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EXECUTIVEUMMARY

Background and objective

There are various underground activities in the northern part of the Netherlands, including natural
gas extraction, salt mining, gas storage, and (waste) water injection. Although extensive research has
been conducted on the individual aspects and effeftmining activities, there are still challenges in
understanding their combined effects. Concerns have arisen regarding underground gas storage in
Grijpskerk and its interactions with nearby gas fields, leading to the initiatiorisiKEM48 research
project. This project aims to investigate the interactions between underground activities in response
to these concerns, with a focus on ground movement: subsidence and induced earthquakes. Phase |
involves a literature review and initial data analysis tettthe feasibility of the proposed method,

while Phase Il entails4tepth modelling studies of the Grijpskerk area. The project team consists of
experts from various fields, with advisory and peeview panels ensuring scientific integrity. This
report covers the results of Phase | of the project.

Part 1: literature study
Subsidence

Subsidence of the ground surface results from various processes in the subsurface, occurring at
different depthsandrates.lt is driven both by natural and anthropogenic factd¥stural subsidence

in the Netherlands is mainly caused by ldegn processes such as consolidation, pgistcial
isostasy, and tectonics, with a maximum annual subsidence ratessfthanl mmyear in the
northern part of the Netherlands. Anthropogenic subsidence, resulting from human activities,
includes shallow, intermediate, and deep mechanisms such as peat oxidation, groundwater
extraction, and mining activitie§ubsidence modelling varies the mechanismGas extraction uses
poroelasticity andesevoir-basedmodek, while salt solution mining relies anodelsto account for
cavern closure and creep. Gas storage considers elastic deform&iallow subsidence applies
geotechnicaprinciples ands strongly influenced bgpatialvariations Groundwater extraction uses
traditional modelsand morerecent data assimilation for larggcale predictions.

In the northern part of The Netherlands the maximum shallow subsidence rate is 12 mm/year. The
maximum deep subsidence rate for gas extraction is 6 mm/year, for gas storage 2geanm
(including heave) and for salt mining 14 mm/year. Intermediate subsidence due to groundwater
extraction is considered here negligible compared to the other mechanibraditionally, subsidence
monitoring is conducted through geodetic measurements, but the use of other technologies such as
INSAR, GNSS, and LiDAR offer oppditisrfor largescale and continuous monitoring, provided they

are carefully interpreted and supplemented with traditional geodetic measurements.

Induced seismicity

The primary cause of induced earthquakes is stress changes in the subsurface induced by
anthropogenic (human) activities. Various activities can be associated with induced earthquakes. In
the Netherlands, induced earthquakes are caused by gas extractsrstgrage, geothermal energy,

and water injection. The sensitivity with which earthquakes can be detected and the accuracy with
which they can be located depend on the numbéractive and operational monitoring statioasd

their geometric configurationWhen anthropogenic activities in the subsurface are closely spaced, as
in the Netherlands, it is not always possible to unambiguously associate an observed earthquake with
a specific activity in the subsurface.
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Leakage

Methane leakage via damaged oil and gas wells after decommissioning is a known risk in the industry.
l'f GK2dza3K € SF{I3S Aa 2FGSy ARSYGAFTASR Ay GKS t1 4GS
causes typically originate much earliduring drilling, completion, and production phasehen high
reservoir pressures are preseioor well- and cement design, shrinkage, and chemical degradation
can causewell integrity failure and subsequent leakage. International experiences indicate various
relationships with factors such as well type, age, depth, plug status, geographical and geological
conditions. For storage reservoirs, pressure fluctuates over time and by season, in contrast to
producing reservoirs which generally experience continuous pressure depléfimough methane
leakage via natural faults occurs, well leakage is generally considered more significant. Understanding
pressure redistribution after decommissioning and léagn fluid migration can provide information

on leakage potentialespecially on the scale of centuries for the Groningen gas field, where the
cumulative effects with neighbouring gas fields are still unknown.

Effects

The impact of earthquakes on buildings has mainly been studied after the earthquake in Huizinge on
August 16, 2012. Regarding damage, an empirical model has been developed for the Groningen field
to predict peak ground velocities based on magnitude anthdee to the hypocentre. The KNMI has
developed specific models for earthquakes in small gas fields outside the Groningen field. By testing
these model calculations against threshold values, the likelihood of damage can be determined. Deep
subsidence, caesl by mining activities, results in horizontal strain and angular distortion (relative
rotation) in buildings, which can cause damage. There are both direct effects, such as horizontal strain,
and indirect effects, such as changes in groundwater level ¢hatcause differential settlements.
Various aspects of subsidence are addressed, with attention to their varying effects on buildings.
Therefore, various methods to determine horizontal deformation and angular distortion resulting
from subsidence, and theesulting potential damage, are discussed.

Processes and interactions

Shallow subsidence is influenced by factors such as overburden, vibrations from cyclic loading, and
hydrogeological changes, with varying impact depending on geological, hydrogeological, and
anthropogenic conditionslop loading affects the subsurface at addgree angle, typically impacting
depths and lateral distances up to 20 meters. Vibraifimuced compaction from infrastructure work
generally has a Hheter radius. The impact area of deep subsidence due t@gfaaction extends to

a maximum of aboutwice the depth of the gasvater contact from the edge of the reservpiypically

6 km, based on a depth of 3 kiihe impact area of salt miningdse to the smaller widths of the
cavernsusually smaller, but the subsidence bowl is generally more pronounced.

Seismic activity can be caused by stress changes in the subsurface due to various activities, with the
definition of threshold values being complex and dependent on subsurface fault condifibes.
influence zone of an induced seismic event is strongly influenced by its magnitude. For magnitudes
above 2.0, the affected area can extend for several kilometres from the epicentre, and this distance
grows exponentially with larger magnitudes.

Fluid migration isnfluenced by pressure communication between subsurface layers fautors
influencing vertical migration, such as lithology and underground activities. Subsidence and the
hydrogeological system form a feedback mechanism influenced by natural and anthropogenic factors.
The compaction caused by gas extraction in the resieaffects the sealing salt layer and lateral fluid
migration. International examples can be found on interactions between earthquakes, subsidence,
and mining activities. In Northern Netherlands, specific examples include unexpected subsidence due
to interaction between salt and gas extraction in Fryslan and complex interactions in the Veendam
area.
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Part 2: Project plan phase Il
Case study area

Thecase studyareaof Grijpskerkis characterized by diversset of landscapes and is divided into
several regions, including De Marne, Lauwers, Middaqsterland, Reitdiep, Westerkwartier, and
OostergoThe area is partly situated in Groningen Province and partly in Fryslan Pravheageeper
geology around the UGS Grijpskerk and surrounding gas fields is dominated byntilaéidarof the

Lower Rotliegeneéandstone reservoir rock and ¢fPermiansealing salt layewithin the subbasin of

the Lauwerszed@rog. The Pleistocene ice ages have had a significant impact on sediment deposition
and landscape formation. Human activities have strongly influenced the landscape in the last few
thousand years The hydrogedogical system is influenced by polder water management,
precipitation, evaporation, and seepage. Water management in the project area is supervised by two
water boards(Wetterskip Fryslan and Noorderzijlvesthe concept of drainage is elaboratedich
isessential in regulating water levels angl imfluence on groundwater levels and shallow subsidence.

Feasibility studyusing raw NAP data

A feasibility study has been conducted with the aim of exploring the potential of advanced modelling
techniques and innovative deformation analysis to understand the cumulative effects and
interactions of mining activities in the Lauwerszee Trog. The Ameergas field has been chosen as

a showcase due to the presumed absence of complex cumulative effett® south side of the field

and because of the loagerm gas production that has taken place there. Pressure measurements
from production wells have den used to understand reservoir pressure variations, resulting in the
identification of gas compartments. A historical matching of NAP (Amsterdam Ordnance Datum) level
data before 1995 has been conducted, leading to an estimation of combined subsidéacts ef
Annerveen and nearby salt mining in Veendam. NAP data have been chosen for their long history,
although they were not originally intended for deformation analysis. A new method, the DELTA
method, has been developed to utilize raw NAP observationsubsidence analysis, resulting in
improved precision and accuracy. This approach allows for the identification of points that actually
represent deep subsidence. This innovative, new approach provides greater precision and accuracy
in subsidence modeélig than was previously possible and can be applied on a larger scale in the
project area in Phase Il of the research.

Recommendationdor further study in Phase I

In this Phase | of the project, the feasibility of a new approach for calibrating multiple compaction
sources based on differential elevation measurements has been demonstrated. This approach will be
the primary focus othe Phase Istudy, along with investigating various other topics identified during
literature review,the field visit, and consultation witHocal stakeholdersPhase Il will focus on the
impact of inelastic reservoir compaction, research into differences in published thhat@ossibility

of felt vibrations notdirectly associated wittrecordedearthquakes, and the presence pbtentially
leaking wells.

The work process involves modelling of deep and shallow subsideeceanisms assessing the
effect on surface objects, and evaluating itheumulative effects. Risks of minimgduced damagéo
buildingswill be identified and placed in the context of namningrelated processes. Ultimately, the
goal of the study is to provide a comprehensive understanding of the impact of underground activities
on ground movement, enabling a forecast of future effects.
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MANAGEMENBAMENVATTING

Aanleiding en doel

Er zijn verschillende ondergrondse activiteiten in het noorden van Nederland, waaronder
aardgaswinning, zoutwinning, opslag van gas en (afval) waterinjectie. Hoewel er veel onderzoek is
verricht naar de individuele aspecten en effecten van mijnbouwaciigite zijn er nog uitdagingen

bij het begrijpen van hun gecombineerde effecten. Er zijn zorgen over de ondergrondse gasopslag in
Grijpskerk en de interacties ervan met nabijgelegen gasvelden, wat heeft geleid tot dtd&KEM
onderzoeksproject. Dit project dmogt naar aanleiding van deze zorgen de interacties tussen
ondergrondse activiteiten te onderzoeken, met de nadruk op bodembeweging: bodemdaling en
geinduceerde bevingen. Fase | omvat een literatuurstudie en eersteath@igse om de haalbaarheid

van de worgestelde methode te testen, terwijl in Fase Il diepgaande modelstudies van het gebied
Grijpskerk worden uitgevoerd. Het projectteam bestaat uit experts uit verschillende vakgebieden,
waarbij adviesen peerreviewpanels zorgen voor wetenschappelijke ¢iag. Dit rapport behandelt

de resultaten van Fase | van het project.

Deel 1: literatuurstudie
Bodemdaling

Bodemdaling aan het oppervliak is het gevolg van diverse processen in de ondergrond, met
verschillende dieptegn snelhedenBodemdaling wordt gedreven door natuurlijke en antropogene
factoren.Natuurlijke bodemdaling in Nederland wordt voornamelijk veroorzaakt door lange termijn
processen zoals inklinking, postglaciale isostasie en tektoniek, met een maximale jaarlijkse daling van
minder danl mm/jaar in het noorden van Nederland. Antropogene bodemdaling, voortkomend uit
menselijke activiteiten, omvat onde, tussenliggende en diepe mechanismen, zoals oxidatie van
veen, grondwaterwinning en mijnbouwactiviteitertModellering van bodemdaling varieert per
mechanisme. Gaswinning maakt gebruik vaoroelasticiteit en reservoigebaseerde modellen,
terwijl voor zoutwinning modellerworden gebruiktdie gebaseerdzijn op krimp van de caverren

het kruipgedrag van zoutModelleren van bodembeweging dooagppslads gebaseerd oplastische
vervorming. Voorondiepe bodemdalingworden geotechnische principes toegepastaar de
ruimtelijke variate een belangrijk aspect.i&rondwaterwinning gebruikt traditionele modellen en
meer recentwordt data-assimilatiegebruiktvoor grootschalige voorspellingen.

In het noordelijke deel van Nederland is de maximale ondiepgemdalingl2 mm per jaar. De
maximale diepebodemdalingvoor gaswinning is 6 mm per jaar, voor gasopslag 20 mm per jaar
(inclusief heffing), en voor zoutwinning 14 mm per jaar. tDesenliggendebodemdalingdoor
grondwaterwinningkan als verwaarloosbaar beschouwd in vergelijking met de anddiepe en
ondiepe) mechanismen. Monitoring van bodemdaling gebeurt traditioneel met geodetische
metingen, maar inzet van andere technologieén zoals IN&NSS en LIiDAR bieden kansen voor
grootschalige en continue monitoring, mits zorgvuldig geinterpreteerd en aangevuld met de
traditionele geodetische metingen.

Geinduceerdeardbevingen

De hoofdoorzaak van geinduceerde aardbevingen zijn spanningsveranderingen in de ondergrond
veroorzaakt door antropogene (menselijke) activiteiten. Verschillende activiteiten kunnen in verband
worden gebracht met geinduceerde aardbevingen. In Nederland evogginduceerde aardbevingen
veroorzaakt door gaswinning, gasopslag, geothermie en waterinjectie. De gevoeligheid waarmee
aardbevingen kunnen worden gedetecteerd en de nauwkeurigheid waarmee ze kunnen worden
gelokaliseerd, hangt af van het aaniattieve & operationele meetstationen hun onderlinge
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geometrische configuratie. Als antropogene activiteiten in de ondergrond dicht bij elkaar liggen, zoals
in Nederland, is het niet altijd mogelijk om een waargenomen aardbeving eenduidig in verband te
brengen met een specifieke activiteit in de ondergrond.

Lekkage

Methaanlekkage via beschadigde eka gasputten na buitenbedrijfstelling is een bekend risico in de
industrie.Hoewel lekkage vaak pas in de lab@ifenbedrijfstelling)fase van de levenscyclus van een
put wordt vastgesteld, liggen de oorzaken meestal veel eerder, tijdens de,baatooiings en
productie-fasen, wanneer er sprake is van hoge reservoirdruk8echt put- en cementontwerp,
krimp en chemische degradat®jn de oorzaken vaput falen en daarmee lekkage. Internationale
ervaringen geven vschillende relaties met bijvoorbeeld put type, leeftijd, diepte, plugstatus,
geografischeen geologische omstandighedeBij opslagreservoirs varieert de reservoirdruk cyclisch
in de tijd en per seizoen als gevolg van injectie onttrekkingsactiviteiten, terwijl producerende
reservoirs doorgaans een gestage drukdepletie vertonen door voortdurende proditdiewel
methaanlekkage via natuurlijke breuklijnen voorkomt, wordt putlekkage over het algemeen als
belangrijker beschouwd. Inzicht in drukherverdgli na buitenbedrijfstelling en lange termijn
vloeistofmigratie kan informatie verschaffen over lekkagepotentieel, vooral op de schaal van eeuwen
voor het Groningengasveld, waarbij de cumulatieve effecten met naburige gasvelden nu nog
onbekend zijn.

Effecten

De impact van bevingen op gebouwen is voornamelijk onderzocht na de aardbeving bij Huizinge op
16 augustus 2012. Met betrekking tot schade is voor het Groningenveld een empirisch model
ontwikkeld om piekgrondsnelheden te voorspellen op basis van magnieudafstand tot het
hypocentrum. Het KNMI heeft specifieke modellen ontwikkeld voor aardbevingen in kleine gasvelden
buiten het Groningenveld. Door deze modelberekeningen te toetsen aan grenswaarden, kan de kans
op schade worden bepaald. Diepe bodemdalireyporzaakt door mijnbouwactiviteiten, resulteert in
horizontale rek en hoekverdraaiing (relatieve rotatie) in gebouwen, wat schade kan veroorzaken. Er
Zijn zowel directe effecten, zoals horizontale rek, als indirecte effecten, zoals veranderingen in de
grondwaterstand die differentiéle zettingen kunnen veroorzaken. Verschillende aspecten van
bodemdaling worden behandeld, met aandacht voor hun variérende effecten op gebouwen. Er
worden derhalve verschillende methoden om horizontale vervorming en hoekvemagaas gevolg

van bodemdaling, en de daaruit eventueel resulterende schade te bepalen, behandeld.

Processen en interacties

Ondiepe bodemdaling wordt beinvioed door onder andere bovenbelasting, trillingen door cyclische
belasting en geohydrologische veranderingen, met wisselende impact, afhankelijk van de geologische,
geohydrologische en door mensenhanden veroorzaakte omstaedign.Bovenbelasting beinvioedt

de ondergrond onder een hoek van 45 graden, wat meestal invioed heeft op dieptes en laterale
afstanden tot 20 meter. Titingsverdichting dootbouwwerkzaamhedeheeft over het algemeen een

straal van 10 meter. Hehvloedsgbied van diepebodemdalingdoor gaswinning strekt zich uit tot

een maximum van ongeveer twee keer de diepte van hetvgatercontact vanaf de rand van het
reservoir, doorgaans ongeveer 6 km, gebaseerd op een diepte van 3 km. Het impactgebied van
zoutwinning is door de kleinere brdtes van deavernesneestal kleiner, maar deodemdalingkom

is over het algemeeateiler en dieper

Seismische activiteit kan worden veroorzaakt door spanningsveranderingen in de ondergrond door
verschillende activiteiten, waarbij de definitie van grenswaarden complex en afhankelijk van
ondergrondse breukcondities iddet invioedsgebied van een geinduceerde beving wordt sterk
beinvioed door de magnitude ervan. Voor magnitudes boven de 2.0 kan het invioedsgebied zich over
enkele kilometers vanaf het epicentrum uitstrekken, en deze afstand groeit exponentieel bij grotere
magnitudes.
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Vloeistofmigratie wordtbeinvloeddoor drukcommunicatie tussen ondergrondse lagen en factoren
die verticale migratie beinvioeden, zoals lithologie en de ondergrondse activiteiten. Bodemdaling en
het geohydrologische systeem vormen een terugkoppelingsmechanisme beinvioed door natuurlijke
en menselijke factoren. De door de gaswinning veroorzaakte compactie in het reservoir, beinvioedt
de afsluitende zoutlaag en de laterale vloeistofmigratie. Internationale voorbeelden zijn te vinden
over interacties tussen adbevingen, bodemdaling en mijnbouwactiviteiten. In Noddderland zijn
concrete voorbeelden uit te lichten zoals de onverwachte bodemdaling door interactie tussen zout
en gaswinning in Fryslan en complexe interacties in het Veerngibied.

Deel 2: Projectplan fase Il
Projectgebied

Het projectgebiedrondom Grijpskerkwordt gekenmerkt door een divers landschap en wordt
onderverdeeld in verschillende regio's, waaronder De Marne, Lauwers, Middatsterland,
Reitdiep, Westerkwartier en Oostergblet gebied ligt gedeeltelijk in Groningen en gedeeltelijk in
Fryslan. De diepere geologie rondom de UGS Grijpskerk en omliggende gasvelden, wordt
gedomineerd door de vorming van het Lower Rotliegeaddsteen reservoirgesteente en de
afsluitende zoutlaag tijdens het Perm binnen het ddkken vande Lauwerszee Trog. Veel later
hebben de Pleistocene ijstijden grote invioed gehad op sedimentafzettingen en landschapsvorming,
Menselijke activiteiten hebben het landschap de laatste paar duizend jaar sterk beinvioed. Het
geohydrologisch systeem wordt imvloed door polderwaterbeheer, neerslag, verdamping en kwel.
Het waterbeheer in het projectgebied staat onder toezicht van twee waterschapéeiterskip
Fryslan en Noorderzijlvestiet concept drooglegging wordt uitgewerkt, belangrijk in het reguleren
van het waterpeil en de invloed hiervan op de grondwaterstand en ondiepe bodemdaling.

Haalbaarheidsonderzoefebruik ruwe NAP data

Een haalbaarheidsstudie is uitgevoerd met als doel het potentieel van geavanceerde
modelleringstechnieken en innovatieve deformatieanalyse te onderzoeken, om zo de cumulatieve
effecten en interacties van mijnbouwactiviteiten in de Lauwerszee Trog te pegriHet Annerveen
gasveld is gekozen als showcase vanwege de veronderstelde afwezigheid van complexe cumulatieve
effecten aan de zuidzijde van het veldn vanwege de langjarige gaswinning die daar heeft
plaatsgevonden. Drukmetingen van productieputtenn zgebruikt om reservoirdrukvariaties te
begrijpen, resulterend in de identificatie van gascompartimenten. Een historische matching van NAP
peilgegevens tot voér 1995 is uitgevoerd, wat heeft geleid tot een schatting van gecombineerde
bodemdalingseffectenan Annerveen en nabijgelegen zoutwinning in Veendam.-g@vens zijn
gekozen vanwege hun lange historie, hoewel ze oorspronkelijk niet bedoeld waren voor
deformatieanalyse. Een nieuwe methode, de DEiBthode is ontwikkeld om ruwe NAP
waarnemingen te daruiken voor bodemdalingsanalyse, resulterend in een verbeterde precisie en
nauwkeurigheid. Deze aanpak maakt het mogelijk om punten te identificeren die daadwerkelijk diepe
bodemdaling weergeven. Deze innovatieve, nieuwe benadering biedt een groteresiprezi
nauwkeurigheid in bodemdaling modellering dan tot op heden mogelijk was en kan op grotere schaal
worden toegepast in het projectgebied in fase Il van het onderzoek.

Aanbevelingen voor het fase Il onderzoek

In deze fase | van het project is de haalbaarheid van een nieuwe aanpak voor het kalibreren van
meerdere compactidronnen op basis van differentiéle hoogtemetingen gedemonstreerd. Deze
aanpak zal de primaire focus zijn van fase Il, samen met het onderzagk verschillende andere
onderwerpen die zijn geidentificeerd tijdens literatuuronderzoek, veldbezoeken en in overleg met de
omwonenden. Fase Il zal zich onder meer richten op de impact van inelastische reservoircompactie,
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onderzoek naar de verschillen in gepubliceerde gegevdmmogelijkheid vagevoelde trillingen die
niet direct geassocieerd zijn metastgesteldeaardbevingen en de aanwezigheid van potentieel
lekkende putten.

Het werkproces omvat het modelleren van diepe en ondiepe bodemdatieghanismen het
beoordelen van het effect op aan het oppervliak gelegen objecten en het beoordelen van de
cumulatieve effecten. Risico's van door mijnbouw veroorzaakte scaadgebouwerzullen worden
geidentificeerd en in de context van nietijnbouw gerelateerde processen worden geplaatst.
Uiteindelijk is het doel van de studie om een uitgebreid begrip te bieden van de impact van
ondergrondse activiteiten op bodembeweging, wat een praggvan toekomstige effecten mogelijk
maakt.
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1.1

INTRODUCTION

Background

The subsurface in the northern region of the Netherlands is characterized by intensive mining activities
that have been ongoing for decades. Gas extraction, primarily from the vast Groningehdiltkben

the mostprominent activity, complemented by numerous smaller natural gas fields dispersed across
Fryslan Groningen, and Drenthe. Additionally, active salt solution mining takes place in Groningen and
Fryslan while salt caverns and gas fields serve as storage facilities for natural gas and nitiogren.

are considerations for repurposing these abandoned salt caverns for the storage of green energy, such
as compressed air or hydrogeWhile not a mining activity in the strict sensdiet extraction of
geothermalenergy is also gaining interest in this region.

There are several areas where these subsurface activities intdrhetVeendam area serves as an
illustrative example, whersubsidence from salt solution mining intersects with subsidence from the
Groningen and Annerveen gas fields. Moreover, induced earthquakes from the Groningen field affect
parts of thHs area. Disentangling these effects to identify the most influential mining activity and
analysing cumulative effects passignificant challenges. Ongoing research is addressing some of
these complexits. The Underground Gas Storage (UGS) in Norg exemplifies seasonal subsidence and
heave, in addition to general deep subsidence and seismicity from the Groningen field, with potential
cumulative effects The primary focus of this KEM project revolves around the Underground Gas
Storage (UGS) facility in Grijpskerk. Initially developed as a gas field in 1997, the UGS Grigsskerk
transitioned into a (seasonal) storage site for highoricgas(“industry gas) from small gas fields,
excluding Groningen. Lated approximately 3400 meters below the surface, it has been in operation
for years. As of 2022, the UGS Grijpskerk has been repurposed to stolmie natural gas
("consumer gas") from Groningen, following the cessation of production at the Granigae field.

The UGS now accommodates natural gas from alternative sources, blended with nitrogen to produce
low-caloric consumer gas. Positioned amidst other small gas fields, the UGS Grijpskerk falls within the
influence area of induced seismicity origiimg from the Groningen fieldseeFigurel).

Gas extractionin the northern Netherlandinduced seismic eventgausingdamage to structuredn
addition, the compressie forces causingeological layers to compact followiggs extraction results
in subsidencat the surfacedirectlyand indirectlyimpacting buildingsobjects,and the surface water
infrastructure Gas storaga some fieldgurther contributes to seasonal variations in subsidence and
heave,as a result ofas extraction in winter and injection in summeespectively Salt miningand
the associated salt credpads primarily to subsidenc&he interplay of these variousass removal
activities in the deep subsurface may lead to combined effects at the suifaceimplies that also
during yearly actions of storage and recovery, permanent changes occur andwdateiim Figure2
a <hematisationis givenof the possible processes, interactions, and effects at play in the Hdeep
also the shallowsubsurface in the North of The Netherlanidludingthe Grijpskerk areaThis
schematisationalthough exaggerated in scahowsthat a potentially complexsystem ofprocesses
andinteractionstakes place
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* Some fields, like Kommerzijl and Pieter@ifist, are still in production, while others, such as Bu#tast, are no longer in
operation, and some, like Burum, are not yet in production. Most gas fields use multiple wells (red dots), that crosscut many
geological formations and thus potentially foimgy leakage pathways for fluids and gases from one horizon to anathisr.
important to note that a single field may produce from multiple reservoir lsygich as the Rotliegendes, Zechstein 2C, and
Vlieland formationseither simultaneously or in segace.This can be incorporated in the modellifighe red line is the border
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Figurel. illustration of on-going and pastleep subsurface activitie the study areawith UGS
Grijpskerk in blue, alongside surrounding active, inactive, and temporarily abandwatachl gas
fields (sourceNLOGNI).

Introduction to the mncerns aroundJGS Grijpskerk

TheUnderground Gas StoragedGS¥rijpskerk (depicted in blue Figurel) is surrounded by various
gas fields, including Kommerzijl, Saaksum, Pieterzijyuri{oNMolenpolder Wieringa, Burum, Burum
East, and GrootegasiThe location of the UGS and surrounding gas fieldludes part of the
Westerkwartierand the Het Hogelanchunicipalitiesin the Province ofsroningerand the Noardeast
Fryslan municipality in the province of Fryslarhe area igural and characterised bg polder
landscape with scatteretiistorically importantvillages. The are#s largely below sea levelpartly
reclaimed from tidal flats and the Lauwers estuand partly a terp, dike and salt marsh lanajge
and peat landscapes further south (see atdmpter7). Until the recent past, e Lauwers estuary
formed an open connection to the Wadden Sea. The older villages are often centred anociedt
man-made terps @welling mound} that served as refuge during flooding. The regular flooding
deposited silt and clagywhich generatedoil that is very fertileTherefore, &rming has been and still
is an important economic activity hertn 1969the Lauwers estuary closed off with a dike from the
Wadden Sedsee also sectioii.7.2. The waterboards Wetterskip Fryslan and Noorderzijlvest are
jointly responsible for the water management and water safatghe area.

Over the years, locals have experienggdund motionevents and witnessd the development of
damage to houses that raised questions about the individual and combined impacts of these activities
on their homes, farmland, groundwater, and the overall environm@itizens in the vicinity of UGS
Grijpskerk areoncernedabout how the UGS operations might affect and interact with other ongoing
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or completed gas extraction activities. Adding complexity to the situation is the fact that thevaea
put under themandateof the Institute for Mining Damagé&roningen(IMG),which handles mining
damagedue to the influence of the Huizinge earthquake2012 (sedigurel).

While citizens are directed to the IMG for damage claims, it is important to note that the IMG has,
until now, only examined the impact of the Gronindgeid and UGS Norgpecifically focusing on the
seismic effects originating from that field. Other potential local effects, which residents are concerned
about, have not been consided so far. Because of these concerns tiNetherlands Nhistry of
EconomicAffairsand ClimateAffairs(currently: Ministry of Climateand Gren Growth)as formulated

this research projectogether with the citizens This researctwill be executed under the KEM
programme.TheLINR 2 8aihiieQeiarch questioandits objectivesare explainedin sectionl.3.

1.3 Objectives

The objective of thiskEM48 assignment is to define and clarify the possible interactions between
different subsurface activities in the Northern part of the Netherlandth a focus on subsidence and
seismicity As explained in the previous section, this research prdjest beendefined with the
assistance of citizens in the Northern part of the Netherlands who are concerned about the number
of activities in their neighbourhood and theonsequences opossible interaction between these
activities in theshallow and deep subsurface. The research question aims to proviaet-based,
independent answer to theseoncerns The main concern is formulated in thessearchquestion

G2 KFG FNB GKS Odzydz F 6A@S SFFSOGa FyYyR AYyUWSNF OlGAaz2
Sea trough and the interaction of the UGS Grijpskerk, the surrounding small gas fields and the
Groningen gas field?

This project aims to answer the main research question by defining the possibleorobable
interactions between various activities in the subsurfadee research is dividedtinPhasel and
Phasdl.

I. In Phase | m overview ofthe possible interactions between different subsurfaaetivitiesis
obtainedthrough ageneralliterature study and first data analysis

Il In Phase Il the region close to the gas storage Grijpsketkd socalledd Sy SNI f & [ I dzg SN
GNRdzZaKE NBFUO gAftf 0SS aiGdzRASR Ay Y2NB tRSGIF A
specific geology of the Lauwers Sea regimth shallow and deep, with old riverbeds, sand from
the Wadden Seadits geological history, production locations of small gas fietde Groningen
field and gas storage operations in the region.

1.4 Scope of Phase I: general cumulative effects

1.4.1 Researclguestions
ForPhase | the following sufesearch questions have been formulated:

1. Whatinformation is availablaboutinteractions between different adjacent undermgund (man
made) activities natural processesand about the cumulative mutual effect, dividedinto the
followingtopics:

a. Subsidencéseechapter?)

b. Induced seismicityseechapter3)
c. Leakagdseechapter4)

d. Other(seesection9.1)!

