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 Introduction 
Relevant document: 

1. Study Plan seismicity Groningen during pressure equilibration period, Jan van Elk, Anke Jannie 

Landman, Clemens Visser and Jeroen Uilenreef, 1 November 2022.  

In October and November 2021, NAM published reports on the earthquake swarm near Zeerijp which 

lasted from 4th to 6th October 2021 (Ref. 2) and on the Garrelsweer earthquake on 16th November 

2021 (Ref. 3 to 7). The seismic monitoring reports for the three years 2020 to 2022 (Ref. 8 to 14) 

showed the observed seismic event rate had been close to the upper range of the uncertainty band 

for the forecasted seismic event rate. Following these reports further studies into the development of 

the seismicity in the Groningen gas field during the pressure equilibration phase were initiated.  

In a letter of 14th April 2022 (Ref. 15) SodM requests NAM to carry out additional studies into the 

seismicity in the Groningen gas field. The objective of these studies is to improve the forecasting of 

the seismicity during the pressure equilibration phase, with a focus on time-dependent effects like 

creep. In a meeting between NAM and SodM on 30th May 2022, expectations were shared and the 

activities that could potentially be included in the study plan discussed.  

Studies carried out between 2012 and 2018 as part of the Study and Data Acquisition Plan led by NAM 

were based on data obtained during a period of relatively high production levels from the Groningen 

gas field. During this period of high production levels subtle time- or rate-dependent effects were 

potentially obscured. Studies into time- or rate-dependent effects in seismicity were therefore carried 

through laboratory experiments. These experiments were started at University Utrecht in 2015 (using 

samples from the core taken in the newly drilled Zeerijp-3 research well) (Ref. 16 and 17). Low 

production levels declining to nil offer the opportunity to study these potential effects based on data 

obtained in the field. NAM was therefore keen to restart their research effort.  

In June 2022, NAM contacts Prof. dr. Jean-Philippe Avouac of Caltech to agree and set up a joint 

research program to address this research scope. The first studies commence in August 2022. The 

study plan is finalised in October 2022 and approved by SodM (Ref. 1). The study plan provides a short 

discussion of the mechanisms that could potentially lead to a longer time-delay between gas 

production and seismicity, followed by a description of the studies proposed to better understand the 

time-delay.  

The study results have been documented in a number of reports available on the NAM website and 

scientific papers published in peer-reviewed journals. These papers are published as open access 

papers and can be obtained from the website of the scientific journal. This progress report provides a 

summary of the main research results presented in these reports and papers, with a focus on possible 

causes for a potential delay in the observed decline of the seismic event rate, compared to the 

forecasted event rate.  
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 Forecasting Seismicity Event Rate 
Studies carried out: 

1. Seismicity Recalibration 2023, NAM, Valesca Peereboom and Marc Broersma (Feb 2022).  
2. Recalibration of the Seismicity Model, NAM, Valesca Peereboom and Marc Broersma (Feb 2022).  

Model calibration 
Early 2024 a comparison was prepared of the observed number of earthquakes and the number of 

earthquakes forecasted by the HRA. The seismological forecasting model was calibrated against the 

earthquake catalogue of all earthquakes in Groningen with a magnitude of ML ≥ 1.5 until 1st January, 

2024.  

 
Figure 1  Calibration of the seismological model based on the earthquakes with a magnitude  

ML ≥ 1.5 until 1 January 2024.  

The calibration of the seismological model was done based on data from the seismic monitoring 
network operated by KNMI. KNMI reports two versions of the observed Groningen earthquake 
magnitudes, the first is to 5 decimal places without rounding, and the second is to 1 decimal place 
after rounding. The earthquake catalogue that KNMI makes available as a pdf-file contains magnitudes 
rounded to one decimal place. KNMI also provide the unrounded magnitude of the earthquakes1. 
NAM uses the unrounded earthquake magnitude for the calibration of the seismological model. In the 
comparison of the historical earthquake record with the earthquake forecast prepared with the 
seismological model also unrounded earthquake magnitudes are used (Ref. 18 and 19).  

