately magnitude 3 to above 5.5. The Zeerijp earthquake falls in 
the lower part of this predicted distribution. This means that the observed largest trailing 
magnitude is justified by the model, since it lies within the expected range. 
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However, the Zeerijp event is smaller than the most likely model outcome. The peak of the 
distribution is around magnitude 4, while Zeerijp has magnitude 3.4. This means that the 
observed maximum magnitude is not unusually large according to the model. Instead, it is a 
relatively low value within the predicted Mlrg range.  

The adjusted Groningen model uses a lower Rp value because Groningen is still seismically 
active after production stopped. The original Rp value of approximately 0.95 was adjusted 
using 17 observed post-2024 earthquakes above Mc = 1.2 and 92 projected trailing 
earthquakes for 2026-2050. This resulted in a predicted Rp of approximately 0.838, with the 
Rp distribution changed to a normal distribution of N(0.833, 0.032). This adjustment mainly 
increases the expected number of total earthquakes, which changes from a peak around 
627 in the first model to a peak around 710 in the adjusted model.  

Even after this Rp adjustment, the Mlrg distribution does not change drastically compared 
with the first Groningen model. However, the peak of the distribution shifts upward by 
approximately 0.2 magnitude units. This shows that the Rp adjustment has some influence 
on the predicted largest magnitude, but the overall shape and range of the distribution 
remain relatively similar. Therefore, for Groningen, the largest expected magnitude is still 
mainly controlled by the bounded Mmax logic-tree structure and the b-value, rather than only 
by the exact Rp value. The Rp adjustment mainly affects the expected number of future 
events, while only moderately shifting the position of the Mlrg peak. 

Therefore, the Groningen result supports the method as a control case. The observed 
Zeerijp earthquake is within the predicted distribution and can be justified by the model. At 
the same time, the model predicts that a larger event than Zeerijp would also still be possible 
within the bounded distribution. This does not mean that such an event will occur, but it 
shows that the observed M = 3.4 event is not close to the upper limit of the modelled 
Groningen range. 

 

9.3 Justification: Small Dutch Gasfields 
For the smaller fields, the main question is whether the maximum observed magnitude can 
be justified by the modelled Mlrg distribution. As Annerveen, Eleveld, and Roswinkel contain 
far fewer events than Groningen, the model should not be interpreted as a precise 
prediction. Instead, it is used to test whether the observed largest event is located within the 
expected magnitude range. 
 
For Annerveen, the largest observed magnitude is 2.43. The modelled Mlrg distribution peaks 
around magnitude 2.6 and ranges from approximately 1.5 to 4.3. The observed maximum 
magnitude lies just left of the distribution peak. This means that the Annerveen maximum 
observed magnitude is well justified by the model, because it falls close to the most likely 
part of the predicted distribution. 
 
For Eleveld, the largest observed magnitude is 2.99. The modelled Mlrg distribution peaks 
around magnitude 2.6 and ranges from approximately 1.5 to 3.8. The observed maximum 
magnitude lies to the right of the peak, but still within the predicted range. This means that 
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the Eleveld maximum observed magnitude is higher than the most likely model outcome, but 
it is still justified by the modelled distribution. 
 
For Roswinkel, the largest observed magnitude is 3.35. The modelled Mlrg distribution peaks 
around magnitude 2.5 and ranges from approximately 1.5 to 4.1. The observed maximum 
magnitude lies clearly to the right of the distribution peak but remains inside the predicted 
range. This means that Roswinkel is the least central of the three small-field results, but the 
maximum observed magnitude is still justified by the bounded model. 
 
Together, these results show that the maximum observed magnitudes of Annerveen, 
Eleveld, and Roswinkel can be justified by their modelled Mlrg distributions. None of the 
observed maximum magnitudes falls outside the predicted range. However, the position of 
the observed event differs between fields. Annerveen lies close to the peak, Eleveld lies 
moderately above the peak, and Roswinkel lies clearly above the peak. Therefore, the 
modelled results support the observed maxima.  
 

9.4 Limitations 
The main limitation of this study is the small number of suitable Dutch gas fields. Many fields 
contain only a few recorded earthquakes, and several fields have no observed trailing 
events. Because of this, their Rp values are sensitive to single events. One additional trailing 
earthquake can strongly change the Rp value for a small field, while the same change would 
have only a minor effect for Groningen. This is why the selection was limited to fields with 
more than 20 events in the minimum scenario, but even within this selection, Annerveen, 
Eleveld and Roswinkel are still much less statistically robust than Groningen. This means 
that the smaller field results should be interpreted with more caution than the Groningen 
result.  
 
A second limitation is the uncertainty in the magnitude of completeness, MC. The model only 
uses earthquakes above MC, because events below this threshold may not be completely 
recorded. However, the choice of MC directly affects the number of production and trailing 
events used in the calculation. If MC is chosen too low, small events may bias the event 
counts. If MC is chosen too high, useful data is removed and the catalogue becomes smaller. 
Therefore, the final RP ranges partly depend on the selected completeness threshold.  
 