!Instead of a separate chapter for other effects, have listed all potential additional processes deserving attention in Phase
Il (besides subsidence, inducsgismicity, and leakage). This is based on feedback from local stakeholders, the bicycle tour, and
our Hazidlike session. We've incorporated this discussion into the recommendations chapt#ion9.1).

Pagel3



1.4.2

1.5

151

2. Inwhat way are buildings affected by processes and interactions Z(smger5) 2.

3. What is the distince (both in depth as latal) which would exclude cuulative effects between
mining activities for subsidence, induced sdiisty, leakage, other? (seshapter6)

4. What can be studied inmore detil in Phasell for the Grijpskerk area@The answer to this
question is formulated in the form of recommendation in chafelts relatedplan of actiorare
in an integral waylescribed in Part Iseechapters 73, 8 and9).

Deliverables
The deliverables provided at the end of Phase I:

- Deliverable 1A literature studyfocussingon the possible mechanisms of interactions among
various subsurface activities, including worldwide experiences.

- Deliverable 2A general report offhasd (research questions 1, 3and4), with clearconclusions
and recommendations.

- Deliverable 3:A Dutch summary of the main findings Bhase lwhich answers the research
guestion in a clear and netechnical way.

Structure of this report

This report followscloselythe structure and research questions as they were laid out in the request
for proposal(MEA, 2023)Thereport clealy makesa distinction between the literature study on the
one hand and the feasibility arttle real situation of concern and threethodology forPhase llon the
other hand

This report covers Phase | of the project and consists of the following parts:

- Part 1. Literature studyThis answesthe research questions 1 and 2 that is described in section
1.4.1and is the deliverabl& describedn Sectiorl.4.2 The literature studgompriseghe chapters
2 to 6 of this report.

- Part 2. Project plan PhaseThis answers research questiddescribed in sectiof.4.1in yielding
a project plan for Phase Il. The project plan for Phase Il contissrbesthe study area, a
feasibility study andjivesrecommendations for the modelling and analysis for Phagsh#pteis
7 to 9 of this repor). An inventory of possible other topics (research question 1d) is provided in
section9.1 (part of the recommendations for further study)

- General Report PhaseTaken togetherpart 1 and 2 combined form deliverable 2, which is this
report.

- TheDutch summaryf the main findings of Phase | form deliverable 3. The summary can be found
at the front of this report and forms an integral part of this report. An English summary is also
provided.

Contextof the project

The KEM48 project team consists of experts from the compani®JX Cohere Consultants,-Qon

and Geodelta. The project team has combined etiperin geohydrology, geotechnics, geology,
mining, reservoir technologgeismologyandgeodesy. For the scientific quality control scientists from
the TU Delfthave beenattached to the project as an advisory group. The advisory group acts as a
participatory review panel and can also bensulted by the project team for questions about the
modelling and reportingin addition, there is an external peer review panel, consisting of four experts

2Thisis an additional research guestion we have incorporated due to our interpretation that the subject matter is intricately
linked with research questions 1a and 1b. In our assessment, thedep@vedcoverage in a separate chapter clarity.

3 Chapter7 provides an overview of the research area, offering an initial delineation of the study zone. While it is part of phase
II, we found it essential to incorporate it into this phaseréwiew thefeasibility and recommendatioris the context of the

area of investigation
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1.6.1

in the fields of (1) regional geology and geography; (2) geodesy; (3) geohydrology; and (4) induced
seismicity and reservoir modelling.

TheKEMguidance groups regularly informed on the progress of this project. This group consists of
the representative ofa local advocacygroup and their advisor, the representative from tBeitch
Ministry of Climate ad Green @wth and other members of the KEM panel. They are regularly
informed on the progress of the projedflinistry of Climate a Green @wth is theclient for the
project itsrepresentative in the guidance group is the main point of contact for this projéetentire

KEM panel are also informed on the progreksing the projectat a lowerfrequercy than the
guidance group. Next to the cligrthe Ministry of Climate aal Green @Gwth, the KEM pangllaysan
important role inmonitoringthe overallscientific quality and relevance of the outcomes of this project
to the KEM programme

Existing studiesnd research programmes

Mainly triggered by concernand damageollowing the induced seismicity in the Groningen field,
several research programmes have been initialsdpublic and private (NAM) funding agencies
Becausetie outcomes of the different programmese relevantto this projectwe summarisehe
main components below.

KEM studies

The Dutch Minister of Economic Affairs initiated the Knowledge Programme on Effects of Mining
(KEM) to address recommendations from the Dutch Research Council for Safety. KEM aims to
accelerate knowledge development on mining effects and risks, promotetidisaiplinary
collaboration, and create independent tools for assessment. The program includes a research
framework, agenda, projects, knowledge exchange platforms, and a scientific expert panel to ensure
quality and independence.

About 25 KEM research projects have bégartially)carried outup till now. Together, they cover a
wide range of topics related to mining effects, mainly to hydrocarbon extraction, geothermal energy
recovery and salt solution mining. Most relevant to this KéB\Vproject are projects covering topics

on induced seismicity caused lgas storage and gas extraction in small gas fields, as well as projects
covering subsidence, and leakage. These projects are listed below:

KEMO1: Geomechanical factors determining fault criticality during pressure cycling of underground
gas storage in reservoir§he objective of this studyasto re-assess the basic geomechanical causes
of seismicity, specific risk factors, and safe operational bandwidths for reservoir storage conditions,
that have not been addressed in previous studiesmpleted

KEMOQ7: Geomechanical analysis for investigating the occurrence of induced seismicity in small gas
fields in the NetherlandsThe objective of this research questimasto explore the feasibilities of a
physics based, numerical (geomechanical) analysis of the causes of induced seismicity in the small gas
fields in The Netherland¢completed

KEM16: Part toolbox subsidenc&he objectivenas to research in several pilots how currdbtitch
subsidence hazard models can be integrated and improved to become -gtnédjity generic tool for
onshore subsidence hazard analysised later be extended toa full subsidence hazard and risk
instrument (finished. Another aspect of KEW6 was its researchon indirect effects of deep
subsidence(on-going).

KEM17: Ovefpressured salt solution mining caverns and possible leakage mechafisespecific

goals for this KEM projeatere to improve knowledge on the processes that occur when brine
pressure in the cavern (locally) exceeds the minimum stress in the cavern roof or wall. Currently two
end-member processes and an intermediate process are described in the literature and discussed
during conferences: permeation, hydraulic fracturing, and preferential fingefiognpleted
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KEM19: Long term fluid migration, leakage risks and monitoring strate@ies.specific objective of

this researclwas to define the regional hazard and risk assessment method and practices, considering
post abandonment vertical and horizontal pressure)@estribution and migration of fluids (gases and
formation water) through aquifers, faults, and existing abandonetisfcompleted

In this context we will considefindings fromrecent geomechanical studieésdicating that the
stabilizing effect of depletion tends to dominate over peaastic stress load. Consequently,
earthquake activity might occur predominantly on fault sections, which are not hydraulically
connected to a depleting reservoir, e.g., in ter-burden (Smith et al., 2022; Baisch et al., 2023).

KEM39: Geomechanical and geochemical factors determining fault criticality during pressure (non)
cycling of underground CO2, H2, N2 storaldee objective of the research question is teagsess the
causes of seismicity, specific risk factors including chemical processes in the reservoir, and safe
operational bandwidths for reservoir storage conditions during pressure (non) cycling of unaledgr
storage of CO2, H2, and N2 in depleted gas fi¢tdsnpleted

DeepNLlresearchg funded by NWONAMand RVO

The aim of DeepN(DeepNL, 2024is to contribute to a better understanding of how the deep
subsurface behaves under tirdluence of human interventions. In addition, the programme also aims
to strengthen the research community in the Netherlands around this theme and to increase the
coherency within the fieldDeepNL research programrdefines three clustergfrom: DeepNL Annual
report 2022)

Cluster 1: Analysis of processes and conditions that lead to seismicity and subsiGanceve
understand and model how the processes at depth are translated through the subsurface to an effect
Fd GKS 9 NIakisBieseardaNnibject Srikgoing

Cluster 2:Analysis of processes and conditions that lead to seismaity subsidenceCan we
understand and model the conditions and processes in the deep subsurface that can ultimately lead
to earthquakes and subsidenc&®?atus:5 research projectg on-going

Cluster 3: Monitoring of conditions and forecastiffpw can we monitor the subsurface conditions
that could lead toearthquakes,and can weforecast the occurrence of earthquakeS?atus:10
Research projects on-going

In all these 3 research clusters there are aspects that can be useful for this KEM project. In our
literature study wecheckedfirst the publications and presentations from DeepNL. Since TU Delft is
strongly involved in DeepNindour advisory groupTU Delftquickly guide us to the most relevant
studies.

¢ KS LIN®rét@iaylandiodellingthe Groningen Subsurface based on integrated Geodesy and
Geophysics: improvingthe spaleA YS RAYSy aA2y £33 g A (-R Femke Vassepaely | |y
(both in the advisory group) investigates how to optimally integrate improved observational and
modeling methods to understand shallow and deep causes of subsidence using satellitesatad in
observations and data assimilation.

¢ KS LINP/E2A@dzady 'y Ly GdSaINIGSR ! LILINRFOK G2 9aidAYl
Vossepoel (member of advisory group) takes a physased, datadriven approach to better
understand the causes of induced seismicity through data assimilation into adVaswieme
mechanical models.

Other DeepNL projects, in particular the projects Science4Steer (A scientific basis for production and
reinjection strategies to minimize induced seismicity in Dutch gas fields) and SOFTTOP (Investigating
heterogeneous soft topsoils for wave propagatiopclec degradation and liquefactiqrotential) are

also relevant for this study.
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1.6.4

IMG-funded research

Ground movement due to gas extraction in the Groningen field and the gas storage facilities in Norg

and Grijpskerk has impacted many residents of Groningen and Dreftiighas erodedi KS NBX a A RSy |
trust in the NAM andthe government. Therefore, since July 1, 2020, the Mining Damage Institute
Groningen (IMG) has been established (incorporating thigdelijke Commissie Mijnbouwschade

Groningen TCM@. It serves as an independent governmental body to handle all damages caused by
earthquakes, subsidence, amglound heave (IMG, 2023Below are the relevant research projects

that are ongoing:

GEMMA GecombineerdeEffecten van Mearoudige Mijnbouw Activiteiten (Combined Effects of
Multiple Mining Activities)This researchvas initiated, formulated,and guidedby a panel consisting
of IMGexpertsand Committee Mining damagéCM)members, including external experts.

IEDB Indirecte Effecten van Diepe Bodemdaling (Indirect Effects of Deep SubsidEmiselesearch
was initiated and funded by IM@nd focusses on the groundwater level changassed bydeep
subsidence and its impact on consolidation, peat oxidation and swelling and shrirfililays

Ministerial/ SodM fundedstudies.

- Study of effects oshale gas (W+B, Fugro, Arcadqidjitteveen+Bos, 2013)
- Lagging effects of coal mining in The Netherlands (IHS, iV8)2016)
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*Salt solution mining and geothermal energy utilisation is not present near Grijpskerk, but forms part of the scope for the
general review in Phase |.

Figure2. Schematisation of the possible processes, interactions, and effects at play in the shallow and
deep subsurface in the North of The Netherlands padly in the Grijpskerk area.
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PART 1: LITERATURE STUDY
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2.1

UBSIDENCE

Summary and conclusions

Thischaptergives an answer to the following research question as defined in set#oh

1. Whatinformation is availabl@boutinteractions between different adjacent undergund (man
made)activities natural processesind about the cumulativemutual effect? Thischaptercovers
the answer in the context of topig) subsidence

Subsidence at the earth surface is the sum of different processes in the subsurfacechagterwe
identify various processes that take place at different depths, different rates and magnitudes that
eventually result in a measurable subsidence at surface level.

Natural subsidence in the Netherlands is driven by targn processes like natural compaction,
postglacial isostasy, and tectonics, resulting in regional lithospheric tilting and gradual subsidence at
ratesless than 1 mm per year in the northern paftthe NetherlandsAnthropogenic subsidence is
categorized into shallow, intermediate, and deep mechanisms. Shallow subsidence arisgge&tom
oxidation plusclay and peat compaction due to lowered groundwater tables. Intermediate
subsidence, at 20 to 200eters, results from groundwater extraction. Deep subsidence involves gas,
oil, and salt extractiorausingdirect and indirect effect at the surface.

Factors contributing to shallow subsidence inclggetechnical responsegmpactionconsolidation,

and creep), andfor example,long term effects otyclic loadingpaths Different compaction models

like Koppejan's and isotache models are discusaethis chapter, along with the impact of low
frequency noise. Peat compaction and oxidation, clay compaction, swelling and shrinking, and
hydrogeological factors are explained, emphasizing their signific&uesidence from groundwater
extraction globally, ggecially in coastal areas, is highlighted. In the Netherlalzlgescale new or
increased groundwater extraction may cause subsidence, requiring Environmental Impact
AssessmentsThe rise of Aquifer Thermal Energy Storage (ATES) and High/Medium ATES systems are
discussed, with emphasis on potential subsidence differences affecting building and infrastructure.
The amount of subsidence causley extraction of natural gas, depends on factors like pressure drop
and reservoir characteristics. Mining of saltdigsolving it, as practised in the Netherlands, leads to
subsidence with both gradual and possibly sudden effectase otavernroof collapse which have

to be managed by Good Salt Mining PractiEable2 (section2.9) gives an overview of subsidence
values based on various references, distinguishing between natural and anthropogases.

Subsidencecan bemodeled for different scenarios. Gas extraction involves approximagiasing
poroelasticity, Geertsma@973)modeland itsmodifications. Compaction coefficient limitations and
nonlinear behaviour lead tdifferencesin approaches and therefore differences betwesubsidence
models. Salt solution mining induces subsidence through creemeadlalcavern closurewhich is
approached bymploying semanalytical anchumerical methodsGas storage in reservoirs considers
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2.2

elastic deformation. Shallow subsidence estimation uses geotechnical models, addressing spatial
variabilities. Groundwater extraction is modelleshnventionallyand with recent trends in data
assimilation for largescale predictions.

Monitoring of deep subsidence is done traditionally using geodetic measurements. Advancements in
technology, such as INSAR, GPS and LiDAR, providess#imuous largescale monitoringThese new
technologies add much more detailed information in space and time but need to be interpreted
cautiously and need to be used complementary to the conventional methods.

In the northern part of The Netherlands these are the maximum subsidence rates that can be expected

- Natural subsidence: <1 mm/year
- Shallowanthropogenicsubsidence: 12 mm/year
- Deepanthropogenicsubsidence

1 Gas extraction: 6 mm/year
1 Gas storage: 20 mml/year
1 Salt mining: 14 mm/year

Intermediate subsidence due to groundwater extraction is considered negligible compared to the
other sources of subsidencélowever, in other countries, especially in densely populated cities,
groundwater extraction is often a major contributor to subsidence.

Samenvatting en conclusigdlL)

Dit hoofdstuk geeft antwoord op de volgende onderzoeksvraag zoals gedefinieerd inlséctie

1. Welke informatie is beschikbaar over interacties tussen verschillende aangrenzende
ondergrondse (door de mens gemaakte) activiteiten, natuurlijke processen, en ovef het
cumulatieve wederzijdse effect? Dit hoofdstuk behandelt het antwoord in de contexhean
onderwerpa) bodemdaling

Bodemdaling aan het aardoppervlak is de som van verschillende processen in de ondergrond. In dit
hoofdstuk identificeren we verschillende processen die plaatsvinden op verschillende dieptes, met
verschillende snelheden en groottes, die uiteindelijk reseltein meetbare bodemdalingan het
maaiveld

De natuurlijke bodemdaling in Nederland wordt veroorzaakt door langetermijnprocessen zoals
natuurlijke inklinking, postglaciale isostasie en tektoniek, resulterend in regionale lithosferische
kanteling en geleidelijke bodemdaling vamaximaall mm per jaar in het noordelijke deetan
Nederland Antropogene, door mensen veroorzaakteodemdaling wordt onderverdeeld in ondiepe,
tussenliggende en diepe mechanismen. Ondiepdropogene bodemdaling ontstaatvaak door
oxidatie van veen erzettingenin klei en vea als gevolg vaweranderendegrondwaterstanden.
Tussenliggende bodemdaling, op 20 tot 200 meter diepte, is het gevolg van grondwaterwinning. Diepe
bodemdaling omvat gasolie- en zoutwinning, met directe en indirecte effecten aan het oppervlak.

Factoren die bijdragen aan ondiepe bodemdaling ggotechnische effecte(zettingen consolidatie

en kruip) en bijvoorbeeld langetermijn effecten van cyclische belasting. Verschillende
inklinkingsmodellen zoals die van Koppejan en isotanbdellen worden besproken, samen met de
impact van laagfrequent geluidettingenen oxidatie van veergettingen inklei, zwel en krimpvan

klei, en hydrogeologische factoren worden uitgelegd, waarbij hun belang wordt benadrukt.
Bodemdaling door grondwaterwinning wereldwijd, vooral in kustgebieden, wordt belicht. In
Nederland kan nieuween toenemendegrondwaterwinning bodemdalingyeroorzaken wat een
milieueffect rapportage (MER)ereist. De opkomst van Aquifer Thermal Energy Storage (ATES) en
High/Medium ATESystemen wordt besproken, met nadruk op mogelijke verschillen in bodemdaling.
Diepe mdemdaling door gaswinning hangt afarnv factoren zoals drukverlaging en
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reservoirkenmerken. Zoutwinning in Nederland leidik tot diepe bodemdaling met geleidelijke en
mogelijk plotselingesffectendoor het bezwijken van het dak van een cavernelabel 2(paragraaf

2.9) is een overzichigegevernvan orde-grootte bodemdalingwaarden snelheden en invioedsbereik

op basis van verschillende bronnen, onderscheid makend tussen natuurlijke en antropogene
oorzaken.

Bodemdaling kan worden gemodelleerd voor verschillende scenario's. Gaswinning emvat
benadering van bodemdaling met behulp van petasticiteit, modelaanpassingen van Geert$irea
(1973)oorspronkelijke modetn modificaties hieropOnzekerheden ovete compactiecoéfficiént en
niet-lineair gedrag leiden totle belangrijkstevariaties in bodemdalingmodellen. Bodemdaling door
zoutwinning ontstaat door kruip elkrimp van de cavernes, waapor semianalytische erEindige
Element Modderingworden toegepast. Opslag van gas in reservoirs houdt rekening met elastische
vervorming. Schatting van ondiepe bodemdaling maakt gebruik van geotechnische modellen, waarbij
de ruimtelijke variabiliteit bepalend is Bodemdaling door mpndwaterwinning wordt op een
traditionele maniergemodelleerd enmet recente ontwikkelingen in datassimilatiekan dit ook
worden toegepasbp grote gebieden

Monitoring van diepe bodemdaling gebeurt traditioneel met geodetische metingen. Vooruitgang in
technologie, zoals INSAR, GPS en LiDAR, kdeden voorsemicontinue grootschalige monitoring
Deze nieuwe technieken leveren veel aanvullende informatie in ruimte en tijd, maar de interpretatie
moet zorgvuldig gebeuren en in aanvulling op de traditionele geodetische metingen

In het noordelijk deel van Nederland zijn dit de maximale bodemdalingssnelheden die verwacht
kunnen worden:

- Natuurlijke bodemdaling: < 1 mm/jaar
- Ondiepe (antropogene) bodemdaling: 12 mm/jaar
- Diepe antropogene bodemdaling:

I Gaswinning: 6 mm/jaar
1 Gasopslag: 20 mm/jaar
1 Zoutwinning: 14 mm/jaar

Bodemdalingloor grondwaterwinning wordhier als verwaarloosbaar beschouwd in vergelijking met
de anderemechanismenin andere landen, met name in dichtbevolkte steden, is grondwaterwinning
echter vaalde belangrijlste oorzaak varbbodemdaling

Introduction

{dzo AaARSYOS A& | LKSy2YSy2y YI N)] SR It@anh ol dugtA y 3
various natural and humaimduced (anthropogenic) causes. Subsidence is usually a combined
manifestation of different mechanismsf whichsome mechanisms afecallymore dominant than
others.

In this project, we alsoconsider ground heave, which is associated witiderground gas storage
facilities, were seasonal injection and extraction of gas leads to alternatidgseasonaheave and
subsidenceThis seasonal (cyclic) subsidence is different fronidhgterm on-going subsidence that
is irreversible.

Seasonal swelling and shrinking of clalge to changes in groundwater levean also lead to
alternating ground heave and subsidence. In the south of the Netherlands in the former coal mining
area, there is regional ground heave due to an increase in groundwater level. Since our focus is on the
northern Netherlandshowever,the ground heavesuch asin Limburg is outside the scope of this
project. The general trend in théNorthern part of the Netherlands is towards subsidence and not
ground heave. Therefer throughout the report we will use the term subsidence mostly to describe
ground movement, unless ground heave is the dominating phenomenon.
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This chapter provides an overviewof the different mechanisms that can act in the subsurface in the
Northern part of the Netherlands that can lead to subsidence and ground h&hiszhapterfocuses

on the interaction between drivers of subsidence aimderacting with other phenomena and
processes in the subsurface.

We make a distinction between natural and anthropogenic causes and between deep, intermediate,
and shallow subsidenc&heoverlap in the terminologies addressed by the clarification Trablel.

Tablel. Classification of different subsidence or heave mechanisms.

Mechanism
Shallow - Compaction clay and peé2.6.1) * - Compaction clay and pea2.6.1)
subsidence - Oxidation of peaf2.6.3 - Oxidation of peatZ.6.3
(Holocene) - Swelling and shrinking of cl§3.6.4) - Swelling and shrinking of cla.§.4)

0-20 mdepth

causeactivec watertable changescausedoy  causephreatic water levethange by climate,
Most effects in water managementor drainage(in top 2to 3 seasonal or land use change
S meters below surface)

Intermediate - Groundwater extraction2.7.1) - Compaction (sediments®4.1)
subsidence - Groundwater extraction and injection Depth range 2600/1000 meters
(Pleistocene for subsurface energy systens 7.2
Paleocene) Depth range: 2200 meters
20-500/1000m
DIElols U ok[o[STa[ef=l] - Gas/oil extraction(2.8.1) - Postglacial isostaq.4.2)
(Cretaceousand - Gas storagésee2.8.1) - Tectonicg2.4.3
older) - Salt solution mining2.8.2
500/1000m and
deeper
* Referral to the sections in this chapter where this mechanism is explained in further detail.

Thischapteralso describes in general terms the effegteund movementan have on infrastructure,
buildings, and the environmentt further addresseghe availabletechniques to model and monitor
ground movement. The challenge in understanding ground movement is to disentangle the
mechanismsat play in the subsurfaceand subsequentijto point out the dominating causeor
combination of causesf occurringsubsidence or heayehis challengevaries betweergeographic
areas.

Chapter 6 analyses lte influence of mechanisms on each other and the afacted byindividual
mechanismsformingthe basis for the disentanglement

Natural subsidence

Natural subsidence encompasses ldagn movements, with three significant contributothat
operate over millennia:natural compaction, postglacial isostasy, and tectonics (Kooi et al., 1998).
When assessing surface movements, the combined effects of these contributors become evident. In
the Netherlands, 2B-century measurements of vertical land movement indicate a regional gradual
tilting of the lithosphere, occurring i NNWSSWdirection igure 3). Figure 4 illustrates the
disentanglement of longerm surface movement into the three constituents since the Quaternary,
(Kooi et al, 1998). In the Northern part of The Netherlands, a gradual, natural subsidence with
anticipated velocity of less than 1 mm per y€Kiden et al., 2002X)as been estimated to persigh

the present day.
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* (a) Inferred rates of individual benchmarks. (b) Contour map of inferred rates. Minus sign denbtdence. Standard
deviations vary between 0.1 and 0.3 mm/yr. (From: Kooi et al., 1998).

Figure3. Regional vertical land movement (mm/yr) thie top of the Pleistocene in the Netherlands
obtained by leassquares kinematic adjustment of fir@nd seconebrder underground benchmarks.

Natural compaction

Geographically situated at the southeast of the North Sea basin and at the estuaries of major rivers,
the Netherlands has accumulated sedimentary deposits sincePtileocene (65 Ma)leadingto

natural compactionof lower-lying strata Natural compaction or autgompaction is a mechanical
process occurringaused by continued natural loading by ongogaglimentation in whichyounger
deposits sett# on older deposits. In deeper, less permeable clay depositsintreasingweight of
theseyounger depositsqueezes out pore water, leadingincreasngS T ¥ SOl A @S cadsingiS & a4 S &
compactionin deeper soil layers, resulting asubsidencehat isobservable at the ground level. This
phenomenon occurs at considerable depths, typically exceeding 300 meters according to Van Asselen
et al. (2020)The rate of natural compaction in deltas typically ranges between 0.7 and 2.2 mm/yr and

is naturally compensated for by a continuous sedimentation supply (Nicholls et al., 2021; Syvitski,
2008).The compaction is caused by sedimentation, and the compaction itself causes sedimentation in
turn. So, this is a feedack loop.Even vhen the sediment supply i®duced oreven halted because

of human constructions such as flood defences like dikes and upstream dams, the delta is out of
balance and wiltill subside at a ratsimilar tothat of natural compaction (Ericson et al., 2006; Syvitski

et al., 2009; Tessler et al., 201B)osion has the opposite effect, but it does not occur in the northern
part of the Netherlands.

Postglacial isostacy

Postglacial isostasy denoté® surface response ensuing from the diminishing load resulting from the
melting of land ice. In the Netherlands, the impact of glacial melting in Scandinavia and Scotland has
gradually diminished over the past 10,000 years (Lambeck & Chappell, 20811 gKéd., 2002; Peltier

et al., 2002)

The deep mechanism that is also a cause of subsidence is isostatic rebdundii KS 9 NI KQa Ol
is the result of the gradual retreat of glaciers covering the northern parts of Europe and Scandinavia.
The retreat started between 20,000 and lasted until 12,000 years ago, which was the start of the
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current warmer period, the Holocene. Until today, the Scandinavian shield is undergoing an isostatic
upward rebound. The rebound hingesthre deep crust north of the Netherlands and as a retudt
Netherlands stilundergeesregional subsidenc@less than 1 mm per year)

Tectonics

Tectonics predominantlinfluence the Roerdal graben rift system in the southern part of the country
(Van Wees et al., 2014The process wasxemplified by the Mw = 5.8 earthquake in Roermond on
April 13,1992 (Van Eck & Davenport, 1994). However, tectonic seismicity and assdeietiauic
movement are not relevant in the northern part of The Netherlaffisisction7.8.2 and Figure4?2).
These effectslo neither occums a signal in our curregeodeticdatanor in the INSAR datd.o detect
tectonic movement six permanent gravity measurement statiorege operating spread ovethe
Netherlands(Reudink and Klees, 2001 Mhese instruments are best suited to detect very small but
large-scale movements

2.5 Ma - Present (Quaternary)

COMPACTION ISOSTATIC TECTONIC

5 SEESSEEES - .
-0.050 -0.040 -0.030 -0.020 -0.010 0.000 -0.15 -0.10 -0.05 0.00 -0.06 -0.04 -0.02 000 0.02
mm/yr mm/yr mm/yr

Figured. Separation of compaction, isostatic and tectonic contributions to vertical land movement for
Quaternary (2.5 MaPresent) constructed by-@imensional back stripping of Cenozoic stratigraphy of
the Netherlands and the southern North Sea basin (From: Kadi,et998)

Anthropogenic causes «ubsidence

For the anthropogenic causes of subsidence, it is also important to introduce a division into different
mechanisms that act at different depthiSirst, however, one needs frovide definitions of shallow
intermediate, and deep subsidence. Throughout this report this definition is used to differentiate
between mechanismaepthsand causes behind the shallow and deep subsidence.

Shallow subsidence

Shallow subsidence ithe Netherlands we define here as teankingof the ground surface due to
compaction of mainly unconsolidated (Holocene) clay and peat lale@u to a depth oR0 m The
compaction is usually caused by lowering of the water table, causing a decrease in pore pressure and
anincrease in effective stress. This results in consolidation or compaatitrese soft layers, i.e. in
shallow subsidenceSince the water tables variations usually takes place in the fiBsth2 meters

below the surface (especially in the northern part of The Netherlands) tleeteftake also place in

the upper 23 meter.The shallow subsidence is usually irreversible, which means that the soil layers
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will not rebound to its original volumehen the watertable returns to its previous highergection
2.6.1). Lowering ofhe subsurfacavater table,alsoexpogspeat layers to oxygen. Peat oxidatisets

in, mearing that the organic components of theoil graduallydisappear. This also leads to shallow
subsidence (sectiod.6.3. Holocene sand layers are usually not sensitive to consolidation. However,
loosely packed sand layers can settle if subjectedloma&redwater table or vibrationsuch as those
occurring totraffic or earthquakegsection2.6.2. The shallow subsidence can be huniatguced or
natural. Some types of clay exhibit also swelling and shrinknugr varyingwater contentinduced

by shallowground water level changes or changes in land. @&eelling and shrinking of clay takes
place at shallow depths, around the varying water talileis is explained further in Secti@r6.4

Intermediate subsidence

Intermediate subsidence refers to ground surface settling resulting from extracting groundwater from
aquifers at depths ranging fro@0 to 200meters. These aquifers include both shallow (Pleistoeene
aged sand layers and deeper Mioceaged layers. Intermediate subsidence due to groundwater
extraction is further discussed in secti@ry.1

The subsurface plays a crucial role in the energy transition, serving both for energy storage and
production. However, subsurface utilization carries environmental risks. Genevhliy, deployed at
depths of less than 200 ranergy storage systems involving groundwater circulation result in smaller,
more localized subsidenaehencompared to processeat greater depthdike naturalgas extraction,

which may alsocextractassociatedluids. As subsurface usage increases, cumulative effects emerge,
includingthose related to subsurface energy storage systems. This is discussed further in 28c#on

Natural compaction, or autsompaction, is a natural mechanical process driven by sedimentation.
Younger deposits settling on older ones, especially in deep, less permeable clay, increase effective
stresses, causing compaction and observable subsidgecton2.4.1).

