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TITLE: Evaluation of post-abandonment fluid migration and seismic hazard assessment in the South-West
aquifer of Groningen (KEM-19b)

KEM Quality review

Description of the scientific quality of the results (team, research method, research results, quality of the
products, ...), if needed external review result (project evaluation text website)

Research Team

The project was contracted to TNO. The quality of the project team is assessed as high, with team members who
have a broad expertise covering various areas of the project: geohydrology, geomechanics, (structural) geology,
reservoir engineering, seismology, petrophysics, and seismic hazard analysis.

The project started in July 2023. The draft reports were submitted in March 2025. Comments were provided by
EZK supervisors, researchers from Groningen province, and KEM panel supervision team. Final reports were
submitted in July 2025.

Research objectives

This project is a follow-up of the KEM-19 study that was completed in 2022. The focus of this research is on the
southwestern aquifer, a region where small-scale seismicity has been observed in recent times. The seismicity is
believed to have been caused by the depletion of the Groningen gas field and the resulting pressure depletion in
the aquifer. The overall objective of this research is to investigate the pressure depletion as well as the future
seismic activity in the aquifer.

Specific research objectives are:

- Generating pressure forecasts for the SW aquifer of the Groningen gas field for the period 2024-2100.

- Providing a forecast of the induced seismicity rate, and the corresponding seismic hazard assessment for the
coming decades.

- Identifying areas in the SW aquifer that are more sensitive to induced seismicity due to any future geothermal
exploitation.

- Providing a preliminary assessment of the magnitude of stress changes and fault reactivation in the area due to
combination of current pressure depletion process and future geothermal operations, and estimating the
probability of induced seismicity.

- Determining the radius of influence of a future geothermal work beyond which the magnitude of
stress change become negligible.

Research methodology

The research methodology is systematic, well-structured, and scientifically sound. It includes:

Data collection and conditioning: Extensive use of well data (logs and core-plug data) from multiple fields in the
Groningen periphery (e.g., Roden, Vries, Pasop, Boerakker, Faan), supported by national databases such as
ThermoGIS v2.2 and NLOG.

Petrophysical characterization: Field-specific porosity-permeability relationships are obtained, with corrections
(e.g., a porosity correction factor o and Juhasz correction) applied.

Extension of existing models: The seismic source model (SSM) and the ground motion model (GMM) of
Groningen field are extended to include the SW aquifer at depth, taking into account additional new data
and (re)calibration.

Static and dynamic modeling: A full-field static geological model is constructed and linked with dynamic models
in ECLIPSE. History-matching is performed to calibrate the model against observed pressure and production data
over decades.

Model calibration: The models are parameterized using detailed reservoir properties (permeability, anisotropy,
capillary pressure and relative permeability curves, water composition, gas composition, pore volume
compressibility, wells and dynamic data, initial and boundary conditions) and are calibrated using field
observations. Sensitivity to these parameters is explored.

Developing an ensemble of 100 models and performing uncertainty analysis: Multiple sources of uncertainty—
e.g., porosity, horizontal (and related vertical) permeability, fault transmissibility, pore volume multipliers,
transmissivity of faults implemented as baffles in the small gas fields—are explicitly included using ensemble
modeling to produce probabilistic ranges for key quantities such as GIIP (Gas Initially In Place).

Main research results

Part | study: Evaluation of post-abandonment fluid migration and seismic hazard assessment in the southwest
aquifer of Groningen

- Thorough petrophysical characterization of Slochteren Formation (porosity, permeability, and net-to-gross
ratios) were evaluated using log data from numerous wells.




- High-resolution maps of faults in the study area have been prepared.

- Porosity and permeability estimates of various formations and trends with depth were obtained.

- Custom porosity-permeability relationships were developed for fields where sufficient data were available.
- An ensemble of static geological models of the area, integrating well log data, formation properties, and
structural interpretations, were set up.

- An ensemble of dynamic reservoir simulation models to estimate GIIP (Gas Initially in Place) and pressure
history were developed.

- Satisfactory match of simulation results with historical production and pressure data from wells in different
fields: Roden, Vries North, Pasop, Boerakker, Faan, as well as east side of the model (Groningen side) was
achieved.

- Both the Ground Motion Model and the Seismic Source Model for the Groningen area have been extended to
include the SW aquifer. This helps to assess ground motion and potential seismic hazard.

- Quantification of uncertainties in GIIP estimates and reservoir behavior was done using ensemble modeling and
pore volume multipliers.