NAM uses the unrounded version for their analysis to avoid three known significant sources of bias 
associated with using magnitudes rounded to 1 decimal place. Firstly, this avoids bias in counting the 

 
1 These are available using FDSNWS - Event URL Builder (knmi.nl) of 

rdsa.knmi.nl/fdsnws/event/1/query?format=csv&nodata=404. 
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number of observed events that exceed a given magnitude threshold. For example, the number of 
observed M ≥ 1.5 events will be over-stated, if magnitudes rounded to 1 decimal are counted since 
magnitudes in the range 1.45 ≤ M < 1.5 will have been round to M = 1.5 and then counted even though 
they are all actually below the threshold. Counting the unrounded M ≥ 1.5 events yields the correct 
result.  

 

Figure 2  Calibration of the seismological model based on the earthquakes with a magnitude  
ML ≥ 1.2 until 1 January 2024.  

Secondly, this avoids bias in the training of the Activity Rate part of the Seismological Model, by 
training the model on events that exceed the chosen magnitude threshold, rather than a lower 
threshold that depends on the rounding as already described. 

Thirdly, this avoids bias in the training of the magnitude part of the seismological model, by training 
the model on events that exceed the chosen magnitude threshold without needing to make an 
additional correction to account for the biasing effect of rounded magnitudes. 

Comparison of the Observed and Forecasted number of Earthquakes 
Figure 3 shows a comparison of the observed earthquakes with a magnitude ML ≥ 1.5 in the Groningen 

gas field with the forecasted number of earthquakes. During three consecutive years (2020 to 2022) 

the number of observed earthquakes was above the expected number of earthquake, close to the 

upper end of the uncertainty range (Ref. 20 to 22). In 2023, seven earthquakes with a magnitude ML 

≥ 1.5 were observed. This was close to the expected number of earthquakes for that year. In the first 

six months of 2024 (until 1st July) three earthquakes with a magnitude ML ≥ 1.5 were observed. All 

three of these were in April. This corresponds to some 6 earthquakes with a magnitude ML ≥ 1.5 on 

an annual basis and falls within the uncertainty band.  
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Figure 3 Forecasted number of earthquakes in the Groningen gas field with a magnitude ML ≥ 1.5.  

In addition to a comparison of the observed and forecasted number of earthquakes with a magnitude 

ML ≥ 1.5, also a comparison for ML ≥ 1.2 was prepared. An exceedance magnitude for seismic reporting 

of ML = 1.2 is used in the Mijnbouwregeling article 1.3a.5. Due to the higher number of earthquakes 

this provides a more reliable comparison.  

 
Figure 4 Forecasted number of earthquakes in the Groningen gas field with a magnitude ML ≥ 1.2.  

Figure 4 shows a good correspondence between observed and forecasted number of earthquakes. In 

the first six months of 2024 (until 1st July), four earthquakes with a magnitude ML ≥ 1.2 were observed. 
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This corresponds to 8 earthquakes with a magnitude ML ≥ 1.2 on an annual basis, which falls below 

the expected number of earthquakes for 2024.  
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 Modelling the Decline in Event Rate 
Seismicity could potentially be affected by a delay in the seismic response to gas production. To 

understand the decline in seismicity after the steep reduction in gas production, which was followed 

by a close-in of the field, four mechanisms that could potentially cause a delay between gas production 

rate changes and seismicity rate changes need to be understood. These four mechanisms are:  

1. Pore pressure diffusion causes a delay between gas production rate changes and reservoir pore 

pressure changes that increases with distance from the production well. 

2. Inelastic creep potentially causes a delay between reservoir pore pressure changes and reservoir 

strain changes. 

3. Slow fault creep during the earthquake nucleation phase potentially causes a delay between the 

fault stress changes induced by reservoir strains and seismicity rate changes on the fault. 