Deep subsidence

Deep subsidence is defined here as the settling of the ground surface due to extraction of gas, fluids,

or material from thedeeper subsurfac®W &eper subsurfac@n the northern part othe Netherlands

mears dealing witlgeologicaformationsolder than the intermediatesedimentyCretaceousgeand
older).Mining takes place at depths langgan500n® ¢ KS bSGKSNI I yRaAaQ YAyAy3
from depths larger than 500 m.

In the northern part ofthe Netherlands deep subsidence riminly associated withnatural gas
extractionandsalt solution salt mining ani a smaller degree to eiand groundwater extraction. In

this definition deep subsidence is thus a mainly a huimaluced phenomenon. Onshore oil and
naturalgas extractioroccursusually from reservoirs at depths between 500 and 400)8alt solution
mining from 700 to 300@n. The mechanisms behind deé¢anthropogenic)subsidence are further
explained in Sectio.7. The largest and more pronounced deep subsidence takes place around the
salt solution mining operations near Veendam and Harlingeatural @s extraction fromthe
Groningenfield has a less prominent effect compared to salt solution mining. However, owing to the
extensive geographicdimensions of the Groningen fieldnd the associated large extent of its
subsidence bowlit has a broader impact area and intersects with the subsidence bowls of both salt
solution mining and smalleraturalgasfields.

Shallowsubsidence

Campaction of clay and peat

The terminology for compaction varies greatly between different branches of science. In the
geotechnical literature compaction is often referred to as settlement.
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Subsurface compaction results from an increase in effective stress within the soil, either doe to
increasein surface loading (due to an embankment or foundatiom)a deceasein groundwater

levels. Terzaghi (1928alised thati KS G2 G f & G NB a &thessunvof effgttivé Hr&ss a dzo a «
0 Q0 YR LRNB LINBaadzaNBE odz0Y

. » 0O (seealsdFigureb)

Due to a surface load, total stress will increade=n the water between the pores cannot escape. This

is the case in fine grained soils (clay) amthyers with hydraulic resistance against vertical flow. The

moment thepore pressure dissipates (draing)resultslocallyin alower pore pressure and therefore
anincreasingn effective stresand thus compaction

Conversely, lowering the groundwatéread maintains total stress in the soil but reduces pore
pressure, resulting in increased effective stresséempaction is a timeependent process and
consists of primary compaction during the consolidation period, and secondary compaction known as
creep.The compaction is only timéependent if the water cannot escape, i.e. in clay layers.

LA 2 N
2. O

®

70

O W.ON

Figure5. Total stress as a sum of the effective stréss QU0 | Y R LJ2 ($BurceWdibAsseldeNS ¢ dz
et al., 2020)

Consolidation

Consolidation refers to the process where soil particles are rearrafgpEuse ofvater moving out

of the soil voidsThe consolidation period, sometimes referred to as the hydrodynamic period, is
defined as the periodequired for the pore pressure (and therefore the effective stress) to reach an
equilibrium, i.e. no more water idrivenout of the soil voidsConsequently, the consolidation period
depends greatly on the soil permeabilitfermeable soiks like sand and gravel undergo primary
compaction which is virtually immediatecompared to less permeable types suchsds clay, and

peat. Beyond permeability, the propagation of pore pressure variations within a soil layer relies on the
duration and magnitude of thee variationsHydrodynamicallyit is established that higtamplitude,
highfrequency pore pressure signals attenuate more swiftly in a soil layer thasahaplitude, low
frequency signals (Hanckmann et al., 2022).

An important aspect of compaction lies in giath dependencyln the past higherthan the current
effective stresses may have prevailed in the,doil instance due ta preload due to the presence of
glaciers in theSaaldce age(as in thecentre of Groningen citypr a lower groundwater level. But also
ageing or leaching can play a role (Bjerrum, 196fighereffective stresesexperienced by a soil in
the past i.e.pre-consolidation stresss, causeoilsto behave stiffer to effective stress changesow
the preconsolidation stressand their compression to remain elastic and, therefoeersible.

Creep

Upon completion of the consolidation period where primary compaction has taken place and effective
stress has reached equilibrium, compaction doescease. Instead, secondary compaction, known as
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creep, starts to become dominant. One of the primary mechanisms driving creep is the breakdown of
interparticle bonds like van der Waals forces. These bonds can disintegrate under constant effective
stress, leading to the rearrangement of soil particled anbsequent compaction (Mesri, 1973; Le et

al., 2012; Bosmans, 2021). Creep predominantly manifests in peat and clay soils, often causing
significant residual settlement in these soil types. Additionally, the presence of humic substances in
clay plays aracial role, as soils rich in humic content tend to be more susceptible to creep than non
humic soils.

In the Netherlands, the compaction model of Kef@n (Koppejan, 1948) is frequently employed,
alongside more sophisticated models such as the a, b, c isotache model (Den Haan, 1992, 1994) or the
NENBjerrum model (Bjerrum, 1967). These compaction models include the effects of creep and are
often integratd with consolidation models based on Terzaghi, or Darcy principles such as D
settlement where the reduction of the soil permeability due to compaction is accounted for
(Visschedijk et al., 2016).

Compaction of sand by cyclic loading

Compaction due to cyclic loading is a special form of compaction based on Terzaghi principles and is
commonly associated with granular materials like gravel or sand. In geotechnical engineering soil
layers are often treated as homogeneous layers where @éissumed that the effective stress applied

to the soil matrix is uniformly distributed. However, pnacticethe effective stress has preferential
pathways on the grain size scale, leading to high contact stresses between some soil particles while
othersbear minimal loads (Youd, 1977). These preferential loads can change continuously over time
under cyclic stress conditions driven by e.g. wind, wave, tidal and ice loads (Kim et al.,I2015).
addition, vibrations, which represent a rapid cyclic loading process, can create fluctuating shear
stresses within the soil matrig@awicki and Swidzinski, 1989; Negro et al., 2000).

When cyclic loading is appliedvhether this is slow or rapjdthe sand skeleton deforms to
accommodate the changing effective stress conditions, resulting in continuous deformation of the soil
matrix (seeFigure6). As a result, the soil matrix continuously adopts new packing configurations and
potentially a new bulk density as long as the cyclic loading persists. However, as time progresses, grains
tend to settle into more stable positions, leading to a reducethpaction potential. Therefore, the
sensitivity of a soil matrix to cyclic loading largely depends on the initial packing conditions, often
referred to as preshearing conditions, with loosely packed sands being the most suscefitite.
phenomenonassociated with rapid cycliig commonly known as liquefaction.

A. PARTICULATE GROUP B. SMALL, COUNTER- C. LARGE STRAIN CREATES D, R
CONTAINING A HOLE CLOCKWISE STRAIN NEW, SMALL HOLES og{fi%?ésosi‘xiﬁﬂl@
COLLAPSES HOLE DUE TO DILATENCY HOLES

1aticelly wlokle large hols

E. LARGE, CLOCKWISE F. AFTER TERMINATION G. RENEWED CLOCKWISE H E .
STRAIN CREATES NEW. OF STRAINING MANY STRAIN CAUSES ’ gﬁgci?\rg%ﬁo%‘i{nﬁ? COL
SMALL HOLES SMALL HOLES REMAIN RENEWED DILATENCY LAPSES SMALL HOLES

Baraly stalicatly siabie amall hole
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Figure6. A schematic overview on the change in packing for a group of soil particles during cyclic
loading SourceYoud, 1977)

The impact of cyclic loading on the soil matrix diminishes with depth. This is a direct consequence of
the increasing influence of normal stress by overburden of overlying soils, superseding the stress
induced by cyclic loading. In case the soil matreatsirated with water, the stress induced by cyclic
loading results in increasingnd decreasingpore pressures. If th€suddenly)induced stresses
alternate rapidly(e.g. at rates between-10 Hz)or when the compaction of the granular material is
large emugh, excess pore pressure may not have the chance to flow away, leading to minimal changes
in total volume. Consequently, the effective stresses exerting on the soil particles decreases, and in
extreme cases, it may nearly vanish, causing the soil toveeha a viscous fluid.e. liquefaction)
(Meijers, 2007).

Vibration induced cyclic loading

Vibrationinduced damage on (infra)structures is a known issue in geotechnical engineering, arising
FNRY Ol NA2dzda &a2dz2NOSa a4dzOK a GNIFFFAO ol FyrT Gz
2000; Auersch, 2005; Gupta et al., 2008), pile drivimnk#, 2008; Massarsch et al., 2015), and
vibrational sheet piling installation (Athanasopoulos and Pelekis, 2000; Meijers, E@f#E8 shows

an overview of magnitude and affected ardesed on expert knowledge.

In the Netherlands, the assessment and monitoring of vibrations are conducted based on the Dutch
Vibration Guideline (SBR 2017) where a distinction is made between direct vibrational damage on
structures and indirect damage caused by differential cortipacinduced by vibrational cyclic
loading. Predicted construction vibrations using e.g. the Dutch manual on sheet piling (CUR 166, 2012),
and the Dutch manual for pilingpganisation of Dutch Pile ManufacturePiREPALL992) can be
assessed against th&8RBA threshold values. The threshold value for vibrational induced compaction
is set at the acceleration amplitude afiim/s?, which corresponds to an exceedance probability of 1%
(seeFigure7). When this threshold is exceeded, the theoretical risk of building damage induced by
differential compaction is more than 1%. The absolute compaction is then not determined. For traffic
and demolition vibrations, no clear predictive models are availahkese are typically measured and
assessed in practice.
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Figure7. The SBR A threshold value corresponding to an exceegaolability of 1% for damage by
vibrational induced compactio(GourceSBR, 2017)

The absolute vibration induced compaction is approximated using the Hergarden model, which takes
the following into account: the velocity, acceleratiamplitude,and frequency of the vibration (i.e.
number of cyclic loads per unit time), and the relative density of the granular soil (Hergarden, 2000;
Hergarden and Tol, 2001). The zone of influence is often predicted using the Barkan model for wave
attenuation (Bakan, 1962). Although many combinations of the aforementioned factors exist, and the
effect of wave refraction within the subsurface is poorly understood in terms of predictions, in
practice, vibration induced compaction of granular soils typically ranges from millimetre to decimetre
scale (Drabkin et al., 1996) with an area of influence up toxman of around 10 meters.

Low Frequency Noise

Besides the conventional construction vibration sources, there is a concern on the effect of Low
Frequency Noise (LFN) emitted foy instancegas transport infrastructurépipelinesor pumpg and

how it may induce cyclic loadinglso wind turbines, traffic, heavy machinery and heathangers

are sources of low frequency noise (LFG, 202d)lov (1995) showed that gas flow through pipelines
can potentially generate LFN at amplitudes high enough to cause vibrations in the subsurfece to
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noticeable bypeople with the potential to lead to annoyancélowever, they have never been able

to confirm these findings in the field (Krylov, 1997). A recent study in The Netherlands showed that a
spatialcorrelation existbetween observed LFN and underground gas infrastructure (Van Vught, 2018;
KEM3L1 report).

In the context of cyclic loadingfaereigncase study by Liu et al., (2020,2021) investigated the abnormal
vibrations of pipelines at the Yongchang natural gas compressor station as a result of unstable
operations of the compressor equipment. The study concluded that maximum amplitude velocities up
to 2.9 mm/s were observed and modelled with frequency signatures betwe6f Kiz. However,
numerical simulations indicated that amplitude velocities up to 117 mm/s were possible within the
frequency range of 4.5 Hz, posing a risk to the pipeline transportation systelowever, the latter
example is aexceptional case, which is abovegroundsituation at a compressor station. This allows

for engineered measureand can be mitigated with appropriate design and construgtieinereas low
frequency noiserbm underground infrastructure is more difficult to mitigate.

100
80 —

Peak particale velocity (mm/s)

1 2 4 6 810 20 40 60 80 100
Distance in meters
Figure8. Indication of traffic and construction induced vibratiocssd their influence distances.
(Source: COB F530)

Earthquakeinduced cyclic loadingesulting in liquefaction

Earthquakes are known to induce compaction in both dry and saturated sandy soils in a process often
referred to as densification or liquefaction (Tokimatsu & Seed, 1987; Seed & Idriss,Li§uéfaction
occurring beneath buildings and other structures can cause major damage during earthgltakes
generally believed that liquefaction can only be induced by earthquakes with a magnitude M 5.0 or
higher (Ambraseys, 1988; Rodriguez et al., 1999). However, cases have been reported where
liquefaction occurredn saturatedunconsolidated sediments near the epicentre at magnitudes as low

as M 4.5 (Holzer et al., 2010; DuRoss, 2011). In The Netherlands only a single case of an earthquake
induced liguefaction event has been observéathis wasluring the1992Roermond earthquake with

a magnitude of M 5.3 (Nieuwenhuis, 1994). It should be noted that the correlation between
liquefaction and earthquake magnitude is purely an empirical correlation from sites across the globe
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and does not includécationspecific effects that may increase the acceleratipe. vibration level)
at ground level (i.e. site and basin effects, Van Ginkel et al., 2022).

Inthe Netherlands, liquefaction as a result of induced seismicity has not been observed so far. A study
by Deltares, (2016) shea that the subsurface in the northeriNetherlands igrone to induced
seismicity withrecordedinducedearthquakes of magnitudes up to M 3)6contains large portions of
loosely packed sands of tidal origivat is sensitive to liquefactiarin a latefKEM)study, an attempt

was made to quantify the risk of liquefaction in relation to building damage. results indicate the

effead of liqguefaction due to man induced earthquake is limitedEM14, 2021).This is why
liquefaction is not part of the schematic depictedrigure2.

Oxidation of peat and/or organic clays

In a large part othe Grijpskerk area the shallow subsurface contain layers of peat and organic clays
(seechapter?).

Oxidation is an irreversible process that breaks down organic matter, commonly occurring when an
organicrich layer like peat is no longer fully saturatbdis exposng itto oxygenln general termsthe
process results in the transformation of organic matter into carbon dioxide)(@Bich escapesnto

the atmosphere.

Moreover, oxidation can occur even in watsaturated zones within the soil. In such cases, oxygen is
acquired from oxidizers likdissolved oxygemitrate and sulphate, whiclare partly integratedinto
biomass. However, over the long term, decomposition driven by oxygen from air is the primary factor
contributing to soil subsidence.

The rate of oxidation predominantly hinges on the availability of oxygen, particulargntioeintthat
canpenetrate from the atmosphere into the depth of the peat layer. Furthermore, the quantity and
composition of organic matter in the soil profile significantly affect the rate of oxidation. This rate
diminishesover time, as easily degradable components of the peat decompose firstingdoehind
more oxidation resistant component3he process therefore only occurs in nearface peat or
organic soils.

To quantify peat oxidation and forecast its effects, Fokker et al. (2019) developed a straightforward
analytical model. In this model, an orgamich layer was conceptualized as a single stratum divided
by the water table into wet and dry segments. Thédaxion model proposed by Fokker et al. (2019)
effectively captured observed subsidence in the Almere area, Netherlands (Verberne et al., 2023):

yQ p Q Y Q0 Q Y Q Q

Here,Y'Q represents the reduction in layer thickness due to oxidation the oxidation rate Yothe

time step,’Qo0 the organic layethickness™Q the initial layer thicknessQ) the saturated thickness,
and'Y the fraction of organic matter. A fraction of O implies a layer composed entirely of organic
matter.

Swelling and shrinkingf clay

The partial drying of clay layers and an increase in soil suction stressesloar shrinkage. Layers
like sand and gravel arot prone to this phenomenoriNot all clay minerals are equally susceptible
to swelling and shrinkingClay minerals that are particularly susceptible include montmorillonite,
vermiculite, smectite, and bentoniteSmectite is a clay mineral that occurs in the marine clays in
Groningen (Breeuwsma, 1985)ehydration can be triggered by various factors, such as a drop in the
water table, evaporation, and water absorption by vegetation and tree roots. Rootsthapotential

to desiccate the soil, leading to considerable shrinkage.
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Clay layers undergoing partial drying experience soil compression, resulting in a decrease in volume
(shrinkage) and the formation of cracks within the layers. Shrinkage can be divided into two
components: irreversible and reversible shrinkage. Irrevezssibirinkage occurs when the soil dries

out completely and doesotQehydrate, marking the concluding stage of soil maturatidar€iela Rial,
2019;van Asselen et al., 2020). The reversible part, on the other hand, refers to the shrinkage that can
be revased when the soil regains moisture. When the soil becomes wet again, it expands to the same
extent as the shrinkage induced by droughiieasured sil subsidence due to shrinkage ranges from
several millimetres to centimetres and can even exceed 10cm (van Asselen et al., 2020).

An analytical model that accounts for the tirdependent nature of clay shrinkage was developed by
Fokker et al. (2019) and effectively applied by Verberne et al. (2023). This model employs a
methodologylike the oxidation model discussed earlier in paragrapb.3

yQ p Q Y Mo Q Y Q MQ
Here,Y'Q represents the reduction in layer thickness due to shrinkagethe shrinkage rateYothe

time step,’Qo the claythickness™Q the initial layer thicknessQ the saturated thickness, arit
the fraction of clay above the groundwater table that is still susceptible to shrinkage.

At many locationén the northern part of the Netherlands seasonal heave and subsidence in the order

of £ 8 to £12 mm can be observén the INSAR dataThis is a trend that can be seen at various
locations, some less pronounced than others. The trend in heave and subsidence appears to be related

to the dry series of summers between 2018 and 2022 (EGMS, ROMI, 20231 An example of a well
pronounced seasonal subsidence and hesigealis given irFigure9. The heave appears to be related

to the winterperiod and the subsidence with the summer period. Q121 was not an extremely dry
ddzYYSNJ 6YbalLX HnunoX gKAOK A& |faz2z NBFESOGSR Ay
Annex VIII for an overview of the annual drought data that shows the annual rainfall shortage caused

by the dry summers of @8, 2019, 2020 and 202Rata from 2023 is missing, but that summer was

notably wet.
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Figure 9. Example ofa location in Eastern GroningeWinschoten)where seasonal heave and
subsidencen the order of+ 12 mm can be observedwhich appears to be related to the dry series of
summers between 2018 and 2022 (EGMS, 2024)

2.6.5 Hydrogeology

Although compaction can occur by a top load such as the placement of buildings or large infrastructure
on the soil, the section®.6.1to 2.6.4 describethat hydrogeologycan bean importantdriver for
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shallow subsidence. Fluctuation§the water tabledrivespeat oxidation shrinking/swelling of clays
and can induce compaction related stress changes in the subsufettes following paragraphs, the
effects of different hydrogeological processes are discussed.

Groundwater regime

As previously discussed in secti@rb.1, the sensitivity of acohesive (clayey and peatgpil for
compaction strongly relies on its pmnsolidation stresg-or example, in the Northern Netherlands
shallow Holocenehave not experience pre-loading by glacial iceso that their pre-consolidation
stress is mainly determined by historical groundwater levels.

Ideally, understanding the historical trends of groundwater fluctuations helps to predict soil responses
to new stressesYet historic groundwater level fluctuations are typically not knowind sq a
representative low value of the groundwater leves to be basedn pastmeasured groundwater
levels. In The Netherlands, various methats applied to basa representative low value from
measuredgroundwater levels. & example, the 8 percentile of a groundwatelevel timeseriesis
sometimes used. Anltarnative is todetermine a representative lowalue on a occurrencewithin a
giventime span (e.g. the value occurring once a year)by means of somdormal definition of
representative values (WURQ024). Van Dalen et ak2022 recommended that a representative
groundwater series should be measured at least monthly for a minimum of three consecutive
hydrological years (ApriFic March 3FY).

Temporal drainageo serveactivities

In the Netherlands, various subsurface activities like constructing or maintaining foundation
structures, basements, pipelines, or cables often need localized drainage measures. These drainage
measures are temporary, varying from a few days for pipelingdé&aaintenance to several years for
largeinfrastructure projects.

Temporal drainage activitiesesult in local groundwater drawdowns ranging from decimetres to
meters with a radius of influence extending from a few metgpdo a fewkilometres. Depending on
the local geological conditions, the duration and depth of dewatering with respect to the natural
groundwater conditions, resulting subsidence from these activities ati@n up to afew decimetres
((RUX expert knowledge) However, precautionary actions are often taken when subsideace
expected to exceed5mm in he proximity of nearby properties (Geldof et al., 1998).

Water management

Worldwide demographic, economic, atekchnological trends have accelerated our ability to change

the environment including the hydrological system, knowingly and unknowingly, by changing land use
and human water consumption (Cosgrove and Loucks, 2015). The desire to feed the increasing human
population has led to a major global extension and growth of irrigation practices, which in the year
2000, accounted for around 70% of the global freshwater withdrawal and about 90% of the total
human water consumption (Ddll et al., 201 specially riigation has ledin some areasto
groundwater depletion when fed by groundwater at a rate exceedirggnatural recharge (Taylor et

al., 2011). Besides irrigation, land use has extended by means of land reclamation over the past
decades (Wang et al., 2014; Martmton et al., 2016; Sengupta et al., 2018), requiring active water
management by lowering the wer table to approximately a few decimetres below the ground
surface inducing shallow subsidence. Depending on how land reclamation is executed, secondary
effects can occur such as loss of surface water buffer aredodseof unsaturated subsurface that

used to absorbrainstormsand land erosion §gndergaard andeppesen, 2007; He et al., 2014,
Numbere and Camilo, 2017; Bhunia et al., 20Zhpse secondary effecthangethe capability of the

land to hold water, and theesponseof the land to storm events, flooding dmroughts

Inthe Netherlands the regionahd local surfaceater levels are managed through a complex network
of ditches, watercourses, weirs, and pumping statitimat have been created over the course of
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centuries (Hoeksema, 20Q7he responsible governmental entities are the regidiater Boardsor

2 | G SNJ ! dzi Keatedschapeh WaiebBpards govern the water system within their area of
jurisdiction through a democratic process that is designed to accommodate as many, sometimes
conflicting, interests as possiblExamples of conflicting interests include the drainage of agricultural

and urban areas versus the wetting and moistening of nature reserves. The latter serves as a buffer
zone during dryeriods or to mitigate issues like subsidence and peat oxidation (Erkens et al., 2016).

At the end of this democratic procesisere isl 'y | ANBSYSy i Othét teGuRtestheJSA £ 6 S
exact managementf weirsand pumping stations the area

Thedpeilbes dzélefieémines what water levelwill be maintained in the water courses. However, for

land use and soil subsidence, the drainage in the subsurface between the water courses is essential.
Water levels in water coursediffer from the groundwater levelfluctuation, which varydue to
precipitation, evapotranspirationand seepaggFigure10). Due to net evapotranspiratiomidry
periods, groundwater levelsin fields may well fall belowthe levelin the water coursesThese
fluctuations increase with distance from the nearest drain. As a result, land consolidation, a process
where land is exchanged to obtain larger parc@: ruilverkaveling, may result in a significant
increase in groundwater fluctuations at the parcel centre. This effect is further elaborated upon in
section6.4.1
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* The groundwater table h(x) depends on the net precipitation N (difference between precipitation and evapotranspiration),
seepage from and towards underlying confined aquifers through an aquitard with hydraulic resistance c, the hydraulic
transmissivity B of the phreatic aquifer, the surface water levegldnd the distance from the surface level.

FigurelO. An illustration of the processes affecting the groundwater table in between two waterways.
(Source: From Grondwaterformules.nl based on Wesseling and Wesseling, 1984)

Climatological extremes

Climate and land use primarily determine the water exchange between the atmosphere and the earth
surface, whereas the underlying soil and geology dictate the amount of water that dasanisenitted

and stored in the subsurface (Taylor et al., 2013a). The potential impact of climate change in the
hydrological cycle is significant as water exchange between the atmosphere and the earth surface is
estimated to be the equivalent of ~30% of the2 NI RQ& NBy Sgl ot S FTNBakKgl SN
The net recharge, which is precipitation minus evapotranspiration, is strongly influenced by climate
variability including climate extremes such as droughts and floods (Taylor et al., 2013b; Gurdak et a
2011). The consensus among climate scientists is that climate change leads to a greater temporal
BENREFOAEAGE Ay LINBOALMKGEGAZ2Y SEGNBYSa 6!ttty I
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resulting in increasing fluctuations in the global groundwater system (Jasechko et al., 2024), and
consequently resulting droughts and floods being more severe. In the context of subsidence, the
increasing magnitude of groundwater fluctuations affethe susceptibility of the subsurface to
shrinkage and swelling of clays, whereas the lower extremes induced by droughts are highly relevant
in the context of permanent subsidence through compaction or peat oxidation.

In recent yearsthe Netherlands have faced major drought events (22080, 2022)and the
expectation is that droughts will last longer and will be more severe (Bartholomeus et al., 20283.
mentioned droughtshavetemporarilyled to a significant regression of the groundwater table in the
order of decimetreghroughout the country Although water boards start to take measures to retain
water in wet periods for use in dry periods, it is expected thatexperience with weather and climate
from the pastno longer applies to the futuredencethe 5" percentile of a groundwater series, a
benchmark for soil compaction analysisay besubject to chage

Vegetation

Trees are known to cause significant local depressions in the groundwater table. Tree roots extract
moisture from the soil, and if they grow in soils prone to shrinkage such as peat and clay, settlement
can occur. In times of increased rainfall, like autymwinter, and early spring, the soil tends to expand
due to the influx of moisture. However, when roots draw moisture from the soil beneath the
foundations of buildings or other structures, soil shrinkage can lead to subsidence and potential
damage (Merceet al., 201). Particularly in prolonged dry periods, roots tend to absorb moisture
from the surrounding soil, exacerbating the issue.

In the Netherlands, a 199%8port by the DLGStaring Centrum (Bakker et al., 1995) investigated cracks
and subsidence in rural roads near trees. Based on five cases, the report concludes that in poorly
permeable soil, such as peat and heavy clay, the roots' absorption of moisture surgheses
groundwater flow to the roots. Consequently, there pressuraear the tree experiences a significant

local drop. This phenomenon exposes soil layers to increased shrinkage at greater depths, leading to
localized subidence. Within the radius equal to the height of the tree, an increase in subsidence of
5cm was observe@Bakker et al., 1995 The area of influence was typically marked by a deep,
sometimes wide crackGiven the scope of this research, this is a local effect and not relevant to be
consideredHowever, br specific building damage cases, it may very well be relevant.

Intermediate subsidence, anthropogenic cause

Subsidence due to groundwater extraction

Globally, the usage ofugface wateris impeded by increasingollution, salinization, and climate
change effects such as flooding and storm surges. In search for alternagir@sdwater at
intermediate depthshas become an increasingly important resource since the 1990sever,
groundwater usage by means of groundwater extraction (i.e. pumping) results inslédraidence
whichhas been observed around the world (e.g., Poland, 1984; Galloway and Burbey, 2011, Erban et
al., 2014).

Overexploitation of groundwater can lead to significant subsidence rates. Famous examples of
pumping induced subsidence in coastal areas are Venice, Tdkkarta,and Bangkok, where
subsidence rates have been observed bt cm/year (Tosi et al, 2002), 4 cm/year (Hayashi et al.,
2009),8,4cmlyear (Djaja et al., 2004nd 12 cm/year (Phieswej et al., 2006)respectivelyMoreover,
aninland examplds Beijng which experiencesubsidence rates of 14 cm/year (Chen et al., 2020).

Drinking water companies, alike industries, in the Netherlands have been extracting large quantities
of groundwaterfrom (semi)confined aquifer{seechapter10 for definition) since the 1% century,
mostly from depthsbetween 20 and 20f. These aquifers areften protected byaquitards (see
chapter10for definition), sometimes formed during thdolocene consisting of clay and peat layers
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shieldinghe confined aquifers from human inducstiallow soil pollution like spreading of dung, over
fertilization, and use of pesicideBesides drinking water companies andustries groundwater fed
irrigation has increased over the last 70 years, especially in saedg

Groundwater extractioneads to reduced water pressiwgithin the aquifes surrounding the wells.
Given the longstanding history omostdrinking water extractions in The Netherlands, the fact that
most extraction sites are pumping stable quantities of wagerd the typicabressure redistribution

time of approximatelya few decades (e.g. Deltares, 2020), it can be assumed that most of the pumping
induced subsidenchas already taken place due to consolidation at the older extraction.sites

The risk of subsidence associated with futaxtensionsof drinking or industrial water extractions is
FRRNB&&4SR Ay GKS 206t A3l G2 NEm.ery@doNRing o3y ([ NBLSY Lat |-«
extractors in the Netherlands are forced to extract groundwater sustainably, which isgoolen a

priori using a steady state hydrogeological model calibrated for dry periods with the maximum
requested water extraction for the specific sithepredicted landsubsdence is assessed for negative
effects on the environmentAny expansion of the drinkinvgater sites needs to be revised by studying

its effects on the environment, including subsidengerecent study on the expansion of a small
pumping site for drinking water near Hammerflier (Overijssel Provim@éé Netherlands) reported a
total modelledsubsidence of 1.8 cm (Aveco de Bondt, 20Z8)s outcome has led the province and
the drinking water company tolook for mitigating measures before initiating the expansion of the
groundwater extraction. Shallow groundwater in phreatic aquifers (Gegpter 10 for definitions)
generally interacts with groundwater in lower senunfined aquifer, because the confining layers are
seldom fully impervieous. Therefore, extraction below confining layers genrerally affects the water
table and may leatb compaction and possibly oxidation of softer layers such as peat and clay, i.e. to
subsidence.

In the study areaaround Grijpskerkhere are no drinking water extraction areas. The nearest is in
Nietap, in Drenthe Province between Leek and Roden. There are however shallow groundwater
extraction wells and shallow ATES systems (see se&@i@®). The information on shallow
groundwater extractions wells is in The Netherlands not complete, since there are many illegal or
unregistered groundwater wells. The registered wells and ATES in and near the study area are shown
in Figurel2.
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Figurell. Sketch of groundwater extraction at intermediate depths (source US Geological Survey).