Part Il study: Seismicity estimates for potential subsurface operations

- Seismic Hazard Modeling Framework: A quantitative framework is developed based on the Coulomb Failure
Function (ACFF) and Shear Capacity Utilization (SCU) indicator to assess fault reactivation potential.

- The tool SRIMA (Seal and Reservoir Integrity Mechanical Analysis) has been used to calculate the response of a
reservoir layer, which is sandwiched between a seal and a base layer, to the injection of return geothermal water.
It is used to test the sensitivity of pressures, temperatures, induced stresses and reactivation potential of faults to
various input parameters.

- Pressure and Temperature Effects: The impact of thermal contraction (due to injection of cooler fluids) and
pressure depletion on vertical strain and stress changes is modeled. Combined effects of thermal and pressure
perturbations are shown to significantly alter the Coulomb failure conditions on faults.

- Sensitivity and Scenario Analyses: Multiple scenarios are tested involving different reservoir depths (e.g., 3000
m), thicknesses, permeability values, and injection conditions (e.g., 25-year injection at 300 m3/hr). Depleted and
undepleted conditions are considered to understand stress contrasts with the surrounding formations.

- Spatial Assessment of Seismic Risk: The radius of influence for critical SCU values is calculated for different time
horizons (1, 5, and 25 years). SCU values and stress changes are mapped as a function of distance and time,
providing insight into spatial risk propagation.

- Probabilistic Inputs: Stochastic input ranges are defined for key geomechanical parameters (e.g., Young’s
modulus, cohesion, Biot coefficient, friction angle) to accommodate geological uncertainties.

Quality of the products

The deliverables were presented in two final reports.

- A Part | report of 156 pages on static and dynamic modelling of the area, as well as seismicity analysis and
seismic hazard assessment, after abandonment of gas production.

- A Part Il report of 46 pages on seismicity estimates for future geothermal operations.

The reports present a methodologically robust and data-rich evaluation of reservoir properties and dynamic
behavior in the study region. The reports apply standard industry and research practices, including use of core-log
integration, field-specific calibrations, and multi-scenario simulations. It follows best practices for petrophysical
and reservoir modeling. Commercial-grade tools (e.g., Petrel, Eclipse) and relevant modeling techniques (e.g.,
variogram analysis, fault transmissibility multipliers) were used, ensuring the reproducibility and credibility of the
results. Figures, tables, and model outputs are clearly documented. External databases (ThermoGIS, NLOG) are
cited appropriately. Mathematical formulations and correction methods are also transparently reported.

KEM Evaluation of the results

Evaluation whether the research questions are addressed adequately (questions answered, precision and
uncertainties on outcomes, potential consequences on current practice addressed, ..) (project evaluation text
website). Below, we mention all research questions and then provide our evaluation of the study regarding how
well it has been addressed in each case.

Research Question 1. What will be the pressure depletion of the southwestern aquifer taking into account the
depletion of Groningen gas field as well as the smaller gas fields in the Lauwerszee Trough?

Based on simulations, which are constrained by dynamic modelling of gas fields and observed subsidence in the
area, the pressure depletion of southwest aquifer, that started in 1980s (and about 10 years later in outlying




regions), will continue. The drop in the aquifer pressure will be as much as 150 bar by 2100 compared to 1968.
The extent and rate of pressure depletion and the associated uncertainty are different in different regions of the
aquifer. The forecasted depletion is dominated by the Groningen field, specially in the eastern side of the aquifer.

Research Question 2. What are the locations of smaller faults, and their orientation and throw in the
southwestern aquifer?

In total, 177 faults, excluding the boundary faults were identified in this project. This included quite a few newly
interpreted small faults (both in terms of offset and lateral continuity) that are not incorporated in the TNO
internal model of the Groningen gas field. More than 50% of these faults have a throw of less than 40 m, but a
small number of faults has large throws of more than 300 m. These are predominantly the long faults with a
west-south west to east-north-east orientation.

It must be noted that the fault interpretation for the aquifer is not complete because they were either very
poorly visible in the seismic data (probably due to small fault offset) or too small compared to the current model
resolution. This, however, is not expected to have any influence on the results of this study.

Research Question 3. What is the expected induced seismicity in the coming decades?

The forecasted seismicity in the SW aquifer is low for all forecasted years. The uncertainty in this prediction is low
as all individual ensemble members forecast results very similar to the ensemble mean. This is primarily due to
the relatively low pressure decline in the aquifer and limited vertical strain developing as a result. The forecast for
the total number of seismic events of MI.5 and higher within the Southwest aquifer in the course of future 30
years is 2.24+0.17 as opposed to 43.04+0.55 such events within the entire region is (Groningen gas field plus SW
aquifer).