4. Aftershock sequences cause a delay between the parent earthquakes and their associated 

aftershock earthquakes2.  

The progress and results of the studies into each of these possible causes of a delay affecting the 

decline of the seismicity following cessation of production are discussed below.  

  

 
2 Note that 3 and 4 can be related. The time evolution of aftershocks can be explained by the nucleation process, 
but it is not the only possible explanation. 
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Delay in Compaction 
The studies into compaction are documented in the following reports and papers: 

1. The effect of loading rate on mechanical behavior and deformation mechanisms in Slochteren 

sandstone, Mark Jefferd, Taka Shinohara, Ronald P. J. Pijnenburg, Suzanne J. T. Hangx, Christopher 

J. Spiers, 25 November 2021. 

2. Compaction in Slochteren sandstone of the Groningen Gas Field, Utrecht University, Suzanne 

Hangx, August 2023.  

3. Rate-dependent compaction models for reservoir rock, Florian Lehner, Teng-Fong Wong, Anthony 

Mossop, Peter Schutjens and Mateo Acosta, June 2024.  

4. Reconciling the long-term relationship between reservoir pore pressure depletion and 

compaction in the Groningen region. Smith, J. D., Avouac, J.-P., White, R. S., Copley, A., Gualandi, 

A., & Bourne, S. (2019), Journal of Geophysical Research: Solid Earth, 124, 6165–6178. 

https://doi.org/10.1029/2018JB016801. 

5. Insar monitoring of elastic and inelastic deformation in compacting reservoir due to surface 

operations, Y. Li, M. Acosta, K. Sirorattanakul, S.J. Bourne, and J.-P. Avouac, submitted to Remote 

Sensing of Environment.  

The experimental studies on core material from the Groningen reservoir formations (Ref. 16, 17 and 

26) confirm the significance of a time dependent inelastic component in the compaction of the 

Groningen field. These experiments indicate that time-dependent inelastic deformation plays a role 

in controlling reservoir deformation, such as of the Groningen gas reservoir. The present laboratory 

experiments provide important data for developing physics-based constitutive models for predicting 

rate/time-dependent reservoir compaction. 

For the Groningen field an extensive geodetic data set is available consisting of optical levelling data, 

GPS measurements and data obtained from several satellite observations. An assessment of the long-

term relationship between reservoir pore pressure depletion and compaction (Ref. 28) was made 

based on available geodetic data for the period from 1964 (when gas production commenced) to 2016. 

A principle component analysis inversion shows that a single spatially varying component explained 

97% of the data variance. The temporal component of the principle component showed no discernible 

trend from the mean uni-axial compressibility value, with values close to the mean value. This lack of 

variation of uniaxial compressibility with pressure depletion showed the reservoir has (within the 

stress levels the reservoir had until 2016 been subjected to) a predominant linear poro-elastic 

response.  

The most recent study (Ref. 29) analysing geodetic data from both the Groningen gas field and the 

Norg underground gas storage for the period until 2023 (for the GNSS stations) builds on the results 

of the study by Smith et al. (2019) (Ref. 28). For the period analysed by the earlier study (Ref. 28) this 

study finds similar results. However, from 2015 onwards, a discrepancy appears between the 

modelled compaction based on a spatially varying uniaxial compressibility and the observed 

subsidence derived from satellite observations (Radarsat2 and TerraSAR-X InSar). This discrepancy 

seems to appear from 2015 onwards when gas production rates from the field were reduced 

significantly. This shows as an increasing apparent uniaxial compressibility over time from 2015 

onwards, indicating a time varying inelastic component to the compaction. The performance of one 

of the time-dependent compactions models, the rate-type compaction model (RTCM), to model the 

observed compaction is tested. Prior to 2000 the difference between the elastic and RTCM model are 

insignificant. But especially from 2015 onwards the two models deviate, with the RTCM model 

providing a superior match to the observed subsidence. This demonstrates that an inelastic 
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component contributes to reservoir compaction in the Groningen gas field. This should also result in 

a longer tail in seismicity after depletion, compared to the prediction based on simple linear poro-

elasticity. The latest work currently in progress will show how significant his delay is. Due to the co-

variance amongst the model parameters, this is expected to be small (possibly in the order of 3 

months).  