Subsidence due to groundwater extraction and injection for subsurface energy
systems

Over a depth range from 20 to 500/1000 nmhetsubsurface haand will havean important role to

play in the energy transition, for both energy storage and enesgpply Subsurface usage has
inherently an environmental risk. In general, energy storage systems that circulate groundwater will
yield smaller and more localized subsidemseone would expect from a single extraction well given
the same extraction rateDue to the increasing usage of the subsurfaaxumulation of effects will
occur, thus alsofor subsurface energy storage systems. Therefore, a summary of relevant
developments is givehelow.

Aquifer Thermal Energy Storage (ATES) systems

The number of ATES (Aquifer Thermal Energy Storage) systeraghifisantly increased in recent
years in the Netherlands, with a continuous increase in installations (CBS, 202¢ moment of
writing this report well over 2,000 ATES systems are active (source NPh&¥¥systemsoperate at
depthsdownto hundreds of meters, ananore specifically for Groningen between 50 and 70m below
the ground surface. They typically have a maximum drawdown inwiileof severalmeters, and an
influence radius of typicallg few hundredmeters by setting the minimal relevance level at 5cm
change in hydraulic head (Deltares, 2010)

Local drawdowns cause an increase in effective stress within the aquifer, with subsequently
compacting effects. Typically, subsidence in the order of centimetreise vicinity of the weltan

occur within the first few season&rkens & Kooi in 201)8.To mitigate induced compaction, ATES
systems are often installed akeep aspossible i.e. farfrom the Holocene confining layerBor an
overview of shallow ATES systems in the study aredriggeeel2.
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* There are no drinking water extraction locations in the project area. The nearest drinking water area are between Leek and
Roden, near Burgum and in Glimmen (SE of Groningen Siy)also Annex ¥jgure99 for a larger map(Source: WKOTaol
2024).

Figurel2. Map of the study area (black square) with open (purple) en closed (yellow/orange) ATES
systems and the permitted and registered groundwater extraction locations (green).

High/Medium TemperatureAquifer Thermal Energy Storage (HT/MATES)

The HT/MTATES systems use greater temperature difference than ATES systems to enable more
energy storage per unit volume. The maximum temperature forAHTES systems reaches 90°C,
whereas for MFATES systems, it is 50°C. Due to these higher temperalliféd -FATES systems are
specifically designetb operate atR S LJG Ka F NP Y a IR0y behsBti theisurfac@Several
provinces inthe Netherlands have recognized HTS/MTS systems as crucial elements in transitioning
towards a fossifree future (Provinie Groningen, 2020).

The HT/MTATES systems are predominantly in an experimental stage and no significant safety
concernshave yet been brought forwardVan Gessel et al.,, 2021). HTMTES systems are
anticipated to cause less subsidence than ATES systems because they operate at greater depths,
primarily within consolidated, rigid deposits that are less susceptibttopactionin contrast to the
younger, unconsolidated Holocene peat and clays foimthe shallow subsurfacéHypothetically,

there could be a thermelastic déormation effect due to the heating and cooling in the reservoir. In

a study by Stricker et al. (2024) the subsidence and heave as a result of tbkrstioc deformation
experienced at the surface is less than 1 mm. WithinHiédMTATES reservoir the deformation is in
GKS 2NRSNJ 2F YYQad ¢KAa STFSOOG Aa SOSy 20SNRGE G
is assumed in the study. Deformation due to HT/IMTES can thus be considered negligible.

Geothermal Energy

Geothermal energy is in this report classifigtter activities below 100.500m. In The Netherlands

a distinction is made between deep geothermal energy (38000m depth), and ultraleep
geothermal energy (>4000m depth). Geothermal enesgstemsfunction similar to anATES system,
but with the difference that geothermal energy systems operate one way, i.e. flow between the
extraction and injection wells is not seasonally reversee. &tiraction and injection wells are usually
situated around 1500m aptto reducethermal interference. Hot water, ranging from 70°C (in deep
geothermal) to 120°C (in ultrdeep geothermal), is extracted from the extraction well and utilized to
harness energyOnce theheat is extracted from thevater, the cooled wateiis reinjected into the
original subsurfaceayer through the injectionwell, thus maintaining a pressure balandée risks
associated with inducedeepsubsidence ar¢herefore considered minimalalsodue tothe reasons
mentioned forHT/MT-ATES systemkn the northern Netherlands, geothermal energy is not yet in use,
and ultradeep geothermal energy has not been deployed anywhere in the country, making it
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irrelevant for the scope of this study. However, it is likely that geothermal energy will be introduced
in the northern Netherlands in the future.

Deep subsidence, anthropogenic cause

Subsidence due toaturalgas extraction

Subsidence due toatural gasor oil extraction is a phenomenon associated with the removal of gas
and liquid from reservoir rock, resulting in a reduction of pore pressure. The pore preslsare
supports the weight of overlying rocks, aadeduction can lead to increased effective stresis the
rocks.The load ofoverlying rock and soil layersay then causéhe matrix of the reservoir rocto
undergo compaction (Geertsma, 1973; de Waal et al, 2012 and Doornhof et al., 2006). This compaction
is a volune reduction in the subsurface, ultimately leading to surface subsidence. The degree of
compaction dependamong other thing®n:

- the pressure drop in the pores of the rock (increase in effective stress in the rock matrix);
- the thickness of the reservoir rocand
- the geomechanicatharacteristicof the rock.

The nominal effect of subsidenea the surfaceis independent of the depth ofhe reservoir.The
compaction that takes placm the reservoir at depthmanifests itself ultimately completely at the
surface.However, he subsidencéowl! that developsiepends on the geometry of the reservaind,

the deeper the reservoir, the larger the area undergoing subsidence. The latter is a result of the
geometry of the subsidence bowl, which laterally expafidm the edge of the gas reservaoward

the surface(section 6.4.3. Gas may also be extractdébm different reservoirs at different depths,

e.g. from the Rotliegendes, Zechstein 2C and Vlield&famationsin the Grijpskerk areaThese
combinedeffects can be incorporated in the subsidence medel

The compaction in gas reservoirs is often larger than in oil reservoirs due to the difference in
compressibility between natural gas and oil. During gas extraction, the reservoir experiences a more
rapid reduction in pore pressure compared to oil extrastio

Deformation of reservoir rock consists of various components, namely (Geertsma, 1973; Settari,
2002):

- Elastic (reversible) deformatiomvhich can be timéndependent or timedependent.
- Inelastic (irreversible) deformatiofplastic deformation), which can be timiedependent or time
dependent.

Sveral theorieglescrile elastic andnelasticdeformation and the failure behaviour of rock in relation

to pressure changes. In rock mechanics, the MBbulomb, Griffith, and HoeRrown failure criteria
(Jaeger et al, 200Hoek, 1990) are the mosften used If a fault moves tbn a part next to the fault

can move downwardwhich in theory can be translated subsidenceat the surface. The effect is
however very small in the magnitudes that we have observed so far and negligible compared to the
compadion due to the pressure reductions.

The key point to emphasize here is that (reservoir) rictepthcan exhibit complex behaviour. This
complex behaviour involves a combination of elastic exethsticdeformation andime-independent

and timedependent deformation Changes in pore pressure can translate to different loading
conditions for the rocks, which may lead to deformation of the reservoir rock. This in turn can have
consequences for effects that are observed at the surface, such as subsidence and inducieityseism
(seechapter3).

In low lying coastal areas likbe Netherlands, even small amount sifirfacesubsidence can have
pronounced impact that affects the hydrological regime of a large aBegause of the large gas
production over long periodsubsidence especially above the Groningen dadd, hasthus gained
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much scientific attention ithe Netherlands. Geertsma (1973a, 1973b) was one of the firsts to develop
a computer model with which he could predict the subsidence from the Groningen field. The basis of
his model is still usetbday. The current focus subsidence researdh on minimising the uncertainty

of the modelled predictioninto the future. The uncertainty on surface effects of subsideiscstill
relatively large, despite the large amount of data that is available (Thidtieser and Fokker, 2017;
Schouten and de Waal, 2020; Candela et al., 2022).

There are immediate, timndependent, effects from pressure changes, but to predict the future
effects it is important toalso quantifythe time-dependent effects. Timeependent, inelastic,
deformation (creep)s a phenomenon where deformation in the rock occurs even after the pressure
change has stopped. This phenomenon results in relatively simaiéments of deformations
(compared toinelasticand elasticdeformatiors) but over a long periadThis makes i& significant
componentof uncertainty On the topic of timedependent deformation experimental work has been

done by for example Pijnenburg and Spiers (2020) and numerical modelling based on microphysics by
Mehranpour et al. (2021).

Themodelling aspectsre further covered in Sectian10.1 The lateral extent of deep subsidence is
covered in Sectio6.4.3

Subsidence due to salt solution mining

Up to 1000 m thick pper Permian Zechsteitheposits can be found in the subsurface in the northern
Netherlands(Geluk, 2007Figurell?). These dyers deposited by evapoiah of sea water between
265 to 252 million yearBP, consist of rocks likbalite, anhydrite, polyhalites, andnagnesium salts
Salt domeshalokinetic deformationscaused salt to rise from depths of several km to shallower depth
of maximum ca. 400 m below ground surfa@@eluk, 2007; Duin et al., 2006).eTHBechstein layers
play an essentialrole in petroleum systems&oth asa seal andy forming structural trapgor oil and
gas(Pletch et al., 2010).

In the north and east of the Netherlands, sdétmes aremined via solution mining, creating caverns
and causing gradual subsidence due to convergence and salt caesing the dissolved caverns to
close over timeGlobally,and in the Netherlandsnpermeable salt caverns are used for underground
storage, includingf natural gas and nitrogen. Future scenarios suggest potential development for
hydrogen storage (Larré et al., 2019). Currently, no paidgtsfor optimizingthe capacity of the
undergroundcaverns forstorage of different gases and fluids, compressed air, wastewater, nuclear
waste or even heaResearch in the Netherlands on the future use of abandoned caverns is expected
to increase in the context of the energy transition (SodM, 2018).

In Groningen near Winschoten and Zuidwending,Zbehsteirsalt layer forms aaltdome(salt diapir)

between depths of 500 to 1600 m, allowitite dissolution otall caverns with volumes ranging from

0.6 to 4 million cubic meters each. Winschoten has 12 caverns for salt extraction, with one used by
Gasunie for nitrogen storage. Zuidwending has 16 salt caverns, including 7 for natural gas storage
(SodM, 2018)%dzA Rg Sy RAy 3 gAff 06S GKS t20FGA2y 2F ¢KS
(Hystock, B24).

Near Veendam, magnesium salt (bischofite) is extracted from layers a few tens of meters thick,
forming interconnected caverns with an estimated total volume of 5 to 10 million cubic meters.
Privately heldNedmagBVuses theldqueeze methofo extract magnesium salt withouhe creation

of caverrs (Nedmag, 2023hich means there are no caverns left after salt extraction ends.

The halite layer in Harlingen ranges fro@b00to 3000 m, with onshore cylindrical caverns having
volumes of 0.2 to 1.0 million cubic metezach Recentlythe salt solution miningperationshad to
shifte offshore due to unexpected subsidence onshore interacting wétural gas extractionas
interpreted byde Waal et al., 2016.
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2.9

Industry Erisia, Nobian, and Nedmd&)/)operates at varying depths, forming caverns with distinct
dimensionsand shapesFigure91 in Annex I\provides an overview of salt cavern dimensions and
depths. Figure94 in Annex V provides a map with the locations of the salt mining operations.
Subsidencelueto saltsolution mining exhibits a more localized, deeper, and curved shape compared
to gas extraction. Two types of subsidence are recognized: gradual and sudden (SodM, 2018).

Gradual subsidence is inherent in salt mining, with predictions ranging from centimetaradstone
meter. Forinstance,in Veendamjn the assessment of the extraction plan, thermit consides a
maximum subsidence of 95 cm due to salt extracasthe worstcase scenarifNedmag, 2018)Salt
creep continues posinining, causing gradual cavern collapse and subsidencetiover continuing
over possibly thousands of years. Scientific consemsuthe longterm effectsis lacking, introducing
uncertainty for postminingrisk assessmer{SodM, 2018)The lateral extehof the subsidence areas
due to salt mining is discussed in secttA.3

Sudden subsidence leads to sinkholes, often caused by the partial or complete collapse of unstable
cavernsDue to the instability of a cavern in Twente in 1991, a sudslemtsubsidence resulted in a
sinkhole. It had a diameter of 30 meters and a depth of 4.5 mef#@rs.sinkhole formed beneath a

road but there were no casualtiesThis was the first and until now the last time a sinkholas
recordedin the Netherlands because of salt minifigpis incident led ta new guidelinethe Good Salt
Mining Practise (GSMP) which was developed between 1991 and 2004is guidelinded to the

closure of some caverns arfths the objective to ensurea safe and sustainable salt extraction,
minimizing ground subsidence and preventing sinkholes during production. The guibthefinses
restrictions on cavern size and provides instructions on cavern sligpeh, and distancedetween
caverns

Solution miningstarts withinjectingfreshwater into underground salt deposits. This water dissolves
the salt, forming caverns. The growth of these caverns is a fundamental aspect of the solution mining
processhy (KS 2 (K Sdueeselmgthollas éripByediby Nedmag in Veendam, does not
lead to the creation oflarge caverns The subsidence is immediate since the bischofite layer is
squeezed into a smaller solution cavern where the bischofite is dissolved into the brine and
immediately extracted.

Convergenceomes into play as the dissolution of salt in the caverns reduces support to the overlying
rock layers. The surroundirsglt and overlyingockstart to converge toward the voids created by the
solution mining process. This convergence of overlying rock layers is a critical factor in the overall
subsidence process.

In time, the created salt cavern becomes smaller due to convergdinige.convergence is caused by
time-dependent deformation (creep) of the rock salt. This tidependent deformation is different
from the time-dependent deformation in gas reservoirs discussed in se@i8ri, due to the very
different mechanical properties cfalt.

In Annex IV some illustratioran be foundf different cavern configurationis the NetherlandsThe
modelling aspects are further covered in Secttii0.2 The lateral extent of deep subsidence is
covered insection6.4.3

Magnitudes of subsidence

The amount osubsidenceanges widelyTable2). Thisnon-exhaustiveable gives an overview, based

on various national and internatial references, includingbservations from INSAR over 4 years
(20182022)as well agxpert judgementThe table provides a first insight into the order of magnitude

of the subsidence rates and values of the different mechanisms that can be expected in the study area
and comparison with other rates and values in other countries or outside the study \Medave

made a distinction betweemaximum observed valuesver larger period and subsidence rates
(mm/year) For the subidence rates we made a distinction between international references and for
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the typical values expectedr observedin the northern part of the Netherlands for anthropogenic

causes of subsidence due to mining

Table2. Non-exhaustive werview of expected values of subsidence due to various mechanisms

Global Global ranges in Observed/modelled | Lateral extent
maximum observed/modelled | velocity (mm/year) in northern
observed velocity (mm/year) | (min-max) innorthern | Netherlands
values (mm)| (min-max) Netherlands

Shallow subsidence

Compactiorof clay and 1,600 1-302 1-615 1 mg+30 km

peat

Oxidation ofpeatand 5,000 1-10012 1-615 1 m¢g+30 km

organic soils

Swelling and shrinking of| 300 1-645 5- 12 (also heave)® 1 m¢+30 km

clay 1-1016

Intermediate subsidence

Natural compaction 60 1-23 0.01-0.037 >> 10 km

Groundwaterextraction 8,50017 1¢5006. 18 n.a. 100200 m

Deep subsidence

Gas extraction 26011 - 2-61011 1- 8 km (from

edge of GWC)

Gas storage 20 - 5-201413(also heave) | 1- 6 km13

Salt mining 65012 - 11-1412 1.55 km?12

Natural subsidence

Postglacial Isostacy - - 0.020.107 >> 10 km

Tectonics - - 0.01-0.047 >> 100 km
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aquifers in Beijing Plain of China. Science of the Total Environment, 735, 139111.
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9. NAM (2012) Winningsplan Grijpskedoord 2012: 48 to 5.3 mm/year (68 cm 19932008)

10. NAM (2017) Winningplan Grijpskezkiid 2017 1.7 mm/year (8 cm 1978023)

11. NAM (2017) Winningsplan Groningen: 5.6 mm/year (26 cm -28340)

12. NEDMAG (2018) Winningspls&leendam: 11.2, 13.9mml/year (46 cm 1972018 measured 95 cm 19772045

13. NAM (2016) Opslagplan UGS Ngmgpsidence/heave per year:- cm)

14. NAM (2021) Opslagplan UGS Grijpsksdbsidence/heave per year:-J.5 cm)

15. EGMS (2024) European Ground Motion Service. Websites://egms.land.copernicus.el(Last accessed A12-2024)

16. Asselen, S. van, H. Kooi, J.J.H. van den Akker (2020), STOWA Deltafact Bodemdaling, versie 3.1

17. USGS (2018)and Subsidence in the San Joaquin Vd@afifornia).https://www.usgs.gov/centers/lanesubsidencen-
california/science/lanesubsidencesanjoaquinvalley(Last accessed 63-2024)
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2.10  Modelling of subsidence

Several techniques have been employed to model the magnitude and shape of subsidence bowls due
to depleting reservoirs, storage facilities and mining areabich are described in the following
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sections2.10.1to 2.10.4 An overviewof the different modelling approaches for subsidence due to
depleting reservoirs ialsoprovided by van ThieneXisser & Fokke2017).

2.10.1 Modelling of subsidence due toaturalgas extraction

An early approximation for subsidence in the context of hydrocarbon production combines the theory
of poroelasticity and the nucleusf-strain concept(Geertsma, 1978 Geertsma, 1973b With this
approach, a saalled compaction coefficient and the related subsideriseapproximated for
reservoirsof arbitrary 3-dimensionalshapes. The approach I§yeertsma (1978, 1973b was later
modified to model general axisymmetric pressure distributi@Bsgall, 1992and to incorporate the
influence of a rigid basemeiftan Opstal, 1974Finite element modellingFEM)is an alternativefor
modellingcomplex geometriesin heterogeneous conditions.

Van Thiene#Visser & Fokker (2010utline two limitations regarding the compaction coefficient,
which is physically defined to relate the pressure depletion in the reservoir to the volumetric strain.
First, the compaction coefficiems only determined from the elastic moduli within the framework of
linear poroelasticity. Secondly, the compaction coefficient depends on the compressibility of the
porous mediumwhich is influenced by the stress path. Hence, direct extrapolations of this parameter
from laboratory results need to be treatedthicaution(Hettema et al., 2000; Schutjens et al., 2004)

Experimental studies demonstrate that processes other than linear elastic behaviour are relevant to
model reservoir compaction and associated subsidgecg. Brantut et al., 2013; Brzesowsky et al.,
2014; Hol et al.,, 2015; Niemeijer et al., 2002; Schutjens, 19dme approachesapture the
nonlinearity of compaction behaviour with a ratkependent compaction coefficient, which depends

on the time, depletion magnitude and depletion raeeg. De Waal, 1986; Pruiksma et al., 2015)

Subsidence modkng has employed various tirdependent approaches, as outlined by van Thienen
Visser and Fokker (2017). Firstly, the time decay model (Mossop, 2012) accounts for a delayed
subsidence increase after productidras ceasedsuggesting a temporal lag in development. In
contrast, the linear isotach model (Den Haan, 1994) and thetsgte compaction modelrTiCM, De

Waal, 1986; Pruiksma et al., 2015) respond to pressure changes and pressure rates, exhibiting both
instantaneous and delayed straiesponses. Consequently, subsidence predictions differ among these
compaction models, with variations exceeding 10 cm, as illustrated in Figure 1 of the work by Thienen
Visser and Fokker (2017)

2.10.2 Modelling of subsidence due to sablution mining

Rock salt deforms at low deviatoric stresses leading to the risk of cavern closure due to creep (e.g.

| FOAOA HAMYyO® ¢KAA RAFFSNBYOS Ay (GKS @2f dzyS RdzS
the cause of subsidence in the context of salt solumining (e.g. Xu et al., 2014). Consequently, the
produced salt volume dV controls the subsidence level for stationary conditions.

Subsidence models for nestationary subsidence caused by salt solution mining include the same
semianalytical approaches or FEfodelling as described in sectidh10.1 Analogous to the
necessity for compaction models to constrain the subsidence above depleting reservoirs, convergence
models for the temporal evolution of the volume shrinkage of the salt cavern(s) are required here.
Convergence models include physicapagaches and statistical models (see Babaryka & Benndorf,
2023 for a summary).

For subsidence modelling of the salt mining operations in the northern part of the Nethe(gigdse
94, Annex V))one is referred to the following references:

- Nedmag: SGS (2018), Antea (2021), Deltares (2018)
- HeiligerleéWinschoten and Zuidwendind3GR (1999, 2006, 2007
- Barradeel/Havenmond: WEP (2010, 2012)
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2.10.3

2.10.4

2.10.5

Modellingof the time-dependent deformation o$alt(creep

The modelling of salt creep involvest least anunderstandingof its temperature and pressure
dependentdeformationmechanism to changes siress.

Quantification of salt deformation is in general well constrained using a thermodynamic approach.
This shows that different thermodynamics and associated parameters apply depending on depth,
temperature, water content, grain size and composition (e.g.&2ast al, 1993 Spiers et a).1990
Hunsche & Hampgell999 and Berest 2023). Therefore, the resulting thermodynamic rate laws can
only be implemented in numerical models, valid éachspecific location.

In practical applications it is important to consider that salt creep has been observed to delay
subsidence development in salt layers overlying depleting gas rese(Marketos et al. 2016)see

also sectior6.6. In the context of underground storage, the effects of low stresses and pressure cycling
are to this point notyet fully understood(SodM Ingeokring Salt symposiundjiso,other processes as
recrystallisation at large strains and transient creeed further investigation§TNO presentation,

salt workshogdMG)

Modelling of subsidence and heave due to gas storage in gas reservoirs

Targeted storage locations for depleted gas reservoirs (in particular in the Groningen and Fryslan
regions) are sandstone reservoir rocks with either salt or clay caprock. Gas (usually methane) storage
in depleted reservoirs has from a mechanical perspecthe advantage that there is data available
about the composition and pressure behaviour during the exploration and production history.

Once a depleted gas reservoir is turned into warderground gas storageGSsite, cyclic storage
operations are usually performed in a pressure range where elastic deformation domifiNAds,
2016) In theory, when only elastic deformation occurs, if the pressure would return to its original
value (e.g., by rnjection) the deformation will revert to the initial situation, in other words: the rock
elastically and smoothly moves Bato its original thickness. Given thiacreasingimportance of
energy storagen the energy transition, research looking into the validity of this assumptaili be
important, especially when the gas type is changkd instance to C&® Carbon Capture and Storage
(CC¥or to H: Underground Hydrogen Storage (UHS)bsidence and heave associated with cyclic
storage operations are usually be modelled with the same approaches as outlined in getfdh

Modelling of shallow subsidence

In geotechnical engineering, shallow ubsidence is often estimated using stateof-the-art
commercially availabl@umerical modelssuch asPlaxi¢ or dSettlemenf. The outcome is often
compared to monitoringdata. Both models consider soil properties, pressure changes in time and
applied stresse$o calculate subsidencaround construction sites such atikes, buildings, and infra
structural objects.

When nodelling larger areas,shallow subsidence presents a challenge dhe large spatial
variabiliies of the soil stratigraphy properties, and hydrogeological conditiond-or examplethe
spatial resolution of observations of soil properties is low compared to its spatial variation. In recent
years different modelling strategiesere developed tainderstand andoredict shallow subsidence,
whendealing with the spatidheterogeneities Physics based models have been developed to predict
subsidenced.g.Kosteret al., 2018; Mayoral et al., 2017; Nusantara et al., 2018; Schothorst, 1982; Van
Asselen et al., 2018). These models use input parameters based eafidlthboratory observations.
However, the users decisioms clogd-form equations and inpuparameters profoundly influences

4 Geotechnical Engineering Software | Bentley Systems
5 D-Settlement | Deltares
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2.10.6

2.10.7

the outcome.Closedform equations are analytical mathematical expressions that provide a direct and
efficient solution for calculating subsidence without resorting to numerical simulations.

Onthe other hand, history matching is an approach that optimizes the paranveleesbased on the
measurement. It optimizes the alignment between the subsidence model and field obserydiions
means oftrial-and-error, correlation, or data assimilation methods. Data assimilatiogthod is
becomingncreasingly populaas itcombines model and field observations effectively (Evensen, 2009;
Evensen et al., 2022; Candela & Koster, 2022). Successful applications of data asstmitatidel
subsidence inclde studies by MuntendarBos et al., 2009; Fokker et al., 2019; and Verberne et al.,
2023. However, data assimilation is reliant on field observations, often utilizing INSAR data due to its
spatial continuity and high precision. Nevertheless, interprett8AR data can be challengingtself

as it captures all surface movements regions affected by deep subsidence, unravelling individual
components of total subsidence via data assimilation becomes notably complex as multiple
combinations of physical pameters and processes can yield the same subsidence.

Another approachis the use ofstochastic modelso gaininsights into shallow subsidence in areas
lacking observational data. In investigating the indirect effects of deep subsidence near the Groningen
gas field in the Netherlands, Van Dalen et(aD22 utilized a stochastic approach, employing 1
dimensional analytical approximations for compaction, oxidation, and clay shrinkage/swelling. In this
method, input parameters are stochastic variables with predefined ranges and distributions.

Modelling of subsidence due to groundwater extraction

The classical approach of modelling pumping induced subsidence is by modelling the influence area of
pore pressure depletion. Depending in the complexity of the geology, both analytical (e.g. Bear and
Corapcioglu, 1981a,b; Corapcioglu and Bear, 1983) anakrical approaches may suffice. In case
drainage systems are within the area of influence, which is often the case for large scale pumping
wells, one has to turn towards numerical modelling. Popular software packages to model groundwater
flow are MODFLOWLangevin et al., 2017) and FEFLOW (Diersch, 20h@e the extert of a
groundwater extraction is known, the resulting subsidence can be estimated using similar geotechnical
tools as mentioned in sectich10.5

In recent years, the method of modelling large scale pumping induced subsidence has shifted towards
data assimilation approads (Teatini et al., 2006; Erban et al., 2014; Calderhead et al., 2011; Smith
and Majumdar 2020. In this approach both groundwater data measuring pumping induced
drawdown, and satellite data measuring subsidence, are combined to deduce compaction coefficients
of the specific subsurfa¢ehus, dlowing largescale subsidence predictions with an accuracy that is
hard to matchwhen conpared toclassical numerical models.

Modellingthe interaction between different mechanisms

Until here, the approaches to subsurface modelling presented consider the deformation associated
with a single source of compaction, i.e., a single geotechnical facility. These methods imply hydro
mechanically coupled (porelastic) simulations.

In the current context, the baekoupling from stresghanges to changes of the reservoir pressure is
currently assumed to ba secondary effect. When ignoring this effect, the supesition principle of
stresses holdsThus, it is implied that the deformation signals of different sources of compaction can
be superimposed, and the combined deformation signal from multiple sources can be modelled using
the same approach, e.g., as implemented in KEBMThis assumption needs be validated in Phase II,
otherwise the supeposition principle does not hold in all cases.

This is the core of the proposed study in phase Il, as explained in Part Il of this sepéot instance
section9.8, where the modelling strategy is elaborated.
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2.11  Monitoring of subsidence

This section is about geodetic monitoring of soil and subsoil movements in the north of the
Netherlands. This monitoring is based on geodetic measurements, which can be terfzessedlike
GPS/GNSS, levellingvia remote sensing methods like drones, airplanes, and satellites, and can cover
extensive areas. An overview is given in rmex IGeodetic Measuring Techniques.

Geodetic monitoring is the repeated collection of geodetic measurements, and the analysis of these
repeated measurements to make inductions about changes in position and form of objects (often
subsidence), like houses, constructions, roads, and the Bagl, iand,by extension, of any object

dzy RSNE 2y IyR F102@S GKS 9 NIKQa &dz2NFIF OSd az2yAiz
effort to distinguish the real changes in position and form of the objects conceffftéd encompasses
dealing with meaurement noise, modelling discrepancies, and autonomous movements of objects
across, above, and beneath the Earth. Inevitably, errors, whether from the geodesists or others,
contribute to a small percentage of the challenges in this continueffrt. Moreover, geodetic
monitoring is about distinguishing the causes of movements, for which a close collaboration with other
specialists (gephysicists, getechnicians etc.) is necessary. Annex lll (Geometry Models for
Deformation Analysig)rovidesa comprehesive treatment of models usedvhereassection2.11.1

gives an overview of models used in geodesy andrmgechanics.

Geodetic monitoring in the Netherlands, and in the north especially, has, in its hislevegoped
sophisticated analjcal models (Annex IlJ. Models, combined with the contemporary comiing
power for analysis and interpretatignmake it feasible to improve and extend the estimates of
subsidence in the Netherlandsf. sectior2.11.2.

The quality of deformation analysis is influenced by seasonal effects anddongffects, which are
difficult to capture, when monitoring time series are too short or not well plan(sedtion 2.11.2.
Future trends in monitoring are addressedsiection2.11.3

2.11.1 Symbiosis of Geodesy and Gaechanics
The quality of geodetic measurements depends on two types of geodetic models:

1. Measurement ModelsThese models detail the processes of how measurements are conducted, for
instance, how a laser distance meter measures distance. They define the starting point of
measurement within the instrument, the speed of the laser beam (affected by air density and
humidity), its path (straight or curved, based on the changes in th&bfactive index), and the exact
point of reflection.The resulis a simple numerical value representing the measured distance.

2. Geometry ModelsThese models establish the relationship between geodetic measurements and
the geometry of the measured objects. For example, in measuring the heigletgetifngbolts, these

models help interpret the measurements in the contexaafong other thingsthe EarK <xurvature,

the Normalized Amsterdam Level (NAP, a reference for elevation), and local variations in mass density
of the Earth. A geometry model is needed as well to assess subsidence. If that same bolts are assumed
to be subjet to deformation, and the deformation is assumed to be linearly downward, the
subsidence rate can be estimated. The assumed linear trend is a geometry model, which is based on
assumptions on the deformation process. However, a quite different subsideteenightresult, if

another geometric model is applied, for example a linear trend with a trend break, caused by a certain
event, for example an earthquake.