A third limitation is the use of simplified b-values for the smaller gas fields. Groningen has 
enough seismicity to support a field-specific b-value, but for the smaller fields, a tectonically 
standard b-value was used. This is practical, but it also introduces uncertainty, because the 
b-value controls the relative probability of small and large earthquakes. A change in b-value 
can shift the predicted largest-magnitude distribution.  
 
Another important limitation is the choice of the upper magnitude bound, Mmax. The 
bounded Gutenberg-Richter approach is more physically realistic than an unbounded model 
because it introduces an upper limit related to reservoir and fault dimensions. However, 
Mmax is still uncertain and must be based on literature values and logic-tree choices. 
Therefore, the model does not independently determine the true physical maximum 
magnitude. It tests whether observed events are reasonable within the chosen bounded 
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framework. This is especially important for Groningen, where the Mlrg distribution is strongly 
influenced by the Mmax logic-tree structure. 
 
A final limitation is that the method is mainly statistical. It uses event counts, b-values, RP 

values and Mmax distributions, but it does not directly model the physical stress changes in 
the reservoir or on individual faults. These changes are therefore only indirectly represented. 
This means that the model can show whether an observed largest event is statistically 
plausible, but it cannot explain exactly why that event occurred at a specific time and 
location.  

9.5 Future  
Future work could first improve the method by updating the earthquake catalogues as new 
trailing events occur. This is relevant especially for Groningen, since its projected remaining 
events are very widespread. Adding new events would make it possible to update RP 
through the new number of trailing events and the predicted Mlrg distribution over time. 
Furthermore, with more events occurring, more small fields could be considered.   
 
A second improvement would be to estimate field-specific b-values for more gas fields. In 
this study, the smaller fields used a standard b-value distribution. If gas field-specific 
b-values were calculated and used, the Mlrg distributions would become more accurate.  
 
Future research could also test different choices for Mmax. Since the bounded model is 
sensitive to the selected upper magnitude limit, it would be useful to compare multiple Mmax 
scenarios for each field. This would show how much of the final Mlrg distribution is caused by 
the Mmax assumption itself.  
 
Finally, the method could be tested on other induced-seismicity gas-related datasets outside 
the Netherlands. The Dutch gas fields form a narrow subset with high RP values, while the 
broader Schultz et al. (2022) dataset has a much wider RP distribution. Applying the same 
bounded method to other gas production cases would show whether the approach is 
generally applicable or mainly useful for Dutch gas field seismicity.  
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10.​Conclusion  
This study adapted the Schultz et al. (2022) trailing-seismicity framework to selected Dutch 
gas fields by combining RP, b-value and a bounded Gutenberg-Richter Mmax approach. The 
aim was to test whether the largest observed earthquakes in Groningen, Annerveen, Eleveld 
and Roswinkel can be justified within the modelled Mlrg distributions. 
 
The results show that the selected Dutch gas fields have high Rp values, meaning that most 
earthquakes occurred during production and only a smaller part occurred after production 
stopped. However, trailing seismicity remains important, because a relatively small number 
of trailing events can still include a significant earthquake, such as the Zeerijp event in 
Groningen. 
 
For Groningen, the observed Zeerijp earthquake of M = 3.4 falls within the predicted Mlrg 
distribution and can therefore be justified by the model. However, it lies below the distribution 
peak, which is around magnitude 4. This means that Zeerijp event is not close to the upper 
limit of the modelled Groningen range. After adjusting RP for expected future trailing events, 
the expected number of earthquakes increases, and the Mlrg peak shifts upward by about 0.2 
magnitude units. This shows that RP has some influence, but that the Groningen result is 
mainly controlled by the bounded Mmax logic tree and the b-value. 
 
For Annerveen, Eleveld and Roswinkel, the largest observed magnitudes also fall within the 
modelled distributions. Annerveen lies close to the distribution peak, while Eleveld and 
Roswinkel lie to the right of the peak but still within the predicted range. Therefore, the 
observed largest magnitudes of all selected fields can be justified by the bounded model. 
 
Overall, the bounded Gutenberg-Richter adaptation is useful for testing whether observed 
largest earthquakes are statistically plausible. However, the results should be interpreted 
with caution because they depend on MC, RP, b-value, catalogue size and the chosen Mmax 
assumptions. The method should therefore be seen as a probabilistic justification tool, not as 
an exact prediction of future earthquakes.​
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Appendix 

Appendix A  
First, the script defines several constants. The number of random samples used to create a 
reference distribution is set to Nr  the number of bootstrap simulations Nmc. The parameter f  
that states how much information the bootstrap of the available information keeps.  
The script then reads the relevant columns from the dataset. The case ID, the ratio (Rs), and 
the largest magnitude (Mlrg). Any cases without a valid (Rs) value are removed from the 
analysis.  
 