These results are in agreement with those of the data assimilation study conducted in 2020 by NAM 

in collaboration with the Shell Statistic Group (Ref. 30 and 31) on the compaction of the Groningen 

field. Geodetic levelling data up to 2018 were used in a Bayesian Markov Chain Monte Carlo 

framework to determine the compaction parameter values in a compaction model that also allows for 

rate-type compaction behaviour (RTCM). The model describes a transition to a higher value of the 

compressibility when the deformation rate is increased. This used geodetic dataset showed that time-

dependent compaction is significant in the Groningen field. This is also validated by the available InSAR 

measurements, GNSS measurements and a distributed strain sensor that measures the in-situ 

compaction at the Zeerijp location in the Groningen field.  
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Delay in Earthquake Nucleation 
The studies into earthquake nucleation are documented in the following reports and papers: 

1. Earthquake nucleation characteristics revealed by seismicity response to seasonal stress 

variations induced by gas production at Groningen, M. Acosta, J.P. Avouac, J.D. Smith, K. 

Sirorattanakul, H. Kaveh and S.J. Bourne (2023), Geophysical Research Letters 50 (19), 

e2023GL105455. 

2. An integrated framework for surface deformation modelling and induced seismicity forecasting 

due to reservoir operations, H. Meyer, J.D. Smith, S.J. Bourne and J.P. Avouac (2023), Geological 

Society, London, Special Publications 528 (1), SP528-2022-169. 

3. Stress-based forecasting of induced seismicity with instantaneous earthquake failure functions: 

Applications to the Groningen gas reservoir, J.D. Smith, E.R. Heimisson, S.J. Bourne and J.P. Avouac 

(2022), Earth and Planetary Science Letters 594, 117697. 

4. Coulomb threshold rate-and-state model for fault reactivation: application to induced seismicity 

at Groningen, E.R. Heimisson, J.D. Smith, J.P. Avouac and S.J. Bourne (2022), Geophysical Journal 

International 228 (3), 2061-2072.  

The seismological model incorporated in the HRA is based on the Coulomb friction model with an 

initial strength excess to be able to take into account the delay in the first occurrence of seismicity 

after the start of gas production resulting in stress changes (Ref. 32 and 33). This assumes an 

instantaneous nucleation process. However, the nucleation process might not be instantaneous (Ref. 

34). Using the rate-and-state friction model, the duration of the nucleation process can be accounted 

for in the seismological model.  

The strong seasonal variation in the gas production from the Groningen gas field resulted in significant 

seasonal variation in the seismic event rate. This allowed estimation of the nucleation time scale and 

the potential delay in the manifestation of the seismicity (Ref. 35). This could potentially be a cause 

for a delay in the decline of seismicity during the period of reduction and ultimately cessation of gas 

production. Additionally, a bias could be introduced when ignoring in the calibration process of the 

model, the large production, reservoir pressure and stress variations occurring within a year.  

Using monthly timesteps for the analysis of the relationship between stress and manifestation of 

seismicity, the Shuster analysis shows a delay in the seismicity of about 2 to 3 months. The peak in 

seismicity in a year is observed around late-March some 2 to 3 months after the peak in gas production 

in mid-January. This indicates that the previous choice to use an instantaneous Coulomb failure model 

of earthquake nucleation in the HRA remains appropriate for evaluating annual average seismicity 

rates and their associated hazard metrics. 

Further research into the time delay in seismicity due to the combination of both the inelastic 

component of compaction (as captured by for instance the RTCM model) and a finite duration of the 

nucleation process (as captured by the rate-and-state model) is in progress.  
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Delay due to Aftershocks 
The studies into after-shocks are documented in the following reports and papers: 

1. Aftershock analysis of Groningen earthquake catalogues using the method of Zaliapin and Ben-
Zion, Steve Oates, June 2023.  