This means that a third type of models is important for geodetic deformation analysis.

3. Geomechanical Modelgieodetic descriptions and estimates are basedgeomechanical Models
of the movements of the soil and subsske sectior?2.8.1and 2.10.5. Inputs and outputs of such
models often have greater standard deviations than those in the measurement and geometry models.
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2.11.2

Careful consideration must always be given to whether the measurement models, the geometry
models, and the geomechanical models are well aligiddasurement models usually have high
precision, geomechanicatodelslow precision, and geometry models are in between. The geometry
models however,play a crucial role. Seemingly small changes in these models can hagadaing
consequences for the conclusions drawn about movements.

CGeodetic calculations involve not only the instrumefitandard deviations but also the noise of the
geometry model and mathematical descriptions of geometry changes. An important part of the noise
is the temporal noise, which refers to continuous, unpredictable small movements of measurement
points in time,which are not related to subsidence.

Models, both geodetic and geomechanical, play a crucial role in predicting soil movements. The
importance of integrating both geodetic and getechanical models to assess soil movement is
emphasized.

Validation and cyclic process

Geodetic measurements are often considered as definitive data on actual moverivany. believe

that geodetic measurement data can easily validate geomechanical models, with the thought that
geodetic centimetres should be ample for verifying geomechanical meters. However, the situation is
more complex.The measurement models are usually fine, but the geometry models and the
geomechanical models often have deviations from reality that can both be considerable.

Therefore, geodetic and geomechanical modaie developed iterativelygeodetic measurements

lead to adjustments in the geomechanical models, and geomechanical insights lead to adjustments in
the geodetic modelsPhase llof this project,such a cyclic process will be completed between the
geodetic and geophysical specialists in the consortiDetails about the feasibility study are included
chapter8.

Deformation patterns
Seasonal effects

Seasonal effects play a crucial role in influencing subsidence patterns, primarily driven by variations in
groundwater extraction, soil moisture, and vegetation cycles, but also by fluctuations in mining
guantities of oil,gas,and salt.Seasonal shifts can cause reversible ground movemaenitich makes

it challenging to differentiate between transient and permanent subsidence. In geodetic models, these
effects can be accounted for by integrating tiperies data that capture seasonal variations.
Advanced ¢chniques like INSAR provide high temporal resolution data, enablingntigelling of

these seasonal influencdsee alsdrigure9 in section2.6.4). By incorporating such data, geodetic
models can more accurately represent the cyclical nature of subsidence, improving predictions and
aiding in distinguishing between shdadrm and longterm ground movements.

LongTerm Monitoring

Longterm monitoring is essential in geodetic studies to capture the full spectrum of deformation
processes, from immediate responses to slow, gradual changes. Continuous or periodic monitoring
over years or decades provides invaluable data to identifpndse assess stability or progressive
deformation, and understand the life cycle of various geophysical phenomena. In the north of the
Netherlandswe have spirit levelling measuremergpanningseveral decades.

Different Sources of Deformation

Deformation arises from a multitude of sources. Natural causes include tectonic movements,
landslides changes in water levels of rivers and the sea, and isostatic adjustments. Hiodueed
factors encompass mining, groundwater extraction, and urban development. Each source has distinct
characteristics and implications, necessitating tailored monitoaind analysis strategies.
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2.11.3

Geodetic monitoring (levelling) and GNSS measurements in the Netherlands typically involve the use
of markers positioned on structurewith a rigid foundation. The underlying assumption is that
deformation observed in these wetbunded markers is predominantly due to intermediate and/or
deep subsidence, with shallow subsidence deemed insignificant. A robust foundation typically refers
to piled foundhtions resting on a more rigid (Pleistocene) sand layer. When dealing with older buildings
featuring shallowfoundations, it is commonly assumed that the majority of settlement has already
taken place, and the foundation can also be regarded as.rigid

INSAR satelliteleformation measurements do not differentiate between objects or structures with
deep or shallow foundations. Consequently, additional analyses are necessary to discern between
objects withrigid foundations solely affected by intermediate and deep subsidence and those with
shallowor nofoundations which arealsoinfluenced by shallow subsidence.

Future of monitoring

In geodetic deformation analysis, the ongoing development of teshniques, the refinement of
models, and the persistence of uncertainty form a dynamic triad that drives progress and challenges.

New Techniques

Advancements in technology have significantly enhanced geodetic measurement capabilities.
Techniques such a8NNS(Global NavigatiorBatellite Systen), GPS(Global Positioning Systems)
INSAR (Interferometric Synthetic Aperture Radar), and LiDAR (Light Detection and Ranging) provide
high-resolution spatial data. These methods have revolutionized our ability to monitoraaatyse

earth deformations with greater precisiomccuracy,and over broader areas. The deployment of
satellite-based technologies enadd continuous, largecale monitoring, capturing subtle movements

that were previously undetectable. It is without doubt that the development and innovations of these
techniques will continue, and that completely new techniques will be added to the existies.

Better Models

With the influx of rich data from advanced techniques, the development of more sophisticated models
has been a natural progression. These models are crucial for interpreting geodetic data, allowing us to
understand underlying geophysical processes befférey integrate various data types, account for
different scales of observation, and incorporate complex physical phenomena. However, the challenge
lies in accurately translating vast data sets into models that realistically represent the complexities of
earth deformations.

Persistent Uncertainty

Despite technological advancements and improved models, uncertainty remains a significant factor in
geodetic deformation analysis. This uncertainty arises from various sources, including measurement
errors, limitations in data processing techniques, and thherent unpredictability of geophysical
processes. The challenge is to quantify and reduce these uncertainties for more reliable predictions
and interpretations.

Overall, while new techniques and better models offer enhanced insights into deformation processes
in the north of the Netherlands, the persistent uncertainty underscores the need for continuous
innovation and cautious interpretation in geodetic research.
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3.1

3.2

3.3

INDUCED SEISMICITY

Summary andconclusions

This chapter gives an answer to the following research question as defined in skdtibn

1. What information is available about interactions between different adjacent underground-(man
made) activities, natural processes, and about the cumulative mutual effect? This chapter covers
the answer in the context of topig) Induced seismicity

The root cause for induced earthquakes atess changes in the subsurface caused by anthropogenic
activitiesthat lead to rock failureDifferent technologies can be associated with induced earthquakes.
In the northern part of theNetherlands, earthquakes have beassociated wittgas production, gas
storage, geothermal exploitation, and fluid disposal.

The sensitivity at which earthquakes can be detected and the accuracy at which they can be located
depend on the number and on the geometrical configuration of monitoring stations. If anthropogenic
subsurface activities are densely spaced, like in the &&thds, it may not always be possible to
unequivocally relate an observed earthquake to a specific subsurface activity.

Samenvatting en conclusies (NL)

Dit hoofdstuk geeft antwoord op de volgende onderzoeksvraag zoals gedefinieerd inlséctie

1. Welke informatie is beschikbaar over interacties tussen verschillende aangrenzende ondergrondse
(door de mens gemaakte) activiteiten, natuurlijke processen, en over het cumulatieve wederzijdse
effect? Dit hoofdstuk behandelt het antwoord in de context vamderwerp b) Geinduceerde
seismische activiteit.

De hoofdoorzaak van geinduceerde aardbevingen zijn spanningsveranderingen in de ondergrond
veroorzaakt door antropogene activiteiten. Verschillende technologieén kunnen in verband worden
gebracht met geinduceerde aardbevingen.Noord-Nederland zijn aardbevingen veroorzaakt door
gaswinning, gasopslag, geothermische winning en waterinjectie.

De gevoeligheid waarmee aardbevingen kunnen worden gedetecteerd en de nauwkeurigheid
waarmee ze kunnen wordegelokaliseerd, hartgaf van het aantal en de geometrische configuratie
van meetstations. Als antropogene activiteiten in de ondergrond didhelkaar liggen, zoals in
Nederland, is het niet altijd mogelijk om een waargenomen aardbeving eenduidig in verband te
brengen met een specifieke activiteit in de ondergrond.

Introduction

Triggered and induced seismicity are the earth response to transientewanic phenomengCesca
et al.,, 2013) Transients which can induce, or trigger seismicity can either be of natural or
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3.4

FYGKNRBLI2ZISYAO 2NAIAYDP ¢CKNRdAAK2dzi GKA& NBLR2NIZI ¢
earthquakes, which are caused by human underground activities. Foll@viinghal (2014yve do not
RAFFSNBYGAIGS 0SG6SSy aAyRdzO&R duse IthysR teriidiaBies 3 S NS F
synonymously.

Different energy technologies such as mining, hydrocarbon exploitation, and geothermal production
can be associated with induced seismi¢ftiational Research Council, 2013 a global scale, human
induced earthquakes have become an important topic of political and scientific discussion, owing to
the concern that these events may be responsible for widespread damage and an overall increase in
seismicity(Ellsworth, 2013)

In the Netherlands, induced earthquakes up to magnitude ML=3.6 have ocdfigrael3). Despite
their moderate magnitude level, some of these earthquakes caused significant ddwaegger Voort
& Vanclay, 2015)ue to their shallow origin. In October 2023, the large Groningen gas field was shut
down due to induced seismicity concerns. Moreover, two geothermal doublets in the\Radley
Graben weresuspendedafter the occurrence of an ML=1.7 earthquakéuntendamBos et al., 2022)

Mechanics of induced seismicity

Ultimately, theroot cause for induced seismicity are stress changes in the subsurface caused by
anthropogenic activitiesThis can be related to the changes in pore fluid pressure, or changes to the
local stress field due to ongoing deformation. Induced earthquakes usually occur oreaigtiag

plane of weakness, i.e. a geological fault. As with rock failure, when-exting fracture or fault is
loaded beyond its capacity (i.e. the frictional resistance), it will fail. The failure process cannhie seis
(associated with earthquakes) or aseismic (not associated with earthquakes), depending on how the
instability evolves.

For practical applications,ome simple phenomenological approaches exist for shear stresses
exceeding the fracture strength afrock The most commonly used approaches are derivations of the
Mohr-Coulomb failure criterion for stresses (Scholz, 2002)

Lett I y R dehote the shear and normal stress resolved on a fracture plan¢hepin-situ fluid
LINBaada2NBxX > (KS O2&AesidnQteSsfidar skppagefobdir©an ihe fyacturefifR -~ O

t XM(Sn- Pr)+co.

If the lefthand side of this equation equals the rig¢idnd side, the stress state is commonly referred
G2 a GKS GONARGAOIE adNBaag 2N gaiNBaa ONARGAOLN

Stress perturbations on an idealised, cohesionless fracture can be described by Coulomb stress
OKIy3S8a p/ {3 6KAOK Oly 6S RSTAYSR lay

n/ { t¥i gmk)] (Scholz, 2002)

g A Utk of ° | i denotinglchanges of shear stress, normal stress, and fluid preasting on the
fractured t 2aA0GAOBS n/ { Ot dzSa AtfedatleaS GKS (SyRSyOe
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Figurel3. Overview of seismicity in the Netherlanf3ource: MuntendanBos et al. (2022).
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3.5

Monitoring of induced seismicity

Earthquakes radiate seismic wawelsich attenuate with increasing distance from the hypocentre. The
amplitude of the seismic signal scales with the earthquake magnitude. If the earthquake signal exhibits
a sufficient signato-noise ratio, it can be detectedor examplejn the ground vibration recordings of
seismic monitoring stations.

For discriminating earthquake signals from other sources of ground vibrations and for locating the
origin (hypocentre) of an earthquake, a minimum number of 3 monitoring stations is required. The
lowest magnitude level at which an earthquake can be dewced the accuracy at which its
hypocentre can be determined depend on the number and on the geometrical configuration of
monitoring stations that are recording the earthquake signal.

In the Netherlands, earthquake activity is monitored by the KNMie capability for detecting
earthquakes with the KNMI seismic monitoring network varies over the Netherlands and has improved
over time as new monitoring stations were deploy&iyurel4 shows the lowest magnitude level at
which earthquakes (occurring at 3 km depth) can be detected with the KNMI network as of the year
2021.For comparison, the lowest magnitude level at which an earthquake occurring at 3 km depth
can be felt near its epicenter is about#l.5(Dost et al., 2004)n the Netherlands, a ¥3 earthquake

at a depth of 3 km can cause damage in the epicentral region and can be dplt@several tens of
kilometers.

The accuracy at which the epicenter of an earthquake (with a fixed depth at 3 km) can be determined
varies from the order of 100 m {4 confidence level) in densely instrumented regions to the order of
several kilometers in regions with a low instrumentation den@Ryigrok et al., 2023MHistorically, the
number of monitoring stations in the Netherlands was much smaller, implying larger location
uncertainties and reduced detection capabiliti@ost et al., 2012)

In the Netherlands, regions exist where subsurface activities are densely spaced. An epicenter location
error in the order of several kilometers implies that an earthquake may not be unambiguously
associated with apecificgeotechnical activity.

In KEMO7 (Voros & Baisch, 20183 classification scheme was introduced that accounts for the
uncertainty in earthquake associationsSigurel5). This classification scheme proved to be valuable
for testing geomechanical models and will be used in phase Il of the current study.
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* For model assumptions see Ruigrok et al. (2023). Blue colours (from dark to light) indicate regions with MoC<0.5, MoC<1 and
MoC <1.5. Yellow indicates MoC < 2, brown MoQwoPe recent data can be downloaded from the KNMI data platform (KNMI,
2024)

Figureld. Magnitude ofcompletenesgMoC)over the Netherlands as of 2021, requiring a minimum
number of 3 positive detectionSource KNMI TR405Ruigrok et al., 2023).
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3.6
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* Based on the epicentres of observed earthquakes (red dots) and their location uncertainty (dotted circles), a gaadieid (sh
area) falls into one of the following four categories: A) It is likely that the field hosted at least 1 earthquake. B)p&sible
that the field hosted at least 1 earthquake. D) It is unlikely that the field hosted any earthquake.

Figurelb. Classification scheme developed in KER(VOros & Baisch, 2018)

Induced seismicity due tmatural gas extraction

The geomechanical processes leading to induced seisndciting gas production have been
investigated in numerous studies (sEéhn et al., 2022or an overview). It is welinderstood that
earthquakes are caused by peetastic stresses resulting from gas extraction and associated reservoir
compaction. Seismicity can occur on internal and on boundary faults of a reservoir. Compaction
induced Cowmb stress changes@mparewith section 3.3) are largest at the contact area between
reservoir and ovefunderburden(Van den Bogert, 2015ptabilizing, negative Coulomb stress changes
tend to prevail on those reservoir faults, which dxgdraulically connected to the depleting reservoir
(Baisch et al., 2023; Smith et al., 2022)

Foulger et al., 201grovide a global overview of show cases, where gas extraction has been associated
with seismicity. Despite the enormously large number of gas production wells,répayt only 3

dozen gas fields with seismic activity. Most of these fielitls reportable dataare in the Netherlands

and in Northern Germany, indicating that gaduction related earthquakes occur only under very
specific geological conditions. The figures reported=bylger et al(2018, however, arearguably
subjectof an observatioal bias.Many gas fields are not monitored by a local seismological network
and only a small subset makes available or publishes comprehensive daGaesequently, the lower

level at which earthquakes in a gas field can be detected, e.g., by a national earthquake monitoring
network, variesstrongly. Furthermore, earthquakes detected by national networks may not routinely
be checked for a correlation with gas production activities.
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A detailednationalsummary for gas production induced seismicity in the Netherlands is presented by
MuntendamBos et al. (2022)Thirty-eight gas fields in the Netherlands are associated with induced
seismicity. While most of the events are small in magnitude{®15), several larger earthquakes have
occurred. So far, earthquakes withi%8 occurred in the gas fields Bergermeer (up to=845),
Groningen (up to M=3.6), and Roswinkel (up to#¥B.4).

Induced seismicity due to gas storage

Depleted gas fields can be used for underground gas storage (UGS). During the initial gas production
phase, earthquakes can be caused by pelastic stresses related to reservoir compaction (see
previous section). The seismic deformation is an irrevegsfhbnelastic or inelastic) process. For
example, consider a case where an earthquake has occurred during initial gas production. Immediately
after the earthquake has occurred, the strestate on the hosting fault will bat most reducedy the

amount of the coseismic stresdrop below stress criticality (e.gGandela et al., 2021 In the
Netherlands it is assumed that the coseismic st@ésp is generally smaller than 5 MPa
(Staatstoezicht op de Mijnen, 201 6nplying that seismically active faults would remain within a few
MPa close to stress criticality after an earthquake has occurred.

Once turned into an UGS withjection and withdrawal cycles, earthquakes can be caused by poro
elastic stresses during-féling (KEMO1, Ferronato et al., 2018)sing numerical simulations, KEM

and KEM39 (Isotton et al., 2022nvestigate under which conditions seismicity may occur during gas
production and subsequent cyclic gas storage operations.-&ENRDbnsiders inelastic deformation
mechanisms that may lead to irreversible stress paths during cyclic storage operations39KEM
additionally considrs geachemical effects that may alter the frictional behaviour of faults. Findings
of the two studies consistently indicate thatreviously seismically activiaults during initial gas
production are most prone to seismicity during subsequenfillimg. This is consistent with the
concept of a neacritical stressstate after an earthquake has occurred (see above). Furthermore,
critical conditions during réilling are reached only near the end of subsequent injection stages when
the reservoir pressuresiaches the virgin, prproduction pressure levegFigurel6).

* Failure condition

Primary Production (PP) Underground Hydrogen Storage (UHS) cycles
b | H
Reservoir

Pressure

Seasonal Production (UHS-P)

Seasonal Storage (UHS-S)

»

Time

* Yellow gars indicate failure conditions according to geomechanical modelling in®&E&hd KEM9. Figure from KEN9
(Isotton et al., 2022). Note that the geomechanical models cannot explain the occurrence of seismicity during an eaoly phase
cushion gas injeon.

Figurel6. Sketch showing the pressure evolution in a gas reservoir during initial production (blue),
cushion gas injection (green) and seasonal production (red).
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3.8

3.9

We note thatloss ofpore space through inelastic deformation during compaction is a relevant process
(e.g. Hol et al., 2018Pijnenburg and Spiers, 202Which is not accounted for in the KEDA/KEM39
studies, where the reservoir is treated as a lingatastic mediumConceptually,educing pore space
could explain the occurrence of seismicity also at an early stage of the initial refill as observed in
several UGS (sdearther in this sectioi

A geomechanical analysis AM (2016)ndicates that stress paths remain (virtually) the same under
depletion and repressurisation at the Norg UGS (the Netherlands), exhibiting little potential for
seismicity occurring at a late stage of cyclic operations.

On a global scale, earthquakes exceeding M=3.5 are reported for two UGS. Three earthquakes in the
range Mw=4.1 to Mw=4.3 are associated with the initial cushion gas injection into the Castor, Spain,
UGS(Cesca et al., 2014At the Hutubi, China, UGS, earthquakes up to ML=3.6 occurred during the
first filling period(Tang et al., 2018)

The Netherlands have four operating UGS systems which utilise former natural gas reservoirs: Norg,
Grijpskerk, Bergermeer and Alkmaar. Only the latter was not associated with seismicity during
production. After Norg wasonvertedinto an UGS, a single additional event afli11 occurred at the

end of its initial injection to full capaciiyiuntendamBos et al., 2022)ifteen years after conversion

and start of UGS operation at Grijpskerk, a singleIV6 was recorded during cyclic operation
(MuntendamBos et al., 2022)It should be noted, however, that the location accuracy and the
associated possibility that the earthquake could have occurred in a neighbouring gas field have not yet
been investigated (Grijpskerk was excluded from the earthguakervoir associationgrformed in
KEMO7, VOrés & Baisch, 2018At the UGS Bergermeer, seismicity was closely monitored with a
downhole geophone array allowing to detect reservoir earthquakes at the levelbft Mm®p ® ¢ K S
intensity of micreseismic activity (M<1) during refill was strongest during the cushion gas injection,
suggesting that previously critically stressed areas of the fault weaetigated by refil[Fenix, 2018)

Induced seismicity due to fluid disposal

Disposal of wastewater (e.gco-produced fluid, stimulation fluids) in deep wells is a common
technology associated with hydrocarbon production. By raising the fluid pressure, existing
faults/fractures are destabilised when the ratio between shear to effective normal stress exceeds their
frictional resistance dompare with Sectior8.3). This is the most common mechanism to explain
seismicity caused by wastewater dispo@éhtional Research Council, 2013; Schoenball et al., 2018)
Numerous cases of earthquakes caused by wastewater disposal are reported in the scientific literature
(Foulger et al., 2018; Keranen et al., 2014 largest of them exhibiting magnitudews5.8(Schultz

et al., 2020)

There is a single recorded case in the Netherlands, where an earthquake has been attributed to
wastewater disposalM 2.8 at De HoeveéNeststellingwerf TNO, 2015)

Induced seismicity due to oil extraction

In principle, the same geomechanical processes leading to gas production induced seismicity (section
3.4) may apply to seismicity induced by oil productioulger et al. (2018 2 1 S K26 SOSNE |
many oilfields multiple processes are underway simultaneously including oil and gas extraction, waste

g GSNI RAALIRAITY 61 GSNI AyaSOiAazy (2 FTAR 2Af NB
earthquakes to one or the other nebanism therefore is a challenging task. Despite the enormous
number of produing oil wells worldwidelFoulger et al. (2018gport only 8 cases where earthquakes

are possibly associated with oil extraction. None of these cases is in the Netherlands.
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3.10 Induced seismicity due to salt mining

The seismicity inducing mechanisms associated with salt solution mining have not been completely
understood, yet. For smaller seismic events with M<1, small slip events due to stress equilibration in
the proximity of salt cavernéMuntendamBos et al., 2022and shear and rock fall events due to
cavern closure(Bosq et al., 2020; Dyagilev et al., 20h3\ve been proposed. Other proposed
mechanisms include hydrofracturing, enhanced mass removal without sufficient compensation by salt
creep(Foulger et al., @18)and fault slippage due to a water injection related elevated pore pressure
(Wang et al., 2020)

¢KS 3Jt20rf RFEGFE o0F&aS alAvdzZ 1S O2yidlAya SAIKIG
solution mining (Foulger et al., 2016)These include small magnitude earthquakes as well as
earthquakes to the level of M5 (Nicholson & Wesson, 1992nother M 4.6 earthquake occurred in

1985 in association with solution mining of salt from depths of @800 m at the Zigong salt mine,

Sichuan Provincgi et al., 2007) More recently, a seismic sequence consisting of an M=6 earthquake,
followed by another four M>5 events were observed in the Sichuan province in 2019. These events
were attributed to water injection for local salt solution minifiyang et al., 2020)

MuntendamBos et al. (2022)resent two case examples for induced seismicity associated with salt
solution mining in the Netherlands. In the region of Twente, salt extraction is conducted around the
cities of Hengelo and Enschede at a depth of approximatelys®00m. From 2012022 the network
recorded 59 small events between. ®f-2.8 and 0. In the Heiligere salt dome, brine is leached from
twelve caverns located at a depth of 70600 m. Until 2020, 60 events with local magnitudes between
-1.2 and 07 were recorded.

3.11 Induced seismicity due to geothermaixploitation

The gothermal systemsonsidered in this studgonsist of production and injection wells. Hot fluid is
produced through one or more production wells. After extracting heat, the cooled fluidirgeeted

into the geothermal reservoir through one or more injection waliszquently seismicity in this type

of reservoir ighought to be caused bthe hydraulic overpressure applied for-igecting fluids By
raising the irsitu fluid pressure, fractures are destabilised when the ratio between shear totigec
normal stress exceeds their frictional resistafk@Mnc = ! Q/ F YLI2 SG | £t ®X wAaunT
& Saar, 2022; Zang et al., 201Additional mechanisms were discussed that could be relevant for the
occurrence of earthquakes in geothermal reservoirs. These inctgEnical changes of fault
properties (Buijze et al., 2019as well asporo- and thermaelastic stresses associated with fluid
injection (Buijze et al., 2019; Jeanne et al., 2017; Rozhko, 2ffl@balanced production (Fialko &
Simons, 2000)Poro-elastic effects can reach further in a short timescale but decay rapidly with
distance. During lonterm injection, changes in temperature cause volumetric strain of the rock mass,
which leads to stress changes within and around the volume experigracitemperature change.
Stresses caused by cooling accumulate over time and may become the dominating effect-ferong
injections. The relevance of potbermo-elastic mechanisms, however, remains wacl as it is
difficult to relate observed earthquakes to a specific mechanism.

There is a single case in thetherlands, where earthquakes have been attributed to geothermal
production. Several earthquakes with magnitude uptd M1 @1 2 OOdzNNBR Ay G KS a4/ |
system(labelled CWG/CLG kigurel3). These earthquakes were interpreted to be caused by cooling
stresseqVoros & Baisch, 2022)

In the neighbouring geothermal technologies ATES andFHS (sectioR.7.2) hot water is injected

for seasonal storage and produced during times of heat dem@&tdcker et al., 2020)As of 2018,
about 2800 ATES systems were in operation, mostly in theédlands Sweden, Denmark, and
Belgium(Fleuchaus et al., 2018n principle, ATES/HATES could cause seismicity due to the same
mechanisms discussed abow€onceptually, however, the relative proximity to surface AFES
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schemesand their host rock lithology (porous sedimentary rocks) precludes the-bpilof sufficiently
high stresses and hence a sufficiently large seismic energy release when failure occurs.

Our literature study has indicated that neither ATES notAHIEES were associated with induced
seismicity yet.

3.12  Induced seismicity due ttnydraulic fracturing

| 8RNI dzf AO FNI OG0 dzNR y 3 dnipmWelth® infloy Betfarmanca of b well B@K Y 2 f ;
reservoir By forcing a fluid under very high pressure into a rock formatioracks areartificially

created and enhanced (Detournay, 2016ogenerate a seismic signal, the speed of the crack opening

must be in the range of seismic wave speeds, i.e. in the order of kilometres per §é¢dv&dRichards,

2002) The mechanical opening of a pure tensile crack is controlled by the injected fluid volume. As a
result, the crack opening velocity is orders of magnitude lower than the seismic wave velocities and

the pure tensile crack does not generate a measurablensiei signa(Keppler et al., 1988)nduced

seismicity only occurs when stress changes lead to abrupt shear failure on an existing fault. Different
concepts have been proposed to describe the occurrence of induced seismicity as a secondary
phenomenon of tasile rupture propagation (for an overviewseeh a Yy SNJ 3 { Gl yS1 I HAam

On a global scaléaydraulic fracturingnduced earthquakes are predominantly observed in sluge
reservoirs, where the strongest earthquakes exceed magnitudgcultz et al., 2090 The largest
magnitude earthquakes occurred during midtagefracturing invoking large fluid volumes. In the
Netherlands hydraulic fracturingoperations were performed in the porous (soft) sandstones using
much smaller fluid volumegEBN, 2014)in The Netherlandshased on available datahere is no
evidence that hydraulic fracturing in the Netherlands lcasised measurable induced earthquakes
For operations before 1986 and for very snedtthquakes below the detection threshold, it cannot
be ruled out that undetected seismicity occurréENO, 2018)

180°W 120°W B0°W 6“ B0°E 120°E 180°W

Figurel?. Global overview of the strongest earthquakes associated with fracking in unconventional
reservoirs. Figure from Baisch et al. (2021).

3.13  Static and dynamic triggering of seismicity

Earthquakes can be triggered by static and dynamic stress transfer. For example, static stress transfer
from large natural earthquakes can have an impact on the aftershock agHuity et al., 1994; Stein,

1999) Similarly, small magnitude earthquakes transfer stresses to their surroundings. In the context
of fluid injection induced seismicity, stress transfer of many earthquakes occurring on the same fault
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can constructively superimpose, leading to pronounced stress concentration at the periphery of
seismic activitfBaisch et al., 2015These locations can be very close to stress criticality and become
susceptible to another process called dynamic or remote triggering: Long period surface wave trains
of natural earthquakes can cause elastic stress changes sufficiently large for remnigfgdying
earthquakes(Hill, 2008) Such remote triggering of seismicity has been observed especially in
geothermal areas(e.g., Baisch et al., 2006; Prejean, 20Q0dlthough the underlying physical
mechanisms are not yet fully understo@dough, 2005)
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4.1

4.2

LEAKAGE

Summary and conclusions

This chapter gives an answer to the following research question as defined in skdtibn

1. Whatinformation is availabl@boutinteractions between different adjacent undergund (man
made)activities natural processegnd aboutthe cumulativemutual effect? This chapter cover
the answer in the context of topig) leakage

14

Methane leakage along damaged wellbores after decommissioningiédl-anown risk within the oil

and gas industry. Factors like poor cement design, shrinkage, and chemical degraflaéiorent can
contribute significantly to wellbore integrity failures. International experiences show varying rates of
well leakage, influenced by factors like well type, age and depth, geographical and geological
conditions, and the well plugging status. While methaeepage through natural faults is recognized,

it is not considered a primary concern compared to wellbore integrity issues. Understarlirigra
pressure redistribution and longrm fluid migration after reservoir decommission can give valuable
information on the leakage potential. For the Groningen Gas field this occurs on the timescale of
centuries. The cumulative effects of small neighbing gas fields remain undisvered (KEM19
(2022); KEML9D).