The next step is to assign weights to the data. Several weighting options are included in the 
code, but only one should be used at a time. Equal weighting gives every case the same 
importance. Alternatively, the data can be weighted by the number of events, by how close 
the largest magnitude is to a target value, or by selecting only specific cases such as 
“Seismically active gas fields”. Furthermore there is an option to let certain ID’s weight more 
than others. These weights influence which cases are considered more important in the final 
distribution. 
 
The script then creates a random reference distribution. This is done by generating two 
random variables and calculating. This produces random values between 0 and 1, which are 
later used for comparison with the observed Rs values using a Kolmogorov-Smirnov test. 
 
After this, the function `get_Rstats` is used to calculate the main statistics of the observed Rs 
data. It calculates the mean (Rs), the median (Rs), and the fitted beta distribution parameters. 
The beta distribution has two shape parameters, called alpha and beta. These parameters 
control the shape of the probability distribution, Ra.close to 1 means a higher alpha and a Rs 
close to 0 means a higher beta.  A fit is made once using the chosen weights and once using 
equal weights for all data. 
 
The most important part of the script is the bootstrap loop. In each bootstrap iteration, the 
function 'bootstrap_Decimate' selects a random weighted subset of approximately f. The 
mean, median, and beta distribution parameters are then recalculated for this subset. This is 
repeated Nmc times. The result is not just one estimate of the beta parameters, but a 
distribution of possible estimates. This gives an indication of the uncertainty and robustness 
of the fitted (Rs) distribution. 
 
The script also performs a two-sample Kolmogorov-Smirnov test in each bootstrap run. This 
test compares the observed Rs values from the bootstrap sample with the random reference 
distribution. The resulting p-values are stored and later plotted. Here, low p-values indicate 
that the observed (Rs) distribution differs significantly from the random reference distribution. 
 
Finally, the script creates several figures. The first figure shows a histogram of the observed 
Rs values together with the fitted beta distributions. It also shows the bootstrapped mean and 
median Rs. The second part of the same figure shows the bootstrapped alpha and beta 
parameters, including their scatter and separate histograms. The second figure shows the 
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uncertainty in the mean and median Rs values based on the bootstrap simulations. The third 
figure shows the distribution of the Kolmogorov-Smirnov p-values. 
 

 

35 



Appendix B 
First, the script defines several constants. The red-light magnitude, Mred and the 
completeness magnitude, Mc. The value of Mc is used as the lower magnitude threshold 
above which the earthquake catalogue is considered complete. Furthermore the input 
parameters are the number of Monte Carlo samples N, the magnitude bin size dM, and the 
Ns, representing the number of production-related earthquakes used in the calculation. 
Finally, the flag relating to which period of earthquakes is calculated: 'trail' for trailing 
seismicity, 'full' for all seismicity and 'red+trail' for the red-light and trailing seismicity.  
 
The next step is to create the logic tree structure using the function 
‘MakeLogicTreeStructure’. The logic tree contains different branches that represent different 
possible interpretations of the seismicity. In this script, two main branches are used: a 
triggered branch and a driven branch. Within the driven branch, two sub-branches are 
included. These sub-branches represent different assumptions for the maximum magnitude 
distribution. 
 
After the logic tree is created, the function ‘LogicTreeSample’ is used to randomly sample 
the input parameters from gas field specific values. For each of the simulations, a value is 
drawn for the b-value, Rp, and Mmax. These values are sampled from parameter distributions 
related to respective fields.  
 
The function ‘dM_distribution’ then uses the sampled b-values, Rp values, Mmax values, and 
Ns to generate the expected distribution of trailing magnitudes. The output includes the 
simulated largest magnitudes Mlrg, the effective seismicity ratio Rp, and the number of trailing 
events Nt. 
 
The script separates the results according to the logic-tree branches. Histogram counts are 
calculated for the triggered and driven branches separately. This makes it possible to see 
how much each branch contributes to the final magnitude distribution. In the figures, the total 
distribution is shown together with the branch-specific contributions, allowing the influence of 
the logic-tree assumptions to be inspected visually. 
 
Finally, the script creates several figures. The first figure shows the normalised 
Gutenberg-Richter magnitude-frequency distribution. It includes the simulated magnitude 
distribution and the fitted Gutenberg-Richter trend. This figure is used to interpret the 
likelihood of different values of Mlrg . The second figure shows the sampled input distributions 
for Mmax, the b-value, Rp, and the number of trailing events Nt. These histograms show how 
the logic tree and parameter uncertainty influence the model input. The third figure shows 
the final distribution of the simulated trailing magnitudes.  
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Appendix C 
 

 
Figure 4-9 from the Nederlandse Aardolie Maatschappij (2025), simulations of the yearly 

number of earthquakes per year.  
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