2. Burst of fast propagating swarms of induced earthquakes at the Groningen gas field, K. 
Sirorattanakul, J.D. Wildig, M. Acosta, Y. Li, Z.E. Ross, S.J. Bourne and J.-P. Avouac, 2024, 
manuscript submitted to Seismological Research Letters.  

3. Research Note: Groningen seismicity catalog generation, John Wilding, March 2023. 
4. Enhanced catalogue Groningen seismicity, John Wilding, March 2023.  

Using an automated method developed for earthquakes in California, and since then used in several 

other areas, the continuous data from the Groningen seismic monitoring network was reprocessed to 

identify additional (often smaller) earthquakes (Ref. 39). Over the study period from 2015 to 2022 the 

method identified 709 of the 739 earthquakes in the KNMI catalogue, but also identified 660 previous 

unidentified events bringing the total to 1369 earthquakes. Analysis shows that clusters account for 

28% of the earthquakes. A quarter of these are aftershocks and the remaining three-quarter consists 

of earthquake swarms. Five swarms consisting of 10 to 20 events, with magnitudes below ML = 1.5, 

were identified in the Zechstein.  

The clusters identified in the catalogue have a duration of a few days. The five swarms lasted 1 to 5 

days. Aftershocks and swarms of earthquakes are therefore not a potential cause for significant delay 

in the decline of earthquakes, which is reported on an annual basis.  
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 Magnitude of Earthquakes 
The studies into earthquake magnitude are documented in the following reports and papers: 

1. Induced Seismicity forecasting with Uncertainty: Quantification: Application to Groningen Gas 

Field, H. Kaveh, P. Batlle, M. Acosta, P. Kulkarni, S.J. Bourne and J.P. Avouac (2022), Seismological 

Research Letters (2024) 95 (2A): 773–790. https://doi.org/10.1785/0220230179.  

2. Presentation: Workshop on the Seismological Model (magnitude) with NAM, KEM-Panel, TNO, 
SodM and ministry of Economic Affairs and Climate Policy, S.J. Bourne, J.-P. Avouac, J. Tawn and 
J. van Elk, 3 October 2023.  

3. Magnitude-Frequency Distribution of Induced Seismicity, L. Li, K. Im and J.-P. Avouac, 2024, 
Conference Poster.  

In 2019 NAM proposed to include a seismological model with a taper in the logic tree for seismic risk 

assessment in the Groningen gas field. Since then, several authors have confirmed that the tapering 

of the magnitude-frequency distribution is statistically significant; A.G. Muntendam-Bos and N. 

Grobbe (2022) (Ref. 47), D. Dempsey and J. Suckale (2023) (Ref. 45), Z. Varty and J. Tawn (2021) (Ref. 

48 and 49) and H. Kaveh et al (2022) (Ref. 42). These studies have further strengthened the case for 

including a seismological model with a taper in this logic tree for the hazard and risk assessment.  

On 27th June 2023 and 3rd October 2023 discussions were held with TNO, SodM, KEM-Subpanel and 

the ministry of EZK to discuss the seismological model. At the meeting of 3rd October 2023, 

presentations were held by Stephen Bourne, Steve Oates, Jonathan Tawn, Jean-Philippe Avouac and 

Jan van Elk (Ref. 43).  

A study currently in progress at Caltech (Li, 2024) (Ref. 49) investigates different methods for 

establishing whether a taper is present in the magnitude-frequency distribution. Observations in 

different fields are evaluated and a potential mechanism is proposed.  
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 Conclusions 
The studies into the development of seismicity during the pressure equilibration phase supports the 

following conclusions: 

◼ After a period of three consecutive years, from 2020 to 2022, with a seismic event rate for 

earthquakes with magnitude ML ≥ 1.5 above the expected forecast rate event rate and near the 

upper end of the forecast 95% uncertainty interval, the event rate has for the following 1 ½ years 

returned closer to the expected forecast rate and within the forecast 95% uncertainty interval.  