Samenvatting en conclusies (NL)

Dit hoofdstuk geeft antwoord op de volgende onderzoeksvraag zoals gedefinieerd inlséctie

1. Welke informatie is beschikbaar over interacties tussen verschillende aangrenzende ondergrondse
(door de mens gemaakte) activiteiten, natuurlijke processen, en over het cumulatieve wederzijdse
effect? Dit hoofdstuk behandelt het antwoord in de context werderwerpc) lekkage

Methaanlekkage langs beschadigde olie en gasputten na buitenbedrijfstelling is een bekend risico in
de olie en gasindustrie. Factoren zoals slecht cementontwerp, krimp en chemische degradatie van
cement kunnen aanzienlijk bijdragen aan het falen van dinfagriteit. Internationale ervaringen

laten variabele percentages putlekken zien, die worden beinvloed door het type, de leeftijd, diepte en
plugstatus van de put, en de geografische en geologische omstandigheden. Hoewel methaanlekkage
via natuurlijke beuklijnen wordt erkend, wordt dit niet beschouwd als een primair probleem in
vergelijking met putlekkage. Inzicht in de herverdeling van druk in reservoirs na de
buitenbedrijfstelling, en de daarmee geassocieerde lange termijn vloeistofmigratie kan wakledev
informatie opleveren over het lekkagepotentieel. Voor het Groningengasveld gebeurt dit op de
tijdsschaal van eeuwen, waarbij de invioed van cumulatieve effecten met kleine naburige gasvelden
niet bekend iFKEM19 (2022); KEM9b)
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4.3

4.4

Introduction

Climate changeowing to greenhouse gas emissioisswidely acknowledged by scientists as the
primary threat to humanity (Holechek et al., 2022). Consequenthgbated oil and natural gas
productionwill decline, and thus evemore fieldsthat shut in for economic reasonare going to be
decommissioned_eakage of methane in the energy sector in particular, and that of other greenhouse
gases have received a lot of attention by industry, the research community and policy makers (cf.
Methane Abatement Energy SystemIEA

An essential part alecommissioningsthe restoration ofgeological barriers that prevent vertical fluid
migration. One crucial concernf decommissioned gas fields the potential leakage of deep
thermogenic methane into shallow aquifers, a recognized issue within the oil and gas industry for
many years (Erno and Schmitz, 1996; Harrison, 1983; Schout, 2020). Methane found in shallow
aquifers can lead to groundwatesontamination, greenhouse gas emissions, and, in substantial
guantities, pose an explogichazardfor groundwater users, who sometimes even find their drinking
water to be explosivelt should be noted thamethane occus commonly and naturallin shallow
aquifers which is usuallglue to local methanogenesis, a process where microbial bacteria break down
organic matter into biogenic methane (Whiticar, 199®istinction betweennaturally occurring
biogenic methandrom deep thermogenic source can be achieved through isotope analysis (Schout,
2020).

Wellbore leakages

Oil and gas wells are constructed to prevéme escapeof fluids into shallow aquifers. However, in
practice, thiscan provechallenging, particularly in the period following the abandonment of the gas
field (Brufatto et al., 2003; van Gessel, 2019; LeMay et al.,;2@bghadam et al., 2093 In the
Netherlandswells are sealed by means ofagll plug whichdoes not seal the entire wellboreut

only plugs the wellaround the boundaries of permeable formatiorisee Figure 19). The work
procedure iknown as plugging and abandonment (P&A) following the Dutch Mining Decree (NOGEPA,
2019) Figurel8iillustratesin detail whichpotential leakage patvaysexistarounda segment of a
wellbore. When leakagean occuralong these pattvays it is referred to as a well barrier failure
(Davies et al., 2014).

For deep thermogenic methane to migrate vertically to the surface, multipiecessivevell barrier
failures must occur, establishing a pathway for leakiagm reservoir depthtowardsthe atmosphere.
This scenario is also knownasy/pe ofwell integrity failure Multiple factors affect wellbore integrity,
most importantly the quality of cement design, and the susceptibility of cement to shrink and
chemically degrade (Yousouf et al., 2021).

Page62


https://www.iea.org/energy-system/fossil-fuels/methane-abatement

Faalmodel gasput

Tubing Hanger/Seal Leak (i/o)

Wellhead Seal Leak

Tubing Leak above SSSV (i/o)

Intermediate Casings Leak (1/o0)

SSSV Leak

External leak Or Seep Outside Conductor
Corrosion leak at Shallow Aquifer level (/o)
Production Casing Leak (i/0)

Tubing Leak Below SSSV (i/o)

[
o

Leak through SPM Accessory (i/o)

Shallow Aqui fer

-

Leak Casing Shoe vs. an Outer Annulus (i/0)

~

Leak Casing Shoe vs. B-annulus (i/o)

Production Packer Leak (i/o)

-

Leak through Poor Cement or Micro Annulus (i/o)

Leak through the Liner Hanger or Liner Cement (i/o)

-

= - ™

a: Leak Hydraulic Line vs. A-annulus (i/o)
b: Leak Other Line vs. A-annulus (i/o)

a: Leak Hydraulic Line at Xmas Tree Void/Tubing
Hanger (i/o)
b: Leak Other Line at Xmas Tree Void/Tubing
Hanger {i/0)
a: Leak Hydraulic Line at Wellhead Outlet
b: Leak Other Line at Wellhead Outlet
Leak Xmas Tree or Wellhead Valves vs. Process
Facilities (i/o)
EJ stem Packing Leak
Bonnet Seal Leak
X-Mas Tree Flange Leak
Xmas Tree Body Leak
Xmas Tree Valve Leak
Xmas Tree Connector Leak
Leak through Geological Pressure Seal / Cap Rock

S

Figure18. A schematization of the possible gas leakage pathways leading to well integrity failure
(Source: SodM, 2019)ote that the figure does not show leakage between the cement sheath and
surrounding caprock, and between the borehole casing and the cement sheath.
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Figure19 Typical design of an onshore Dutch gas well after decommissioning followiriguticé
Mining Decree (NOGEPA, 201&purceSchout, 2020)

Poor cement design

Well plugs contain cement as part of their concrete construction. Various types of cement can be used,
depending on the required properties and uses. A poor choice of cement design leads to cement
sheath degradation and thus to potential wellbore integrity failure (Turley, 2014; Visser, @@td

and Gokavarap012; Wilcox et al., 2016). The quality and applicability of the cement depends mainly
on its rheological properties determining the flowability and stability of the cemeabfens et al.,

2004), and mechanical properties such as the compressive and tensile strength (Yousouf et al., 2021;
Thierceln et al., 1998; Goodwin and Crook, 1992) to withstand the natural and induced mining stresses
that occur in the subsurface. Nevertheless, the durability of cement in well bores Is finite and thus
after a long period they still might lose their integrityguwever,this phenomenoris poorly reported

in literature and understood.

Cement shrinkage

Shrinkage of cement sheaths at the cemeaprock interface is a known hazard in the oil and gas
industry that involves the removal of free water from the cement mixture into the cement matrix
through a process called hydration of the cement matrix. Ifdament cannot absorb sufficient water

from the surrounding caprock to compensate the hydration process of the cement matrix, the cement
will reduce in volumdChenevert and Shrestha, 1991; Dusseault et al., 2000; Kosmatka and Wilson,
2011 Sasaki et al2018). As a result of cement shrinkage, the contact stress between the cement
sheath and the neighbouring caprock can fall below the local pore pressure, allowing gas flow along
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the cementcaprock interface, also referred to as the well bore annulus. Experimental setups on a
laboratory scale indicate that the expected shrinkage rate of various types of cement can range
between 0.6 and 6 volume percentage (Yousouf et al., 2021yekier, the measured bulk shrinkage
volumes in the lab may not be representative under wellbore conditions (Sasaki et al., 2018).

Chemical degradation

Chemical reactions in the subsurface affects thsiin cement sheath quality of wellbores. Cement
sheaths degrade chemically when in contact with aggressive acidic fluids, such as carbonic acid,
sulphuric acid and hydrochloric acid; all of which can poaturally in oil and gas fields, (Omosebi et

al., 2017a,b). A common reactant with cement i @Bich can occur naturally both in gas and liquid
phase. By exposing cement to dryz8@s, the calcium hydroxide of the cement is carbonated to form
calciumcarbonate. Given the molar volume of calcium carbonate is higher compared to the original
carbon hydroxide, the total volume increases, making the cement stronger and less permeable
(Neville, 1995; Hartmann et al., 1999).

When the cement is exposed to wet or dissolved @6tead of dry Cg) the reaction chemistry with

the cement changes drasticallyecause C€in water creates carbonic acid{EQ) which reacts and
corrodes with different components of the cement and casing steel (Cailly et al., 2005;- Barlet
Gouedard, 2006; Scherer et al., 2015). Carey et al. (2007) and Crow et al. (2010) found evidence of
chemical degradation of cement sheathsvirlls by investigating multiple core samples including
casing, cement and paock from 3Byearold production wells in the United States. In those wells, oil
was extracted using G@hjection as a pressure driver. Permeability analysis showed that the sealing
well plug remained largely intact, preventing significant flow ot.Gdwever, COmigration along

the casingcement and cementaprock interfaces was substantiated by the presence afr€@fdiring
carbonate precipitates. This implies that the castegnent interfaces are the highest risk component
regarding performance of wibore integrity.

Most studies on chemical degradation of cement are carried out for situations with high CO
concentrations such as Carbon Capture and Storage (CCS), or sites where oil recovery is enhanced by
injecting C@ Many natural gas reservoirs such as the Groningen Gas field contain much lower CO
concentrations of around 1 volume percentage (De Graaf et al., 2011), significantly reducing the
cement degrading potential due to chemical reactions.

International experience with gas leakage

As discussed before, well integrity failure can result in upward migration of gasses through the annular
space and reach the wellhead. When the wellhead is shut in, gas will accumulate and experience
increasing pressures, which is referred to as Sustalbesing Pressure (SCP). When the wellhead is

not sealed, the gas is allowed to vent to the atmosphere and is referred to as Surface Casing Vent Flow
(SCVF). Both SCP and SCVF are relatively easy to measure as long as the well head is present. However,
in case a well is decommissioned or does not have an intact well head, detection is only possible via
soil gas flux measurements (Kang et al., 2014), or by monitoring the methane concentrations in the
shallow aquifers (Van Stempelvoort and Jaworski, 1995; $ch020).

The amount of reported well leakage varies greatly worldwide ranging from 1.9% to up to 75% of the
registered wells, depending on the study area (Davies et al., 2014; Yousouf et al., 2021). Factors that
contribute to this variability are the well type, agad depth (Watson and Bachu, 2009; Ingraffea et

al., 2014), geographical and geological conditions, and plugging status (Van der Kuip et al., 2011; Kang
et al., 2016). Especially well age seems to be important since the regulations and techniques of well
plugging and abandonment have improved over time (Brufatto et al., 2003; Schout, 2020). An
extensive Dutch study on integrity failure in 28 abandoned gas wells and 1 oil well which have been
plugged, cut and buried below the ground surface, showed thahese 28 wells only 1 well was
proven to leak gas from a thermogenic, i.e. deep origin source (Schout, 2020).
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Leakage along faults

Methane leakage through naturally occurring faults and fractures is widespread phenomenon and has
been observed in all continents (Etiope, 2015; Hovland, 201ZFacthese natural seeps are the
oldest tools to estimate the quantity of oil and gas resources @EM022). However, such natural
macroseeps are only observed for a relatively small subset of oil and gas reservoirs (Etiope et al.,
2009).

Besides natural leakage, the possibilities for gas leakage along faults have been studied to evaluate
the potential of Carbon Capture and Storage (CCS) in depleted gas fields (Rutqvist, 2012; Moritz, 2015),
and to identify leakage rates from natural £f@servoirs (Miocic et al., 2019). Although the risk
associated with methane leakage along faults is acknowledged, it has not been identified as a major
risk. If faults were leaking during the reservoir history at a rate that is considered harmful near the
suface, gas is not likely to have accumulated to form a reservoir. Moreover, as opposed to CCS sites,
depleted gas reservoirs after abandonment will have lower pore pressures than the initial pressure,
which is known to reduce the permeability of fractul@giprut and Zoback, 2002).

Reactivation of faults and fractures can enhance bulk permeability, as observed in Enhanced
Geothermal Systems (EGS) (Olasolo et al., 2016; Zimmerman et al., 2011). Predicting changes in fault
permeability upon reactivation is challenging, particularlgedimentary rocks (Zoback and Gorelick,

2012; Jeanne et al., 2018). Besides the changing permeability, fault activation can result in episodic
release of hydrocarbons from the hydrostatic deep subsurface through a process referred to as fault
valve behaviar (Sibson, 1990). Since depletion of a gas reservoir can potentially cause reactivation of
faults (Candela et al., 2019), the main risk for fault leakage would be associated with potential
increased fault permeability during periods of fault reactivation.

Other pathways for gas leakage are faults associated with salt diapirs piercing through the overlying
caprock (Niemann et al., 2005). Given the presence of both salt diapirs and gas fields in the Groningen
area, this could be relevant. However, the gastfireeds to escape from the reservoir through the
sealing layers, which is unlikely given the impermeable nature of the Zechstein salt formation, while
active faults in the region tend to heal fast due todisctility (Ten Veen et al., 2012; Hunfeld et, al
2020).

Longterm fluid migration

Wildenborg et al. (2022) conductedchamericalstudy on the longerm fluid migration in abandoned
wellbores within the Groningen gas field. The research suggests that methane leakage from depleted
gas reservoirs poses minimal risk, as it is more likely for fluids to infiltratel¢péeted reservoir
instead. However, in the case of small gas reservoirs with active sdates, the influx of water could
re-pressurize the gas, potentially leading to continued leakage.

The primary factorsthat contribute to methane leakage over a hundrggar period after
abandonmentwere investigated by means of sensitivity analyg¥ere the cement sheath suffer
severe damageirfvestigated by applying aaverage permeability of 100 mior the cemenj, the
model predictssignificantgasleakageat arate of 4200 kg/yeathrough the damaged well bore
enteringthe shallow aquifeand theatmospherewhichalignswith field observation®f Schout et al.
(2019). However, these rates are achievable only when both the reseaval cap rock are at
hydrostatic pressure. For this worsise scenario, it was found that a methane plume in a shallow
aquifer could extendip to several hundred meteraroundthe leakage source.

The mentionedstudy alsoexamined the impact of a relatively shallow methane sourncthe Breda
formation, located 50¢200 meters below the shallow aquifer system. This investigation revealed
significant leakage rates of up to 330 kg/y#aough the damaged well borét can be concluded that
besides monitoring the reservoir pressure, knowledge of shallow methane sources is equally
important. Especially when consideritizat the section ofa wellbore that needs to be damaged to
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facilitate methane leakagis directly proportional to the distance between the methane source and
the shallow subsurface

Aquifer pressure redistribution

Fluid migration is common phenomenon in the oil and gas industry. It occurs both during and after the
production of an oil or gas field. The production of oil and gas results in depletion of the reservoir
causing fluids from adjacent formations to migrdatavards the reservoir. After abandonment of a
reservoir this fluid migratiomontinues, resultingn long termregional aquifer pressure redistribution.
Fluid migration has been observed in many field sites in the north of The Netherlands (van der Molen
etal., 2019; Kole et al. 2020).

In the Netherlands the reservoir pressure redistribution has been extensively studied for the
Groningen gas field anitis neighbouring regions (Wildenborg et al. 2022). To assess the pressure
redistribution, a simplified, 3egional, twecomponent numerical fluid flow model was employed

for a 500year timeframe following abandonment. The findings indicated that aquifer sures
redistributions happen on a timescale of centuries. However, the model solely addressed the impact
of Groningen gas field depleticon the surrounding area. It did not consider the influence of pressure
interaction with smaller neighbouring gas fields due to limitations in the model's resolution, leaving
this aspect undisclosed. Consequently, the overall understanding of aquifeityaetid connectivity

on a regional scale remains incompléetde effect of smaller gas fields on the regional scale is currently
being explored in the KEI#9b study.
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H-FECTS

Summary and conclusions

This chapter gives an answer to the following research question as defined in skdtibn

2. In what way are buildings affected by processes and interactions?

Thischapterintroduces the impact of subsidence and induced seismicity on buildvigst of the
research on the effects of vibrations from induced seismibiyppened after theM 3.6 Huizinge
earthquakeof 16 August 2012The focus was on the use of models to calculate peak ground velocity
based on magnitude and distance to the hypocentre. Aated Empirical Ground Motion Model for
induced seismicity from the Groningen field is used for damage assessment. KNMI dé\zetpmeeific
model for smaller earthquakes gas fields outside Groningen.

Deep or shallow subsidence results in horizontal extension and angular distortion in buildings, and this
can lead to damage. MiniAgduced subsidence can have direct effects, resulting in horizontal strains
and it can indirecly affect the groundwater level, leading to differential settlement and angular
distortion in a building Different aspects of subsidence, such as sagging and hogging, can occur at
different scales with different impacts on buildings. Lower bound criteria for damage are provided
basal on the damage indicators horizontal strain and angular distorfifferent methodsexistfor
determining horizontal strain andngular distortiondue to deep subsidence.

Samenvatting en conclusies (NL)

Dit hoofdstuk geeft antwoord op de volgende onderzoeksvraag zoals gedefinieerd inlséctie

2. Op welke manier worden gebouwen beinvloed door processen en interacties

Dit hoofdstukbeschrijftde impact vardiepe en ondiepdodemdaling ertrillingen door geinduceerde
aardbevingerop gebouwen. Hetneesteonderzoek naar de effecten van trillingdnor geinduceerde
aardbevingerop gebouweris gedaan na d#¥ 3,6 aardbeving biHuizingevan 16 augustus 201De
focus lag op het gebruik van modellen om de giekdsnelheid te berekenen op basis van magnitude
en afstand tot het hypocentrum. Een zogenaamd Empir@&eiund Motion Modévoor geinduceerde
aardbevingenuit het Groningerveld wordt gebruikt voor schadebeoordeling. KNMI heeft een
specifiek model ontwikkeld voor aardbevingeih de kleine gasvelden buiten Groningen.

Bodemdaling als gevolg van diepe of ondiepe bodemdaling resulteert in horizorgilen
hoekvedraaiingin gebouwen, en dit kan leiden tot schade. Door mijnbouw veroorzaakte bodemdaling
heeft directe effecten resulterend in horizontatek. Het kanook indirecte effecten hebben op het
grondwaterpeil, wat leidt tot differenti€le zettiren en hoekvedraaiingin een gebouwVerschillende
aspecten van bodemdaling, zoat®nvexeen concavebolling, kunnen op verschillende scila
voorkomenen met verschillend &ct op gebouwen. Ondergrenzen voor schade worden gegeven op
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basis van déelangrijksteschadeindicatoren horizontaleek en hoekvervormingkr zijn verschillende
methoden om horizontale vervorming en relatieve rotatie als gevolg van diepe bodemdaling te
bepalen.

Introduction

The previouschaptersdescribeprocessesoccurringin the subsurfacehat haveimpact at ground
surface These processes are bothatural and man-made or maninduced Chapter 6 describes
interactions between the different processeis also focuses omfluence distancesPeople living in
the Grijpskerk area are mainly worried abdudw these processes and interactions affect buildings
andtheir foundation.

Thischapterspecifically explores how subsidence and induced seismicity affect buildings. For this, the
processes that can cause damage are discussed. The discussion is bases on current knowledge and
addresses gaps in our understanding. As a consequence of the damégddings in Groningen
province, most research usésito focus on its impacts. Subsidence got less attention; it was regarded

a minor factor in causing damage in the Groningen area. The attention was laid on the impact of
mininginduced sibsidence on the safety of dikes and wateanagement systems under the
jurisdiction of the waterboards.

The recent shift in attention towards subsidence results from awareness of the cumulative effects of
mining on the outskirts of the Groningen earthquakiéected area, especially in regions with active
salt mining. On top of this, there is a growing comceegarding groundwatecaused foundation
damage throughout The Netherlan¢Rli, 2024). This is triggered by a series of dry summers related

to climate change. This increased awareness highlights the importance of understanding the impact
of subsidence on structures.

Effects ofvibrations due toinduced seismicityon buildings

Models for induced seismicity

A considerable amount of research has been carried out to understand the impacts of induced
seismicity in the Groningen area. The research gained momentum following the occurrence of the M
3.6 Huizinge earthquake on August 16, 2012. This significant sedsemt led to the creation of an
organization dedicated to settling damage claims, and it is currently managed by the IMG due to the
substantial number of claim®utside the Groningen field and UGS Norg, the CM advises on damage
due to induced seismicityn small gas fieldAdditionally, this event heightened awareness about the
increased risk that induced seismicity poses to the people of Groningen, surpassing that of other
regions in The Netherlands. Consequently, a program aimed at reinforcing buildings was initiated, and
it is presently under the management of the NCG.

Because of the risk concerns, much of the research was focused on the impact of induced seismicity
on the structural integrity of buildings. This research dealt with modelling the impact of different risk
scenarios and involved the development of lagyele laboratory tests where onto-one scale
buildings were subjected to earthquake vibrations on shake tables. The research culminated in an
operational approach where buildings in thegh-riskareas of Groningen where individually analysed

on structural ntegrity and later through a typology approach developed by TNO. The typology
approach allows for a faster and simparaluation of the safety, becausiee evaluation can be done

on groups of buildings instead of individual buildings.

Forcalculating thevibrations atanylocation resulting from induced earthquakes, models are utilized,
based on scientific research and observations from the KNMI sensor network

6 https://www.rli.nl/pers/2024/help-huiseigenareren-huurdersbij-funderingsschade
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The focus has been on creating a model for risk assessfaei@roningen particularly predicting
ground acceleration for larger events (magnitude M=4 to M=5 and above). Several reports document
the development of Ground Motion Prediction Models (GMM). GMM version 6 was used in the
2021/2022 hazard and risk assessm@@dmmer et al., 2019while GMM version 7 will be applied in
future assessment@8Bommeret al, 2021)

An Empirical Ground Motion Mode(EGM)was also developed for smaller earthquakes (M=1.8 to
M=3.6), specifically for building damage. The model covers peak ground acceleration, peak ground
velocity, and Vtop, crucial for building damage assessment and compliance with SBR GuBBRes (
2017). The Empirical Ground Motion Model, last updated ii20ncorporates records from 2018
earthquakes and recalibrations based i@ KNMI seismic monitoring network da(Bommer et al.,

2019) For determiningthe effects of induced seismicity of tremnaller gas fieldsutsidethe Groningen

gas fielda model is used that eveloped by KNMlargely based on the Bommer model but adjusted

to recorded earthquakes from small gas fie(Baligrok and Dost, 2020see also sectiof.5.

With these models a Peak Ground Velocity is calculated (in mm/s) as a function of magnitude and
distance to the hypocentre. The uncertainties inherent in the sensor recordings and the computational
models are considered as margins in the model outcor@esrently, the amplification effects of the
shallow subsurface is not yet incorporated in the Empirical Ground Motion Model, contrary to the
GMM, where the shallow ground amplification effects are implicitly modelled.

Damage indicators and thresholds

The Commissie MijnbouwschadeCk) and Instituut Mijnbouwschade GroningefiIMG) use an
exclusion limit of 2 mm/s for vibrations caused by an earthquake, calculated with a 1% probability of
exceeding. This criteriois identicalfor induced earthquakes from the Groningen area and from all
the otherinduced earthquakes froramall gas field

When evaluating a causal relationship in the case of vibrations from induced earthquakes, the CM and
IMG adheres to the SBR Vibration Guideline A as the norm (SBR, 2017). The threshold value provided
in this guideline implies that if theibration values are below this threshold, the likelihood of damage

due to vibrations (thus also vibrations from earthquakes) is assumed to be less than 1%. It is thus a
conservative standard.

Much practicalexperience has been gained with the application of the SBR Vibration GuiBalitfe

The guideline was assessed for the 2017 revision based on documented practical cases. Furthermore,
after the publication of this version, additional scientific research has been conducted in the form of
modetbased determination of the probability of deage to masonry buildings, confirming the
mentioned likelihood of damage (Korswagen et al., 2022).

The modeldetermined vibrations are compared against the thresholds from the SBR Vibration
Guideline A. If these thresholds are not exceeded, it is reasonably assumed that there is no causal
relationship between the vibrations and damage to a buildinghéfthreshold is exceeded, further
site-specificdamageassessmenhas totake placeto assess the causal relationship between damage
and mininginduced earthquakes

Effects of subsidencen buildings

Buildings can deform due to many causes, such asnvgddfht, changes in temperature, changes in
moisture content, or foundation movements. All of the above may lead to a strain in the building which
in turn may lead to damag@&his section focuses on the strain in induced in a building due to deep
subsidence and shallow subsidence.

The relevant indicator to determine thikelihood ofdamage due to settlements is the horizontal
strain in the masonry. This horizontal strain cantfa@msferreddirectly by the horizontal strain mthe
foundation (the building can blkorizontallystretched or compressed), as well as by a curvature or a
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differential displacement of the foundationAs a result, the building will deform, causirige
horizontal strains in the masonry. The total strain in the masonry is the sum of the horizontal strain in
the foundation and the strain due to thengular distortionof the foundation.Tilt in buildings is an
indicator that is considered less relevant for the development of damage.

The angular distortionis determined by the curvature and any differential displacement of the
foundation. Therefore, the criterion for the occurrence of damage is a combination of horizontal strain
and relative rotation at the foundation levetiorizontal strain is explained further in sectibrb.3and
angular distortion is explained further in sectibrb.4

Effect of deep subsidence

Deep subsidence leado a movement of the ground level, which, in addition to settlements, results
in rotations and curvatures of the ground ley@thichcan have an impact on the foundation of a
building (TNO, 2021). Due to the gradual shapd thussmallcurvatureof the subsidence bowl the
building usually does not experience a significangular distortion Due to the curvature, the
subsurface does experience horizontal strain, eittiee to Hoggingleading toextension ordue to
Waggin@leadingto compression, depending on the location of the building respective of subsidence
bowl! (Figure20). Only a portion of this horizontal strain will actually be transferred to the building,
depending orthe character of the foundation.

D |:| |:| Highest curvature (hogging for heave)
Highest horizontal strain
D |:| No tilt
) Extension strains and hogging curvature
& > A
o &
3|2
Il 2

»

» Moderate curvature (hogging)
Low tensile horizontal stramn
Moderate tilt

Subsidence
Gas extraction

/' No curvature
Meoderate horizontal strain

Highest tilt
A4
Worst-case Position
D |:| |:| Highest curvature (Sagging for subsidence - as depicted)
Highest contraction horizontal strain
D |:| No tilt

» < Contraction strams and saggmng curvature
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Horizontal Strain
for Subsidence
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Figure20. Comparison of a building placed at different locations in the subsidence bowl. The sketch is
extremely amplified. (After: TU Delft, 2021)
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Effect of shallow subsidence

Shallow subsidencthat isnot uniform can result in differential settlement underneath a buildifilgis

can result instrains in abuilding due torelative rotations Here there arealsotwo modes,\Hoggind
andWaggin@It should be emphasiseatiat this hogging and sagging is different in scale and character
as the hogging and sagging modes that occurs in a deep subsidencexptaihed in sectio®.5.1
Hoggingelated to differential settlemenis the mode where the sides of the building settle more than
the average, whereas in sagging the centrepiece of the building settles Figatg22, Korff,2009).
Differentialsettlementsadd to the strain as shown iRigure23. This figure is based dhe Eurocode
(2007) that provide limit values for relative rotation.

Since the terminologies hogging, sagging and strains are used interchangeally create some
confusion.Table3 summarises the differences between the mechanisms and modes twildlead
to damage for deep and shallow subsidence.

Table3. Summary of the mechanisms and modes with the terminologies instb@ textthat can lead
to damage in masonry buildings.

Deep subsidence Shallow subsidence

w

Curvature of subsidence bowls Differential settlement
Hogging of surface Sagging of surface Hogging of building | Sagging of building
Horizontal extension = Horizontal compressior Angular distortionlmainmechanism)
(tensile)strainin (contraction)strainin
subsurface subsurface

Horizontal strain transferred tbuilding.
(main mechanism)
extensional strain in = compression strain in  extensional strain in . compression strain
building building building in building
strain in masonry due to deep subsidence | strain inmasonry due to shallow subsidenc

Total strain in masonry possibly leading to damage

* The terminologies in this table connectkagure20, Figure23 and Figure24.

abewrep 01 Buipes| swsiueyda

The extent to which a building is capable of accommodating such movements or deformations has
been determined by Boscardin and Cording (1989) $ad and Cording (2005)he combination or

the individual components strain, arahgular distortiorcan lead to different levels of damage, based

on various cases from Boscardin and Cording (1989). They developed aFigajp&2(l), that is widely
usedand acceptedn engineering practice. Different damage levels can be derived by plotting the
horizontal strain and angular distortion.

The classification by Boscardin and Cording is mostly based on subsidence cases from shallow
underground mining and tunnelling and appears therefore less applicable for assessing the likelihood
of damage due to deep mining. The horizontal strains and anglidtortions measured in gas and salt
subsidence bowls are very small and usually plot in the lower left corner of the Boscardin and Cording
classification, classifying everything as negligible damage. To establish a more precise damage
threshold TNO (221) has carried out a comprehensive literature review. This is explained in section
5.5.5 Sectionb.5.6explains how to derive values of horizontal strain and angular distortion dieap
subsidence measurements.

The TU Delft is currently working on a moetlesed approach, in combination with laboratory tests on
masonry walls, to develop more sophisticated vulnerability curves to determine probability of
different degrees on damage based on horizontal strain arglikar distortion. Theadditional effect

of vibrations due to induced earthquakes is also examined in the GEMibgram. results are
expected in Q2 2024.

7GEMMA:Gecombineerde Effecten Meerdere Mijnbouw Activitei@ambined Effects of Multiple Mining Activities. A joint
research program defined by CM and IMG executed by NEO, TNO and TU Delft.

Pager2



5.5.3

5.5.4

T T T T T T
r / SEVERE TO VERY SEVERE l
5

DAMAGE -

/

p ®-Data From Tunnels
s & Opencuts
®-Mine Data From
,18 Shallow Mines, Marino, 1985 3
e 2 Braced Cuts Cavei 13478
15 .
m'~ & Tunneis oW Off Scale

MODERATE

16. T ~Assumed Range
of Horizontal

Strain

Horizontal Strain, € [x 10'3|

SEVERE DAMAGE
; SLIGHT _____sll_w!iq_‘ﬂ!ﬂ’————" = 7
® DAMAGE nt

— e g,
1 o8 g, 1 1

0 1 2 3 4 S 6 7
Angular Distortion, B [x10°)

Bulldln? Settieme

Figure21. Relationship of damage to angular distortion and horizontal strain (extensgmjrce:
Boscardin and Cording, 1989

Horizontal strain

The curvature, i.e. largecale sagging or hogging within a subsidence bowl can lead to the
development of lorizontal strairs in the subsurface(Figure 20). Larg-scale agging result in
compression and hogging ressilh extension. Buildings are especially vulnerable to the transfer of
extension from the subsurface via the foundation to the walls and other structural element of a
building. This effect is illustrated ifigure24. Buildings are less vulnerable to compressiOmly a
small portion of the horizontal strain in the subsurfacassallytransferred via the foundation directly
into the building. In engineeringractice,a 6%transferrate is used, but in poor foundationsa large
portion of the horizontalstrain may be transferred into the building.