Research Question 3a. What is the seismic hazard?

The seismic hazard outside the Groningen gas field area is limited and decreases with increasing distance from
the Groningen gas field. This means that the seismic hazard within the SW aquifer is also very limited. It is
calculated to have a PGA (Peak Ground Acceleration) value of 0.02g, corresponding to a very weak ground
motion.

Research Question 3b. How does this compare to the seismic hazard of the Groningen gas field?

The obvious consequence of above results is that the seismic hazard in the SW aquifer is very low compared to
the expected ongoing seismicity in the Groningen field.

Research Question 4. To what extent would a possible future geothermal exploitation of the aquifer impact the
seismic potential of the aquifer?

The answer depends on many features of the geothermal operation (in particular location, production and
injection volume, and temperature of injected water, characteristics of nearby faults) and the uncertainty in
model parameters. Results of probabilistic study and determination of spatial variability in seismic propensity
show that the area with the highest probability of seismic event lies just North of city of Groningen. This doesn’t
mean that the seismic potential due to a particular geothermal operation will be negligible everywhere in the
aquifer; that should be determined for each specific case.

Research Question 4a. At what distance from a possible geothermal operation is the magnitude of stress
change negligible?

This also depends on the features of the geothermal operation and the radius of cooled zone, which
asymptotically grows with time. In general, the magnitude of stress changes (mainly due to thermos-elastic
effects) will be negligible at a distance one and a half times the radius of cooled zone.

Research Question 5. What areas are more prone or less prone to induced seismicity due to possible
geothermal exploitation?

This is also not straightforward to answer, as it depends on various geomechanical parameters. In general, parts
of the aquifer that are not significantly depleted are less prone to induced seismicity.

KEM interpretation of the outcome

The interpretation of the results (consequences on methods/data to be used in practice, on risk instrument
modules, on inspection procedures and operator procedures, ..) (project evaluation text website)

As the outcome of this study shows that, despite high uncertainty in input data, there is a low chance of
significant seismic events occurring in the SW aquifer, no additional research in this regard is needed. The only
recommended measure is to keep monitoring the subsidence and seismicity above the aquifer, in particular near
the area to the west of Harkstede and Ten Boer, to check that the subsidence remains within the range
forecasted in this study.




However, future subsurface activities, such as geothermal operations, will most likely affect the pressure and
temperature fields in the aquifer. It will be necessary to assess the magnitude and spatial footprint of such
changes and include them in updating the seismicity model and provide updated seismic hazard assessment.

Due to the low availability of pressure data in the aquifer, and in the context of potential future activities in the
aquifer, it is recommended to improve the pressure monitoring network.

Results of this project help policymakers and regulators by confirming that the southwestern aquifer itself does
not pose a major seismic risk. However, they highlight the need to keep monitoring ground movement and to
carefully assess risks before starting geothermal projects. The findings and methods from this project will be used
in future decision-making and are a valuable addition to the toolbox for managing subsurface activities in the
Netherlands.

It must be noted that this study has a generic nature, and its results cannot be used as direct input for a
particular future operation. The results are, however, are broadly-applicable to future potential geothermal
projects, and they can serve as valuable input to studies targeted at such operations.

Closure text for the website

A summary in simple terms of the goal, the outcome and impact on mining policies or toolboxes of the research
project (project evaluation text website)

This project is a follow-up of the KEM-19 study that was completed in 2022. The research in this project focused
on the southwestern aquifer of Groningen, an area affected by gas extraction and related small earthquakes. The
goal was to understand the pressure depletion in the aquifer in the coming decades, what this means for future
seismic activity, and how possible geothermal energy projects could influence the seismic potential of the
aquifer. The research has been carried out in a systematic, well-structured, and scientifically sound manner.

The study shows that while pressure in the aquifer will continue to decline, the risk of noticeable earthquakes
there is very low—especially when compared to the Groningen gas field itself. Only a few small events are
expected in the coming decades. The research also assessed how future geothermal operations in the
southwestern aquifer might affect underground pressures, stresses, and fault movements. Probabilistic studies
show that the highest probability of seismic event lies just North of city of Groningen. Nevertheless, it will be
necessary to assess the magnitude and spatial footprint of pressure and temperature changes and include them
in updating the seismicity model and provide updated seismic hazard assessment.

These results help policymakers and regulators by confirming that the southwestern aquifer itself does not pose a
major seismic risk. However, they highlight the need to keep monitoring ground movement and to carefully
assess risks before starting geothermal projects.