◼ The event rate for earthquakes with magnitude ML ≥ 1.2 has to date been close to the expected 

forecast rate during the entire pressure equilibration phase.  

◼ The 10 reservoir pressure measurements obtained since the dynamic model of the Groningen gas 

field was last history-matched in 2022, all show a close correspondence with the reservoir 

pressure predicted by this model. The causal relationship between gas production and reservoir 

pressure is therefore not a source of additional delay in the decline of seismicity.  

◼ Compaction shows a clear non-linear response to larger pore pressure depletions, which is 

especially visible in the surface subsidence measurements obtained since 2015. Including a non-

linear component to the compaction model may, under some physical mechanisms yield a time 

delay in compaction relative to depletion and so add an additional time delay of the modelled 

seismicity rates relative to the reservoir pressure depletion rates.  

◼ Analysis using the large within year variations in gas production and to a lesser extent seismicity, 

estimated the duration of the nucleation process at some 2 to 3 months in a process consistent 

with the physics of Rate & State friction.  

◼ Clustered events, after-shocks and swarms, last less than 5 days and are therefore not a cause 

for delay of seismicity, as earthquakes are reported annually.  

◼ The two main potential causes of a possible delay in the decline of seismicity are a transient 

component in the compaction response to depletion changes and the finite duration of the 

nucleation process in response to fault stress changes. A study into a combination of these two 

effects on seismicity is in progress.  
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 Proposal for the continuation of the study plan into the 

development of seismicity in the Groningen gas field during the 

pressure equilibration phase 
The studies into the development of seismicity in the Groningen gas field have delivered important 

results and new insights over the last two years. NAM will therefore continue this research program 

with the GMG research team at Caltech led by prof. Jean-Phillipe Avouac.  

Five areas of further research have been identified: 

Task 1- Finalise current activities and publish results in peer-reviewed journals. This will be finalised in 

2024. Complete the revision and publish the studies that were submitted recently regarding the 

multiphase VFE model (Ledevin et al., in preparation), and the enhanced seismicity catalogue 

(Sirorattanakul et al., in revision), the quantification of inelastic compaction of the reservoir based on 

the geodetic and SAR data (Li et al., submitted), and the effect of stress and stress rate on magnitude 

probability (Tamama et al., submitted).   

New studies extending the current research program. These will commence September 2024 and run 

through 2025.  

Task 2: Complete and submit the work of Mateo Acosta on the geomechanical modelling of inelastic 

reservoir compaction. The objective is to test quantitatively various rheological models against the 

available laboratory and geodetic observations and assess the impact on earthquake forecasting. The 

activities that remains to be completed regards the inversion of the model parameters for the 

laboratory measurements, and drafting the draft article. 

Task 3: Use the existing database of seismic moment tensors to test the various stress models, assess 

the influence of pre-stress and pre-existing fault orientations, throws, and density on the induced 

seismicity response to pore pressure depletion. Extend the seismological model to forecast seismic 

moment tensors given the stress and failure models.  

Task 4- Explore more in depth the factors that control earthquake magnitudes. We will using quasi-

dynamic simulations calculated with the GMG earthquake simulator Quake-DFN (Im and Avouac, 

2024) ,which allows to take actual fault geometries into account. The implementation of a H-matric 

approach in Quake-DFN has just been completed. The application of Quake-DFN to the Groningen 

example is now possible. We will use stress models computed.   We will test the sensitivity of the 

magnitudes of the simulated earthquakes to the reservoir thickness, fault displacement, stress and 

stress rates due to the reservoir compaction and compare with observations. 

Task 5: Update the modelling framework to allow for the Magnitude Frequency Distribution model 

(which quantifies the probability of earthquake magnitude) to vary as a function of variables that can 

/ might be space- and time-dependent (reservoir properties, fault geometries). 
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