Additionally, the buildings may experience varying degrees of tiltaamgllar distortion based on

their location relative to the subsidence bowl. In cases of heave, the subsidends bownfiguration

is inverted. In the centre, buildings undergo hogging, while towards the edge, they experience sagging.
Figure20 depicts, in a stylized sketch, the way the location of a building in relation to the subsidence
or heave bowl influences the strains and tilts experienced by the building. Especially the combination
of horizontal strain andangular distortioncan lead to damage to buildings in masonry structures.
These damage indicators are explained in seciiéna

Angular distortion

Angular distortion is caused by sagginghegging, but then athe scale of the building rathethan

the sagging and hogging in a regiosabsidence bowivhere the scaleis muchlarger than the
dimension of the buildingAngular distortion due to deep subsidence also occurs, but this is usually
negligiblysmalldue to the small curvature of the subsidence bofwigular distortion is mostly caused

by local differential settlement underneath the foundation of a build{sgeFigure23). This can be
caused indirectly by mining due tbe effects ofchanges in groundwater lel/ésection6.7.1)

Differential settlement due tehallowsubsidence, particularly variations across a building, can lead to
various types of damage, notably theggirg mode (sideways settling more than average) and the
saggig mode (centre settling the mostfigure23 outlinesthe strain characteristicslue to hogging
including potential damage mechanisms in brittle materials (Boscardin & Cording, TB8@hggiry
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mode poses a potential threat as it induces horizontal extensional strains in a struEiguee22
illustrates hogging and sagging in relation to a shallow subsidence tauggto tunnelling or shallow
excavations. Although is incomparable to the scale of a typical deep subsidence Halldstrates

the difference between sagging and hoggiftasonry buildings, which make up most of the building
inventory, are especially vulnerable to these horizontal extensional strains. ¥éuybgm also results

in horizontal strains, these are compressional in nature, and masonry is more adept at handling
compression than tensiorBuilding deformations involve multiple modes, suchshgar, bending,
elongation, and shortening, often occurring simultaneously. Definitions used in this study are provided
by Korff (2009) and Giardina (2013), visualize#igure23 (Giardina, 2013). In the list below the
parameters and symbols from Figure23 are explained.

sagging

hogging

* |t should be well (!) noted that the scale of a subsidence trough due to tunnelling or construction is much differetitedrom
subsidence bowl caused by deep subsidence as defined in this study.

Figure22. Sagging and hogging deformation modasrelation toa shallowsubsidence trough of
building pits and tunnellingSourceKorff, 2009
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Figure23. Deformation parametersJourceGiardina, 2013modified after Eurocode, 2007

Pager4



Parameters:

- Ssettlementis the vertical displacement of a point;

- 1 { DRJagivé settlement or differential settlemenis the difference between the settlements
of two points;

- nDRelative deflectioris the maximum vertical displacement relative to the straight line connecting
two reference points;

- n Kk Péflection ratiois the ratio of the relative deflection between two points to the length, L
between them;

- ' Rotationis the gradient of a straight line (relative to horizontal) connecting two points or slope
of a settlement curve;

- . Driltis the rigid body rotation of the entire structure. Rigid body rotation can be assessed in three
dimensions,and it should be made clear if and in what way tilt is considered (e.g. horizontal,
vertical);

- i DAngular distortion (or relative rotation) is the rotation of the straight line connecting two
reference points relative to their tilt at the foundation level,
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Figure24. Overview of deformations in buildings and related damagetiermost damagindpogging
mode (SourceBoscardin & Cording 989).

5.5.5 Damage indicators and thresholds

TNO (2020) carried out a review of over 25 scientific studies for foundation movenuerded
damageandidentifies angular distortiortalso calledrelative rotation)d i 0 'y R K2 NRT 2y il f
the damage indicatorsThe internationally accepted approach by Boscardin and Cording (1989),
refined by Son and Cording (2005), is widely used acceptedn engineering practicéo assess

damage to masonry buildings from such movements. It was also concluded that masonry structures
tolerate smaller distortions than frame structures (concrete, steel, timber) before visible cracks occur.

To establish a lower bound criterion in TNO (2020) an allowable strain is proposed, which is lower than
the boundary defined by Boscardin and Cording (1989) and Son and Cording (2005). Thissatue, re
in negligible damage, considers buildings with a higher percentage of openings, making it suitable for
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5.5.6

the Groningen building stockigure25illustrates the chosen lower bound criterion, indicating that if
the combination of horizontal strain and angular distortion falls above the dotted line, damage to
buildings can be expected.

le-3
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Figure25. lllustration of area in which damage is very unlikely (represented by dashed area) for the
combination of horizontal strain and angular distortiddo(rce:TNO, 2020: adapted from Boscardin
and Cording, 1989; Son and Cording, 2005).

Determininghorizontal straindue to deep subsidence

There are three methods to determine horizontal strain and relative rotation due to minthgced
deepsubsidence

1. Calculation by subsidence modelling
2. Derivation based on interpolated measured deep subsidence.
3. Use of INSAR satellite deformation measurements.

The calculation by subsidence modelling is based on the principles explained in s&dttbn
Subsidence modelling can be approached through various methods, including purely analytical or
numerical methods, or a seranalytical approach like the one applied by Fokker and Orlic (2006). The
latter approach is employed in a software known as AESubigh combines elements of analytical

and numerical methods. This software tool, utilized in the TNO study for IMG, is instrumental in
determining vertical and horizontal ground surface displacements and strain profiles, commonly
referred to as influenceuinctions (TNO, 2021). The model directly computes horizontal strain, and
based on the displacements, tiind curvaturecan be derivedIt should be possible to also derive
angular distortions (or relative rotations) from the displacement profile, but in TNO (2021) this was
not described probably because the expected values are negligibly small

Analytical derivation of horizontal strain aadgulardistortionfrom vertical geodetic deep subsidence
measurements can be performed, with or without INSAR measurements. Deltares (2018) conducted
analyses foNEDMAG's salt minirgperations around Veendam. These analytical calculations rely on
contour lines of equal deep subsidence, generated by interpolating vertical geodetic measurements.
The horizontal strain is computed using a semipirical approach initially applied in tualing
6hQwSAtfte YR bSéX mMhpyHUI ¢gKAT 3 basddDn theldistanicel &S
between two consecutive contour lines, assuming a building length of 20 meters.

INSAR satellite deformation measurements have the potential to directly determine the horizontal
component of deep subsidence. INSAR satellites use a radar beam emitted at a specific angle,

measuring the phase difference between the emitted and reflecigdals. This allows for accurate
displacement measurements over small time intervals (in the order of days), ensuring high spatial and
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temporal precision. Due to the radar beam angle, both vertical and horizontal components of ground
movement can be derived. However, INSAR satellites move in either ascending-risatith or
descending (nortksouth) orbits, limiting the horizontal componts to EasWest or WestEast
orientations. Notably, there is a lack of published studies using INSAR data to derive horizontal strain
from deep subsidence. Usually, INSAR is utilized to display ground movement using the vertical
component, as demonstratedn the publicly available Dutch Bodemdalingskaart 2.0 website.
However, the European Ground Motion Services (EGMS) website offers the same satellite data with
the added benefit of providing the horizontal component as well
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6.1

INTERACTIONS ANIFLUENCE DISTANCE

Summary and conclusions

This chapter gives an answer to the following research question as defined in skdtibn

3. What is the distince (both in depth as latel) which would exclude cuaulative effects between
mining activities for subsidence, induced seiSty, leakage, other?

The extent of processes in the subsurface and their significance for the environment varies widely
from one location to anotherAttempting a comprehensive literature review of these processes and
interactions thereof, without specifying a case study area, leads to a somewhat philosophical exercise
and requires a perfect understanding of the subsurface, which we arguably will mever Therefore,

the consortium has chosen a pragmatic approach, prioritizing the description of the most prevalent
interactions divided in the shallow intermediate and deep subsurface. The assessment of the
cumulative effects could then be done for spacgites where more information on the subsurface
and specific processes is available.

Influence area

Shallow subsidence is influenced by factors like top loading, vibratuced cyclic loading, and
hydrogeological shifts, with varying extents of impact determined by geological, hydrogeological, and
humaninduced factors. For example, top loaditypically affectsthe subsurface by inducing stress
under an angle of 45 degrees. Given that the top layer rarely consists of cohesive soils exceeding 20
meters depth, the lateral influence distance is often limited®tbmetersas well. When using the SBR
engireering standards forikration-induced compactiorthe influence distance is typically limited to
approximatelyl0 meterswhen induced by infrastructural workut this can extend to th&ilometer

scale forseismic eventsk-or hydrogeological processéke 5cm threshold limit form the SIKB is used

as a formal definition of the impact area. Depending on the hydrogeological drivenftherice area

can varyfrom a few metersfor temporal drainage activitieso hundreds of meters for water
management, and athe way up tosub-continental regionsvhen considering climatological events
such as droughts

Intermediate subsidence is primarily driven by groundwater extractfon consumption and
subsurface energy systems, affecting areas ftuumdreds of meterdo the kilometer scale Deep
subsurface processes, such as oil/gas extraction and salt mining, have specific influence rules, with
impacts extending about twice the depth of the gaater or oilwater contact for oil/gas extraction

and around mined caverns for salt mining.

Seismicity can be triggered by any subsurface activity that causes stress changes. Defining stress
change thresholds triggering earthquakes is complex and depends on subsurface faults' conditions.
Seismic events generate waves that attenuate through thesetface to the surface, with models
predicting Peak Ground Velocity (PGV) to delineate influence areas and assess potential damage.
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6.2

influence zone of an induced seismic event is strongly influenced by its magnitude. For magnitudes
above 2.0, the affected area can extend for several kilometres from the epicentre, and this distance
grows exponentially with larger magnitudes.

Vertical fluid migration, influenced by factors like lithology and subsurface activities affecting pore
pressure, can significantly affect the lateral extent of hydrogeological processesteftiigl fluid
migration, controlled by pressure communication between subsurface layers, can lead to phenomena
such as seepage through aquitards and salinization from deeper aquifers. In the shallow to
intermediate subsurface, vertical fluid migration is a recognizedeisn environmental hydrogeology,
where groundvater extraction can impact regional flow patterndepending locally on the well
penetration depth Conversely, significant pressure communication between layers in the
intermediate to deep subsurface is possible. However, in regions like the Northern Netherlands,
characterized by numerous lepermeability aquitards, largecale seepage between layers
generally considered insignificant.

Type of interactions

The process of subsidence and heave interacts closely with changes in the hydrogeological system,
creating a dynamic feedback loop. Subsidence not only alters local geology but also impacts the
topography of the area. Conversely, hydrogeological processfisenced by various factors such as

topography, geology, and climate, can act as significant drivers for shallow subsidence. Human
activities, including groundwater extraction and land use changes, further exacerbate these processes.

For instance, changes in surface water levels can influence ground surface movement through
phenomena like shallow subsidence and clay swelling. Moreover, regional groundwater flow patterns
are influenced by factors such asbsidence induced relativeealevel rise, whichin turn can have
consequences on subsidence rates and groundwatedity. This impact is proportional to the local
subsidence gradient. Thereforehe relationship between the size of the subsidence bowl and the
drainage system plays atgcal role in understanding the impact of subsidence on groundwater levels
and surface water management.

Additionally, the interaction between drought events and increased water demand can exacerbate
subsidence Agricultural water demandgenerallyrises during dry periodsncreasing the risk of
overuse of water resourcdbat canlead to accelerated subsidence rates.

In the deep subsurface mining activities such as oil and gas extrastiaone compaction, affecting
surface subsidence over time. Subsurface modelling that considers these compaction sources need to
consider the impacbf creepinduced subsidence igalt caprocks and lateral fluid migration. Leng

term fluid exchange between gas reservoirs and aquifers influences subsurface dymémndhsjf not
modelled,can lead to unexpected subsidence events in the future

International examples showcase interactions between earthquakes, subsidence, and mining
activities. In the Netherlands, cases like salt solution mining and gas extraction in Fryslan illustrate
unexpected subsidence. Induced seismicity from water injedtidde Hoeve and combined effects in

the Veendam area demonstrate complard sometimes unexpectethteractions between various
mining activities.

Samenvatting en conclusigdlL)

Dit hoofdstuk geeft antwoord op de volgende onderzoeksvraag zoals gedefinieerd inlséctie

3. Wat is de afstand (zowel in diepte als lateraal) die cumulatieve effecten tussen mijnactiviteiten
voor bodemdaling, geinduceerde seismische activiteit, lekkage en andere uitsluit?

De reikwijdte van processen in de ondergronddenimpact opde omgevingarieert sterk van de ene
locatie tot de andereHet uitvoeren van en uitgebreide literatuurstudi®p deze processen en hun
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interacties, zondemgebruik te maken vamen specifiek casusgebied, leidt tot eerij filosofische
exercitieen vereist een perfect begrip van de ondergrond, iets wat we waarschijnlijk nooit volledig
zullen hebben. Daarom heeft het consortium gekozen voor een pragmatische benadering, waarbij
prioriteit wordt gegeven aan de beschrijving van de meest voorkomentdesicties, verdeeld over de
ondiepe, tusseliggend en diepe ondergrond. De beoordeling van de cumulatieve effecten kan
vervolgensworden gedaan vor specifieke locaties waar meer informatie over de ondergrond en
specifieke processen beschikbaar is.

Invloedsgebied

Ondiepe bodemdaling wordt beinvioed door factoren zdmigerbelasting trillingen door cyclische
belasting en hydrogeologischeeranderingen met variérende mate van impact bepaald door
geologische, hydrogeologische en door de mens veroorzaakte factoren. Bijvooitb@eddielasting
beinvioedt de bodem tot 20 meter diepte, terwijl trillingen verdichtikan veroorzakemot 10 meter
van de bron reikt maar kilometers kan bereiken dijinduceerdeaardbevingen Hydrogeologische
processen kunnen gebieden vankele meters tot sub continentale regio's beinvlioeden, afhankelijk
van waterbeheer en klimatologische omstandighedefussenliggendebodemdaling wordt
voornamelijk gedreven door grondwaterwinning en ondergrondse energiesystemen, wat gebieden
van enkele kilometers tot meerdere kilometebginvioeden Diepe ondergrondse processen, zoals
olie/gaswinning en zoutwinning, hebben specifiekgl@@dsgebiedenmet impact totvan een tot
ongeveer tweemaal de diepte van het gaater contact voor gaswinning en rorzdutcavernes.

Seismische activiteit kan worden veroorzaakt door elke activiteit die spaswenanderingerin de
ondergrond veroorzakt. Het definiéren van degrenswaardenvoor spanningserandering die
aardbevingen veroorzaken is complex en hangt af varcatedities van ondergrondsebreuken
Seismischeactiviteit genereert golven dievia de ondergrond het oppervlalkoereiken. De energie
(amplitude) neemt daarbij met de afstand &r zijn nodellen die de Pielgrondsnelheid (PGV)
voorspellen om invlioedsgebieden af te bakanen potentiéle schade t&unnenbeoordelen.Het
invioedsgebied van een geinduceerd®eving wordt sterk beinvioed door de magnitude. Voor
magnitudes boven de,@ kaninvioedgebied zich over meerdere kilometers vanaf het epicentrum
uitstrekken, en deze afstandlordt exponentieelgroter bij grotere magnitudes.

Vloeistofmigratie wordt gecontroleerd door drukcommunicatie tussen ondergrondse lagen en
factoren die verticale migratie beinvioeden. Factoren zoals lithologie en ondergrautiséeiten
beinvioeden de poedruk, wat leidt tot fenomenen zoalswel en wegzging door waterremmende
lagen en verzilting vanuit diepere aquifers. Grondwaterwinning beinvioedt regionale
stromingspatronen, waarbij de diepte van de invloed afhankelijk is van de penetratiediepte van putten
en de permeabiliteit van het aquifeAan de andere kant is aanzienlijke drukcommunicatie tussen
lagen in dentermediairetot diepe ondergrond mogelijichter, n noordelijkNederland, gekenmerkt
door talrijke aquitards met lage permeabiliteit, wordrootschaligelekkage tussen lagen atset
realigischbeschouwd.

Type interactie

Het proces vanbodemdaling en -stijging hangt nauw samen met veranderingen in het
hydrogeologische systeem, wat een dynamische terugkoppeling cré&&mtemdalingzerandert niet

alleen de lokale geologie, maar heeft ook invloed op de topografie van het gebied. Omgekeerd kunnen
hydrogeologische processen, beinvioed door verschillende factoren zoals topografie, geologie en
klimaat, belangrijkadrijvende mechanismegoor ondiepebodemdalingzijn. Menselijke activiteiten,
waaronder (ondiepe) grondwaterwinning en veranderingen in landgebruik, vereege deze
processen verder.

Zo kunnen veranderingen in opperviaktewaterniveaus liedembewegingveroorzaken door
zettingen, oxidatie en krimp- en zwel van klei Bovendien worden regionale
grondwaterstromingspatronen beinvioed door factoren zoals relatieve zeespiegelst{ipiog de
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6.3

bodemdaling) wat op zijn beurt gevolgen kan hebben votiodemdaling snelheden en
grondwaterkwaliteit. Deze impads ook gerelateerchan de lokaldbodemdalinggradiént. Daarom
speelt de relatie tussen de omvang van Hedemdalingkom en het afwateringssysteem een
belangrijke rol bij het begrijpen van de impachiervan op de grondwaterniveaus enhet
oppervilaktewaterbeheer.

Daarnaast kan de interactie tussen droogte en waterbehoefitdiepe bodemdalingerergerenlin de
landbouw neemt de vraag naar water voor irrigatieorgaans toe tijdens droge perioden, wat het
risico op overmatig gebruik vagrondwater vergroot Dit kanweer kan leiden totgrotere (verschil)
zettingen in de ondiepe ondergrond

Gaswinning veroorzaakt compactie en dit veroorzaakt in verloop vardigpe bodemdaling. De
compactiemodelleringzou ook de impact op de afsluitende zoutlamgeten beschouweren de
laterale vloeistofmigratie. Langdurige vloeistofratietussen gasreservoirs en aquifers beinvioedt de
ondergrondse dynamiek, wat mogelglok weerleidt tot diepebodemdaling ofstijging

Internationale voorbeelden tonen interacties tussen aardbevingen, bodemdaling en
mijnbouwactiviteiten. In Nederlandijn er gevallerzoalsgecombineerde zowtinningen gaswinning

in Fryslanwat leidde totonverwachtgrote diepe bodemdaling.Gefhduceerde seismische activiteit
door waterinjectie in De Hoeve en gecombineerde effecten in het Veergkied zijn andere
voorbeelden vartomplexe interacties tusseae verschillende mijnbouwactiviteiten.

Introduction

Theextent of processes in the subsurfaaad their significance for the environment varies widely
from one location to another. Attempting a comprehensive literature review of threeesses and
interactions thereofwithout specifying a case study aréeadsto a somewhat philosophical exercise
and requires a perfeainderstandng of the subsurface, whickie arguablywill never have

Therefore, the consortium has chosen a pragmatic approach, prioritizing the description of thg most
prevalent interactions.

Furthermore, several case studies are included to exemplify interactions that the consortium or local
stakeholders deem relevant to the study area around GrijpskBdme examples are cited when
believed they can aid in understand the underlying process.

In thischapter, we willdiscussrarious interconnected topics related to subsurface phenomena. First,
we will explore theinfluence areaof different subsidencedrivers starting with shallow subsidence
(section6.4.1), followed by intermediate subsidenceg®ion 6.4.2), and deepsubsidence ction
6.4.3. Next, we willinvestigate inducedseismicity, discussingpfluence area of stress conditions
responsible for triggering of induced seismicitgdon 6.5.1) and attenuation othe trigged seismic
waves (sction6.5.2). Wewill then shift our focus to vertical fluid migration, examining its occurrence
in the shallow-intermediate subsurface €stion 6.6.1) and intermediatedeep subsurface €xtion
6.6.2. Finally, wewill analysevarious interaction types, including the dipgeological feedback
system,regional groundwater flow, and the interplay between water management and subsidence
and how droughts and water demand interact with subsidensection 6.7.1). Additionally, wewill
describethe modelling of interactions in the intermediatedeep subsurface, anthe interactions
related to lateral fluid migration. Wewill conclude thischapter by examining international and
national case studieséction6.7.2).
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6.4

6.4.1

Area of influence

Shallow suhbiglence

Compared to the intermediate and deep subsurface, the shallow subsurface experiences a great
variety of stressnducing processes, with each process acting on a different scale depending on the
nature of the process and the local geology. Since shallowideice is notoriously difficult to
quantify in a generic manner due to the large dependence on the specific geological, hydrogeological,
and anthropogenic conditions, it was opted to describe the area of influence in terms of subsidence
drivers and theirorder of magnitude. The shallow subsidence drivers are classified in three major
components, namely: (i) applyingarfaceload, (ii) vibrational induced cyclic loading, and (iii) changes

in the hydrogeological system (secti@r6.5. A summary of their radial extent is listedTiable4.

Whena loadis applied on the ground surface, e.g. by constructing a building or large infrastructural
objects, the associated stress in the soil beldiminishes by spreading out with depth under an angle

of around45-degrees (Poulos and Davis, 1974). The associated shallow subsidence is dominated by
the occurrence, and spatial distribution, of cohessad layes like peat or claywhich makes itateral

extent, given the 4%legree angledirectly proportional to their thickness which typicallydoes not
exceed 2@ in the Dutch Holocene deposits

We observe that vibration induced compaction is typically limited to an area up to 10 meter from the
vibration source (bgomparingFigure8 andFigure7 in section2.6.2. However, if vibrations originate

from sensible induced seismicity (as low as, but very rarely at M 1.5, typically felt by many people with
M 3.0 and higher), the area of influence is in the order of kilometres, but that is highly dependent on
magnitude,depth, subsurface geology and soil characteristics (se@&ibn Large natural seismicity

can be felt even up to hundreds of kilometres away, while the actual impact area, in terms of damage,
also depends highly on the magnitude, depths, types of earthquake and soil conditions.

The hydrogeological system is highly variable in both space and @mnea regional scale the
subsurface exhibits heterogeneity, including e.g. delta, river, glacial and Aeolian deposits, resulting in
variability in groundwater flow and hydraulic head. Additionaflyoundwater levels are significantly
influenced by both natural processes and human activisesh as e.g. water management and
climatological droughts (sectior2.6.5. Depending on these factors, the influence area of
hydrogeological processes can range from just a few meters due to minor drainage aatipities
entire sub-continentalregions during prolonged drought events.the Netherlands, a 8m threshold

is typically used for temporary groundwater level reductions as the lower limit for an impact area
(SIKB, 2017Therefore, we use this threshold to determine hydrogeological influence dragever,

in cases of peat oxidation and pile rot, defining a threshold is much more challenging and must be
considered on a cadey-case basis.

Tabled. Influence area of shallow subsidence drivers

Shallow subsurface driver Area of influence

Top load < 20m (thickness underlying weak layer)
Vibrational induced cyclic loading (secti®16.2

1 Infrastructural T <10m

1 Earthquakes 1 <kilometre scale

Hydrogeology (sectioR.6.5
1 Water management T <kilometre scale

1 Temporal drainage activities 1 <1¢2km

1 Vegetation / root water uptake 1 <100m (proportional to the height dtie
concerning vegetation)

1 Natural groundwater fluctuations 1 Regional (shrinking and swelling of clays)

91 Droughts 1 Subcontinental
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6.4.2

6.4.3

Intermediate subsidence

The intermediate subsidence is predominantly induced by groundwater extractions with the purpose
of consumption oisubsurface energy systems. The influence area is generally constrained to up to a
few kilometres for large scale groundwater extractions, e.g. for drgkater purposes. Sectich 7.1
describes that excess groundwater extractidemsdto entire deltas or regions to subside as a result of
the cumulative effect of many groundwater extractions in the region. However, this is not an issue in
the Northern Netherlands as groundwater is sustainably extracted in much smaller quantitiesr{Sectio
2.7.1). The effect of intermediate subsidence at the ground surface that is associated to these
groundwater extractions depend on the lithological luip of the subsurface and the shape of the
compaction source and is similar to deep subsidence due to the development of a relatives gentle and
smooth subsidence bowls (Fokker and Osinga, 2018; seéxthri-or determining the lateral influence
area at the intermediate depth where groundwater extractions take place, the same threshold of 5
cm hydraulic head is used (secti6m.]).

Table5. Influenceareaof intermediate subsidence drivers

Intermediate subsirfacedriver Area of influence
Groundwater extraction (sectiop.7.1) < kilometre scale
Subsurface energy systems (sect®n.2

1 ATES T <500m

1 HT/MTATES T <1500m

1 Geothermal Energy 1 Several kilometres
Natural compaction (sectiop.4.1) Regional watershed scale

Deep subsience

To establish an area of influence for deep subsurface processes, a minimum level of subsidence is
required to define where stress changes are considered relevarthe context ofthis study, it is
reasonable to set the lowest level for subsidence at 1 mm, which is the resolution limit (accuracy) of
the main observation datd.€. Dutch reference lev®lAB. The mining operators and the regulator in

The Netherlands generally use an accuracy threshold of 20 mm for the lowest level of-mdhingd
subsiderce.With this definition, an area of influence can be modelled fagddcific On the other hand,

there are general rules and observations to determine what the area of influence is of the subsidence
bowl of oil/gas extraction and salt mining. These are summarised below.

As a general rule of thumb, it is considered that the primary subsidence area above a gas or oil field
extends to an area equal to 1 time the depth of the field beyond the perimeter of the gas or oil field.
Here, the perimeter is the mapped gaster or oi-water contact(GWC/OWCin the reservoirsince

that is the zone of pressure drop within the reservoir. This contatgfpigally a horizontal plane at a
generally in the reservoir rocRhe depth of thegaswater- or oil-water contactis used as a measair

for the lowest depth of the reservoir at which the compaction occiitss is schematically depicted in
Figure26. In Schouten and de Waal (2019), mebated relationships are provided between the width

and depth of the subsidence bowl to the depth of small gas fieldsKapee27). From this graph, it

can be inferred that at a distance/depth ratio of 1.0 to 2.0, subsidence is minithil implies that for

a typical small gas fieldvith a GWGCat 3 kilometres), the deep subsidenbecomesminimal at a
distance of 3 to 6 kilometres from the gas field boundary. To exclude potdwiaontal strain
phenomena that may occur right at the border of the subsidence bowl, a distance/depth ratio of 2 is
a conservative assumption as the limit for the assessment area. The area between 1 time and 2 times
the depth can bereferred to as the secondary subsidence area (also Fgare 26). In reality,
subsidence mapin this areausually no longer display measured or metakeddeepsubsidence.

For salt mining, a similar rug-thumb can be used as in oil or gas extraction. In that case the origin
from which to draw the boundary is the poisburce from which the salt is mined, mostly the centre

of the cavern or the location of the salt extrami well. In the case of multiple caverns, the total area

of influence is determined by the envelope of the overlapping areas of influence of individual caverns.
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In salt mining the depth of the top of the caverns or, in case of Veendam, the depth of the (magnesium)
salt layer that is mined is use@lable6 a summary is given of the approximate influence areas for the
deep subsidence drivers.
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Figure 27. Relationship between the normalized parameters distance/depth and
subsidence/compaction for various (gas) field sizes (field radius/ddirce:Schouten and de
Waal, 2019)

Table6. Influenceareaof deep subsidence drivers

deep subsirfacedriver Area of influence

Oil/Gas extraction (see secti@n8.1) Depends on depth of GWQWC On average the
depth of GWC of small fields is about 3 km, tthes
maximum area of influence is buffer of 6 km around
the mappedoutline of GWCFor each oil/gas field the
GWC/OWC outline en depths is known.

Salt mining (see sectich8.2 Approximately:

Veendam 1 4-5 km fromcentre

9 Winschoten 1 1.52.5 km from cavern field
9 Zuidwending 1 2.0-2.5 km from cavern field
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6.5

6.5.1

6.5.2

Induced seismicity

Consideration is given to two aspects of interactions and influareain this context. The first
involves examining thareaat which subsurface activities might trigger earthquakes from a stress
perspective (section 6.5.1). The second aspect entails reviewing tleea at which induced
earthquakes have effec{section6.5.2).

Influence area based on stress conditions

Defining a lower limibf stress changeat whichthesebecome irrelevant for triggering earthquakes is

not straightforward. This lower limit depends on the (background) ststiength conditions of
subsurface faults. In the Ro®ialley Graben, faults may be closer to stregficality than elsewhere

in the Netherlands. Therefore, the area of influence of a subsurface activity will be larger in the Roer
Valley Graben thae.g. inthe Netherlands. Despite this location dependency, first order estimates of
the area of influencdor gas/oil/salt are proposed iMijnlieff et al. (2023). It should be noted that
subsurface activities bring a fault closer to stredficality. Even after subsurface activities have
stopped, the higher level of stress criticality may persist. Due to a combined effect, subsequent
subsurface activities could trigger earthquakes already at a comparably low level of stress changes.

Influence area based on the attenuation of seismic waves

When a seismic event, either natural or induced, occurs, seismic waves emanate from the source
(hypocentre) and traverse through the subsurface to the Earth's surface. The resulting seismic energy
manifests as detectable vibrations, measurable at the surfaAs distance from the seismic source
increases, the seismic energytenuates, and the vibrations become smaller until they become
undetectable Using soil and rock propertieBlAM and KNMI develop Ground Motion Prediction
Equations (GMPE) based on KNMI measurements of induced seismic events and general seismic
attenuation models. In the Groningen region, these equations are commonly known as Ground Motion
Models (GMM) or Empirad Ground Motion Models (EGMM), azgplainedin section5.4.1

Figure28 illustrates various modelshowingthe relationship between Peak Ground Velocity (PGV)
and distance for a Magnitude 3.0 earthquake. The graph highlights the attenuation of PGV with
increasing distance from the sourdeor comparisonthe red line indicates the vibration amplitude
above which damage at ordinary buildings cannot be excluded according to the engineering standards
(e.g. SBR, 2017).

To avoid unjust exclusion of damage claimants from compensation, IMG and CM employ a
conservative approach in their damage assessment practices, which incorporates greater
uncertainties than indicated blyigure28. KNMI develops an EGMM specifically for assessing damage
caused by induced seismicity in gas fields outside the Groningen field, as outlined by Ruigrok and Dost
(2020). This EGMM considers magnitude, depth, confidence limits (uncertainty), and the dawghge le
(PGV) threshold to delineate areas of influenEggure29 provides examples where the choice of
confidence interval (90% vs. 99%) and PGV threshold values significantly impact the identified area.
IMG and CM use a conservative P99 confidence interval with a 2 mm/s threshold value to determine
the exclusion zonéor potential damage.

Page85



M=3.0, depth=3.0 km, vs30=200 m/s

Bommer22
Douglas13 i
KNMI04
................ perceptibility
- damage SBR J
- i}
£
E,
>
s i
o
0 ' | | I
! : 0 15 20 25

epicentral distance [km]

* Bommer22: mean model fBommer et al., 2022Pouglas13: mean model (®ouglas et al., 2018)ith amplification factors
by (Poggi et al., 2011KNMI04: mean model lipost et al., 2004Model parameters as indicated in the title.

Figure28: Modelled peak ground vibration (PGV) as a function of epicentral distance using different
ground motion prediction equations (GMPES).
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maximum area of influence for the Huizinge earthquake of 2012.

Figure29. Example of different areas of influence of the M 2.0 Dalen even{7{2018) for different
uncertainty model(SourceRuigrok and Dost, 2020)

Vertical fluid migration

Besides thénfluential area, the depth of influence is important to understand. When active pressure
communication takes place between the shallamtermediate,and deep subsidence, models may no
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longer be able to accurately conceptualize the process for which they are developed. This can lead to
significant discrepancies between the observed and modelled data, or, even worse, a fitted model that
may not be able to accurately predict as it does moicapsulate the process for which it was
developed.

6.6.1 Shallowc intermediate subsurface

Pressure communication between the shallomtermediate,and deep subsurface may alter regional

flow patterns. This largely depends on the lithological buildup including the presence and effectiveness
of aquitards and sealing salt layers that delineate the subsurface regions, along with subsurface
activities afecting the local pore pressure. The phenomenon of vertical fluid migration due to local
and regional differences in pore pressure between the shallow and intermediate subsurface-is well
documented m the Environmental Hydrogeology literature (Hantush, 1960; Neuman and
Witherspoon, 1969; Christensen et al., 2009). In many Dutch polders, for instance, it is recognized that
the local water table is influenced by seepage through Holocene aquitBeds, 1972; Wesseling and
Wesseling, 1984Moreover, salinization issudn various polder®ften stem from upward seepage
originatingfrom deeper saline aquifef®e Louw et al., 2010\part from seepage itself, thaifference

in pore pressure between the alow and intermediate subsurface layers depends on various factors.
These include precipitation and evapotranspiratiiven recharge, surface water levels, and
localized drainage activities in the shallow subsurf&oe.theintermediate subsurfacéactorssuch as
hydraulic heads in the hinterland, surface water levels intersecting aquitards between the shallow and
intermediate subsurface layers (e.g., the sea), and groundwater extractions, play a significant role.
Due to the interconnectedness of thealow and intermediate subsurface layers, Dutch Water Boards
require parties seeking a license for drainage activities to evaluate the impact of seepage in their
studies whenever it is deemed releva®IKB, 2017)n case ofarge-scalegroundwater withdrawal in

the intermediate subsurface, e.g. for drinking water purposes, the effects on the phreatic water table
and qualityarel a8 S34aSR GKNRJAK +y 9y @GANRYYSydlf LYLI O

The vertical influence areaf groundwater extraction in the intermediate subsurface relies on the
extent to which theocalaquifer ispenetrated by the groundwater well. In case of a fully penetrating
well, the vertical influence area becomes nearly absolute throughout the vertical extent of the aquifer.
Conversely, when water is extracted from a partially penetrating well, the induced flow becomes
radial, signitantly reducing the vertical influence area (Kruseman and De Ridder, 183®gver,
considering the minimum relevance threshold ofrb established for the horizontahfluence area in
section6.4.1, the vertical influence area will in practice often cover the entire depth of the aquifer.

6.6.2 Intermediatec deep subsurface

Similar to the shallovintermediate subsurface interfacegktical pressure communicatiobetween

the intermediate and deep subsurfacelies heavily on thespatial distribution and hydraulic
propertiesof flow-resisting layers, or aquitard#é\ sensitivity study by Birkholzer et al., (2009) shows
that for perfect stratified systems that significant pressure communication between the intermediate
and deep subsurface is possible when the average aquitard permeability exceeds 180n¢ (ebout

1.0 x 16 m/d), assuming a sequencé 4 aquitardsof each 100m thickGiven that the stratigraphy in

the Northern Netherlands consists of a sequence of many low permeable aquitards between the deep
and intermediate subsurfaceAfinex M. Stratigraphic unity it is generally assumed that seepage
between the intermediate and deep subsurface is insignificant BM2022). The vertical fluid
migration associated witbuoyanthydrocarbons is described in sectiérb.
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6.7

6.7.1
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* Pressure results are plotted at different radial locations and in different aquifers, starting with the deep storage formatio
(bottom row), Aquifer 5 is located 700m above storage formation (middle row), and the top aquifer is located 1200m above the
storage formation (top row). Aquifers 5 and 8 are separated from the storage formation by 4 and 7 aquitards respectively. Each
aquitard is 100m thick with ks as the aquitard permeability. The permeability of the intermediate aquifers was held @nstant
1.0x 1013 m2.

Figure30. Snsitivity of pressure evolution to seal permeability of intermediate aquitd@isurce:
Birkholzer et al., 2009)

Type ofinteractions

Shallow to intermediate subsurface
The hydrogeological feedback system on subsidence

The process of subsidence and heave is strongly coupled to changes in the hydrogeological system,
even to the extreme that subsidence has a feedback loop through the hydrogeological system. In
general, subsidence actively affects both the local geologychanging porosity, permeability, and
thickness of hydrogeologic units, and topography, whereas hydrogeological processes are an
important driver for shallow subsidence, driven by three natural factors: topography, geology, and
climate (Téth, 1999).

Thus, the strongly coupled system that hydrogeology and subsidence have is a feedback system, which
is expected to be highly nonlinear considering the nonlinear equations governing the phreatic water
levels and the compaction processes. The feedback systathematized ifrigure31 and includes

human activitieswhich, although not strictly speaking natural, is considered as the fourth major driver

on the hydrogeological system (Cosgrove and Loucks, 2015).
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Figure31. Reinforcing feedback loops affecting heave/subsidence

A firstorder subsidence or heave effect is a change in local topography by means of accumulation of
various anthropogenic and natural processegy@re31) The firstorder effect of subsidence/heave
contributes to a reinforcing feedback loop. Topography determines the magnitude and direction of
groundwater flow, as groundwater flows from high potential to low potential areas (i.e. potential
energy, is spadily distributed and varies). In other words, when fisstier subsidence/heave
increases the elevation differences at the surface (i.e. topography), groundwater flow will redirect and
increase in magnitude towards lower lying drainage basins such as, rigkes, sea, or anthropogenic
drainage systems like ditches and canals. By redirecting and increasing groundwater flow to lower
areas, the groundwater table will decrease in higher areas (i.e. higher areas are more drained) and
increase in lower areaséi lower areas get wetter) assuming a constant recharge and seepage fluxes.
When subsidence occurs in an area initially at higher elevation compared to its surrounding, (unlikely
for shallow subsidence events as these areas tend to be more compactibangsvhich is precisely

why these areas are elevated) first order subsidence will decrease groundwater flow towards the
drainage basins, causing the groundwater table rise in higher areas, and lower in lower areas. Finally,
there is a scenario where firerder subsidence changes the direction of the topographic gradient, i.e.
uphill terrain becomes downhill terrain with respect to the drainage system. In such cases, the
direction of groundwater flow is reversed resulting in a relative rise of the watletin the former

uphill terrain, and to lower in the former downhill terrain.

On the other hand, geology and diagenetic history determine the permeability of hydrogeologic units

in the subsurface as well as the storage capacity of water in the subsurface. Processes such as
compaction, shrinking/swelling of clays and peat oxidatibange the local geometry and properties

of hydrogeologic units, and therefore the capacity of the subsurface to conduct and store groundwater
(Benson and Trast, 1995; Whalley et al., 2012). Together with topography, geological properties
determine where ad how much groundwater is stored in the subsurface and at what rates and
patterns the groundwater flows (Téth, 1999).

The effect of anthropogenic induced changes in geology on the shallow hydrogeological system proves
to be a challenging subject for experts in numerical modelling, as-tmgiling from geotechnical
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models to hydrogeological models results in large computation times and uncertainties (Schmid et al.,
2014). Hence, research often only focuses on the forward coupling from hydrogeology to subsidence,
in terms of geology as well as topography, but gengmdles not include quantitative case studies on

the backcoupling from subsidence to hydrogeology.

From a broader perspective, the size and gradient of the cumulative subsidence depression (i.e. bowl)
in relation to the size and distribution of the drainage basin greatly determines to what extent the
hydrogeological system will change on a local andoregj scale. For instance, when thebsidence

bowl surpasses the size of the drainage basinich is often the case feubsidence with a deep origin,

the entire drainage basin, and its surroundings experience subsideigpe€32). This results in large
absolute changes in topography, but relatively minor changes in topographic gradient, causing a much
smaller impact on groundwater levels with respect to the ground surfaaeone would expecbased

on the absolute subsidence observiboij et al., 2021; Deltares, 2023).

Shallow subsidence often results in smaller and more irregular subsidence bowls compared to deep
subsidence, resulting in higher degrees of curvature and topographic rélés. phenomenon is
primarily attributed to a greater variability in soil compressibility witlshallow unconsolidated
sedimentscomparedto deep consolidated sediments. Additionally, subsurface stresses responsible
for changing the position ahe ground surface during subsidence tend to disperse over a wigar a

as the distance betwen the aibsidence event and the ground surface increa3ée result is much
gentler curvatures, and thus topographic relief, when subsidence has a deeper origin.
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* Top panel: situation befordeep subsidence, showing three areas with each a distinct water level maintained by controlling
infrastructure (weirs and pumping stations). At the middle area, the discharge at the weir occurs at the middle of taénprofil
an outof-profile direction. Tie other panels respectively show the deep subsidence, the impact on ground surface, water level
and freeboard, and the freeboard change (red = increase of freeboard, blue = decrease of freeboard). In the sketcmégit assu
that the water level at the drinage outlet canal to the right is maintained at the original level

Figure32. Schematic illustration of the effect of deep subsidence on freeboard, i.e. the difference
between land surface elevation and surface water levels of a fixed water levegNitefrooglegging
(Source: Deltares, 2023).
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Regional groundwater flow

Besides the local topography, geology and water management, the groundwater table in the phreatic
aquifer is also linked to the regional groundwater system, i.e. regional topology, geology, and water
management, through seepage from and towards the undeghaquifers Figure33). These regional
hydrogeological feedback systems are slow to respond, and, depending on the hydraulic resistance of
the Holocene aquitards, need changes in the order of decimetres to significantly change the regional
seepage fluxes.

An example of changing regional water levels is the relativdeses rise which is globally around 2.6
mm yr?, and near coastal plains up to four times faster at 7.8 to 9.9 mrdye to subsidence (Nicholls
et al., 2021). For the Northern Netherlands an averagelsea rise of 6,3 mm yrover the period
20182100 is projected, with a high estimate of 9,3 mm Wermeersen et al., 2018).

Major concerns regarding relative séavel rise are the vulnerability of coastal lands to storm surges
and floods (Nichols et al., 1999), and salinization of the coastal groundwater system (Oude Essink et
al., 2010; De Louw et al., 2010; Colombani et28115) leading to an overall deterioration of ground

and surface water quality. Especially when seawater intrusion can seep through the Holocene
aquitards towards the phreatic aquifers, causing harm to, for example crop growth. However, the
processes behd, the distribution of fresh and saltwater interfaces is rather complex due to its historic
and site dependency.
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* Above the effect of high polder levels in the region or a relativelseal rise. When significant, this will lead to an upward
seepage flux at the parcel of interest, pushing up the local water table. Below the effect of a low polder level in the regio
When significant, this will lead to downward seepage at the parcel of interest, pulling down its water table

Figure33. A schematic drawing of the influence of the regional groundwater system on the local
seepage flux at the parcel of interest. (Source: Deltares, 2023).
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Interplay of water management and subsidence

In the previous sections, wexplained how an initial subsidencer heave event affects the
hydrogeological system by changing the local topography and geology, resulting in local abfanges
water levels with respect to the ground surfages also discussed before, the hydrogeological system
is affected by human interferences.n&h a relative rise or regression of the water table is expected
to causesocietal repercussions, such as desiccation or waterloggfegting agricultural production
systems and natural arealcal governments and water boardenerallyopt to counterat them by
adjusting thesurface water levels to adjust thgroundwater table

This adjustment is meant to compensate changes in the hydrogeological system undeteestzer,

the effectiveness of human water management is constrained bysihaial configurationof the
availablewater managementdrainagg system, leaving the intermediate areas between regulated
waterways susceptible to fluctuatiorss a result of precipitation, evapotranspiration, seepage fluxes
between the phreatic and confined aquifers, and properties of the entry resistance of the drainage
system (Bear, 2012These fluctuations are minimal near open waterways but peak at the centre of
the (unyegulated parcelswhich is the point furthest away from the waterwaysgure34).

When parcels increase in size, for example as a consequence of land consoliffdtion
GNHZA t OS] fF PSRESWARKRNI Ayl 3S RSLIIKaA NB ySSRSR |
parcel centre, causing a net lowering of the groundwater table close to the waterways. Hovaenkr, |
consolidation often goes hand in hand with drainage optimization, involving the installation of a
network of drainage pipes across the enlarged parbPepending on their depth of connection to
nearby waterways and the hydaulic head difference between the (ground)water table and

surrounding surface water leveldg@se pipes can bottirain groundwater and supply surface water.

Figure34. Sketch on how groundwater on a parcel can be regulated by changing the waterway levels.
Due to the nonlinearity of the phreatic groundwater system, the groundwater levels closer to the
waterways are more sensitive for changes in water management comparte groundwater table

at the parcel centre (Source: Kooij et al., 2019).

Section 2.6 describeshow changesdn surfacewater levelscauseground surface movement through
shallow subsidence and clay swelliigspeciallywhen the lithologyaroundthe changing water table
consists otlayor peat, the resulting subsidence can amplify or damp the initial first order subsidence.
This amplificatioror dampingcan beregardedas a seconarder effectresultingfrom the initial, first
order subsidence.

When Water Boards keep mitigating the effects of second order subsidence by adapting surface water
levels, a positive feedback loop can inadvertently be creafellens et al., 20)6Notable instances

of such feedback loops are observed in clayey and peaty soils such as in New Orleans (Snowden et al.,

1980) and the western Netherlands (Schothorst, 1977; Dufour, 1998), where land was reclaimed and
drained at a constant level with respect to the ground surf&égure31implies that the only solution

to stop the reinforcing feedback loop is to restore the groundwater table as close as possible to its
original position with respect to the ground surfadeKens et al., 2036

Theoretically, deep, and intermediate subsidence could potentially trigger a vicious subsidence cycle
similar to the aforementioned case studies on land reclamation. However, the impact of deep
subsidence on the regression of the relative groundwater téble the order of centimetres (Kooij et

al., 2019). When compared to the water table change required for land reclamation, which is in the
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6.7.2

order of meters, this effect is very small. Consequently, the secoddr subsidence resulting from
deep subsidence is so small that it raises questions about whether water boards will intervene actively
to mitigate the effects of the associated seceodier subsidenceGiven that waterboards typically
operate with an operational accuracy in the order of decimetres, it's evident that active adjustments
could potentially escalate the situation.

Interplay droughts and water demand on subsidence

Another important cause of subsidence through the hydrogeological system is the interplay between
receding water tables, due to climate induced droughts, and increase in water demand. Especially
agricultural water demand grows in a drying climateiman water consumption, e.g., for irrigation,
industry, and househola, is known to intensifyclimatologicaldroughts (Wada et al., 2013). An
illustration of how the synergy between drought and water usage increaskbsidence is evidenced

in the Dutch province fdDrenthe. Here, subsidence was locally accelerated to 10 mm/year during the
droughts of 2018 and 2019. A distinct contrast to the typical subsidence rate of around 2 mm/year in
the region (Heikes et al., 2021). A hydrogeological study revealed that bne&wf water utilized for
irrigation exceeded initial estimations and it was found that water levels had been overestimated by
10 to 30 centimetres, resulting in an underestimation of subsidence (Gielen et al., 2023)re
extreme case on how droughtsid increase in water demand can accelerate subsidence is the San
Joaquin Valley, USA, where subsidence rates up to 0.5 tmaye been observed (Faunt et al., 2016),

Intermediate to deep subsurface
Subsidence

The approaches to subsurface modelling presentedsection 2.10 consider the deformation
associated with a single source of compaction, i.e., a single geotechnical facility. These methods imply
hydro-mechanically coupled (porelastic) simulations.

In those calculationsthe backcoupling from stresghanges to changes of the reservoir pressure is
considered as secondary effect. When ignoring this effect, the supesition principle of stresses
holds. Thus, it is implied that the deformation signals of different sources of compaction can be
superimposed, and the combined deformation signal from multiple sauced® be modelled using the
same approach, e.g., as implemented in KEM

This is the core of the proposed study in phasadlexplained in Part Il of this reposee for instance
section9.8.1, where the modelling strategy is elaborated.

Effect of gas extraction on salt caprock

Hydrocarbon reservoirs often have rock salt caprocks that undergo creep when exposed to shear
stress. The pumping process induces compaction and shear stresses in rock salt, resulting in time
dependent ground deformations and surface subsidence. Finitenétle models for mediunsized

rock saltcapped reservoirs reveal that creépduced subsidence is a significant factor, requiring
meticulous modelling of rock salt caprock®larketos et al., 2016)The discussion addresses
uncertainties in lowstress creegpbehaviour, various constitutive models for rock salt creep, and the
spatial distribution of rock salt physical properties. This includes uncertainties in-gizairand
chemical composition, influencing the overall subsidence response. Engineers tashguteslicting
subsidence must consider these uncertainties and calculate response bounds based on multiple
scenarios for rock salt body behaviour (Marketos et al., 2016).

Lateral fuid migration

The longterm (i.e. century scale) effects of fluid exchange and pressure redistribution between the
Groningen gas reservoir and its surrounding aquifers are already investigated i KER022)}and
KEM19b. The literature review in this study shows that the subsurface acts as a hydrodynamic system
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and a longerm fluid exchange between pogroduction gas reservoirs and their surrounding aquifers
is therefore considered likely (Verweij et al., 2012; Muggeridge and Mamode, 2012).

During oil or gas extraction from a reservoir, fluids are often drawn from nearby aquifers. The extent

02 6KAOK (GKAA 200dzNBE Aad RSAONAROGSR Fa aol G§SNJ RNR
the pressure drop within the reservoiwhile simultaneouslycausing a decrease in pore pressure in

the nearbyaquifers Conversely, the pore pressure in the nearby aquifers decrebkmgever, upon
abandonment of the reservoir, fluid migration persists, resulting in increg@ged pressure within

the depleted reservoir and further reduction thfe porepressure in thenearbyaquifers.

Studies conducted at a Carbon Capture and Storage (CCS) site in Algeria have shown that the changes
in pore pressures resulting from lateral fluid migration can lead to local subsidence or heave at the
ground surface (Vasco et al.; Zoccarato et al, 20&&¢8 et al, 2020)In the Northern Netherlands
subsidence has been observed above aquifers connected to gas fields (Fokker et al., 2016; Fokker et
al., 2018; KEM9., 2022)and for the Groningen gas field pressure depletion in surrounding aquifers

has ben confirmed by means of numerical simulations (KEM20232.

In addition to the potential for subsidence and heave, the rise in pore pressure within the reservoir
due to lateral fluid migration may theoretically trigger induced seismic activity along faults within the
reservoir and its boundary faultésection 3.6). Moreover, findings from a modelling study by
Moghadam et al., (2023uggest that increased pore pressure could heighten the risk of hydrocarbon
leakage along compromised wellbores, thereby increasing the likelihood of contamination in shallow
aquifers However, the KEM9 study highlights that due to the significantly greater compressibility of
gas compared to water, the pressure increase within a gas reservoir is relatively minimal in comparison
to the pressure decrease within the aquifers during efQuéion. This distinction, however, does not

hold for depleted oil fieds.

The numerical simulations conducted in the KE®1study, which explored various scenarios with
unconstrained model parameters, align with the aforementioned range of hypotheses. It was
modelledthat a pressure depletion of 30 to 50% relative to the-preduction level would occur
within the surrounding aquifers over the next 500 yeairscluding the aquifer in the Lauwerszee
trough region.However, this relative depletion of the aquifer in the Lauwerszee Trough is not
anticipated to reach the Grijpskerk ea within the next 100 year®kegarding the risk of induced
seismicity, the elevated pore pressures within the reservoir of only a few bars were considered too
small to activate intraeservoir faults. However, such elevation in pore pressure could potentially
induce seismicity on bawary faults.

The uncertainty in their numerical simulations often stemmed from unknown parameters related to
aquifer properties, such as connectivity, pore pressures, and actual size. Furthermore, the potential
influence of small gas fields near Groningen wascaoisideredn thisstudy but will be addressed in

the following KEML9b study

Examples of international case studies ameéractions

In this section we list international showcases for interactions between earthquakes and subsidence
aswell as for earthquakearthquake interactions. These showcases stem from different geological
and operational settings, which are not directly transferrable to the situation in the Netherlands. Some
of the underlying geomechanical processes, however, atsy be relevant for the analysis conducted

in Part Il of this study.

- Hejmanowski et al. (2019pvestigate subsidence caused by two mininduced earthquakes
(M4.7 and M4.8) in Poland. Using INSAR data these authors identified local dynamic subsidence
troughs of a regular shape and an aerial extent of about 2 km, which correlate with the epicenter
location and time of the earthquakes. The maximum vertical displacement in these areas reached
116 mm. Subsequentlyyitkowski et al. (2024@xpanded the study bidejmanowski et al. (2019)
and identified further examples in Poland, where mining induced earthquakes (M>3) correlate with
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hundred meters below the surface. The authors infer a substantial aseismic contribution to the
observed subsidence, although the exact processes havinadlly been resolved.

Surface elevation changes in the order of several meters have been observed following great
earthquakes(e.g., Wells & Coppersmith, 1994ughes et al. (2035eport major topographic
changes caused by a sequence of BL7 earthquakes at Christchurch, New Zealand. Here,
liquefaction in susceptible soils with high water tables was manifested at the ground surface in
earthquakes as low asWb.0.

The Lorca areéSpair) has undergone one of the highest subsidence réi€scm/yr)in Europe as

a direct consequence of lortgrm groundwater extractior{Fernandez et al., 2018%onzales et al.
(2012) suggest that associated unloading stresses influenced the occurrence of a magnitude Mw
5.1 earthquake.

Remote triggering (compare secti@il3and6.5.1) isobserved in several geothermal reservoirs.

For example, Baisch et al. (2006) report an earthquake exceeding magnitude ML=3 that occurred
minutes after strong teleseismic wavetrains passed the geothermal reservoir. These observations
indicate that remote tiggering can occur even ~1 year after the termination of anthropogenic
activities.

Interaction casestudies from The Netherlands

In this section we discuss a few (rexhaustive) cases where interaction between different mining
activities play a role in northern part of The Netherlands.

Lateral interactions between salt solution mining and gas extractlarthe western Fryslan
province of the Netherlands, both halite solution mining and natural gas production caused
subsidence exceeding original predictions. By 2015, the salt subsidence bowl experienced 33 cm,
compared to the 7 cm forecasted in 1995. Abokie Harlingen gas field, subsidence reached 33

cm in 2015, exceeding the 10 cm prediction for 2003. Accelerating subsidence led to a project
reassessment in 2008. Hightran-estimated cavern convergence rates explained salt mining
discrepancies, while gas field subsidence resulted from polapse in the reservoir chalk.
Corrections made in 1998 improved salt mining predictions and understanding loading rate impact
on porecollapse gtess levels enhanced alignment with field behaviour in gas production,
emphasizing the need for such considerations in subsidence forecasts (de Waal et al., 2016).

De Hoeve induced seismicity due to water injectiOnthe 26" of November 2009 a seismic event

of M 2.8 occurred near the village De Hoevé-igslan At first it was not clear whether this was
related to gas extractions since no gas extraction activities took place in this area at the time. Also,
the KNMI did at first not contribute this event to gas extraction. There was however a well present
from Vermilion that was used for water injection at the time. After some analysis it was concluded
by the operator that this event was probably related to the water injecticDEB, 2018)

Combined effects in the Veendam area: The Veendam area in Groningen is an area that is
influenced by the combined effects of multiple mining activities. The gas extraction from the
Groningen fields causes induced seismicity and subsidence, the influemd¢eobf overlaps with

the salt mining activity in Veendam, and the salt mining and gas storage in Winschoten/Heiligerlee
and Zuidwending. The ceased gas extraction south of Veendam from the Annerveen gas field has
over the years also had overlapping infleenareas. Currently, IMG and CM are collaboratively
investigating the combined effects of these overlapping mining activities and working to distinguish
their individual contributions. The findings of this research, called tBMMAprogram, have not

been published yet.
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7.1

7.2

CASE STUDY AREA

Summary and conclusions

This chapter describesthe Grijpskerk area from various perspectives. The landscape is diverse,
including sea clay and peat extraction landscapes with distinct characteristics and historical influences.
Regional subdivisions like De Marne, Lauwers, Middiagsterland, Reitdiep\WWesterkwartier, and
Oostergo are detailed. A field excursion provided insights into the geography and stakeholder
concerns related to mining activities.

Deep geological features of the UGS Grijpskerk and surrounding gas fields in the Lower Rotliegend
sandstone reservoir rock within the Lauwerszee Troughbmadin are described. The geological map
reveals the Lauwerszee Trdugformation during the Caledonian orogeny, influencing sedimentation

and creating fault systems. Evidence of fault activity is observed in formations above the Permian, with
long-lived geological activity.

The Pleistocene witnessed threlagal periods, influencing sediment deposits, and forming distinctive
features. The Eemian interglaciariodled to a significant sekevel rise, while the Weichselian period
created a tundrdike environment with sand deposits. The Holocene sawlsea rise, shaping the
current landscape. Human activities, such as peat exploitatimnmation of dwelling mounds,
dewateringand dike construction, played a crucial role in landscape formation.

The hydrogeological system is divided into shallow, intermediate, and deep seclioashallow
geology is influenced by factors like polder water management, precipitation, and seepage.
Intermediate hydrogeology focuses on Quaternary sandy units, while deep hydrogeology comprises
marine deposits with limited influence on shallower systems.

The geomorphology is primarily tidal dominated, featuring tidal inlets, creek channels, and levees with
thick clay deposits. Pleistocene sand ridges and ground moraines contribute to landscape diversity.
Buildings generally have shallow foundations. Wat@magement is overseen lyo water boards,

and the freeboard concept plays a crucial role in regulating surface water levels.

Samenvatting en conclusig®L)

Dit hoofdstukbeschrijfthet gebied Grijpskerk vanuit verschillende perspectieven. Het landschap is
divers, met onder andere zee ken veenwinningslandschappen met kenmerkende eigenschappen
en historische invloeden. Regionale onderverdelingen zoals De Marne, Lauwers, #igidateriand,
Reitdiep, Westerkwartier en Oostergo worden gedetailleerd. Een excursie bood inzicht in de geografie
en de zorgen van belanghebbenden met betrekking tot mijnbouwactiviteiten.
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7.3

Degeologische kenmerken van het UGS Grijpskerk en omliggende gasvelden in het reservoirgesteente
van het Lower Rotliegendandsteen binnen het subbekken van de Lauwerszee Trog worden
beschreven.Diverse geologischebronnen latende vorming van de Lauwerszee Trog tijdens de
Caledonische orogenesagnmet invioed op sedimentatie en de vorming vareuksystemen. Bewijs
vanbreukactiviteit is zichtbaar in formaties boven het Perm

Het Pleistoceen kende drie ijstijden, met invloed op sedimentafzettingen en het vormen van
kenmerkende kenmerken. Het Eemignerglaciaal leidde tot een significante stijging van de
zeespiegel, terwijhet Weichseken een toendraachtige omgeving met zandafzettingen creéerde. Het
Holoceen zag een stijging van de zeespiegel, wat thatlige landschap vormgaf. Menselijke
activiteiten, zoals veesntginning, bewoning op terpen en wierden, afwatering van pol@grsiaken
vanbedijkingen speelden een crucial®lrin de vorming van het landschap.

Het hydrogeologische systeem is verdeeld in ondiepe, tussenliggende en diepe secties. De ondiepe
geologie wordt beinvioed door factoren zoals polderwaterbeheer, neerslag en kwel. De
tussenliggende hydrogeolodieeft zandige eenheden uit het Kwartair, terwijl de diepe hydrogeologie
mariene afzettingen omvat met beperkte invioed op ondiepere systemen.

De geomorfologie wordt voornamelijk getij gedomineerd, met getijdeninlaten, kreekkanalen en dijken
met dikke klei afzettingen. Pleistocene zandrugga grondmorenes dragen bij aan de diversiteit van
het landschap. Gebouwen hebben over het algemeen ondiepe funderingen. Waterbeheer wordt
overzien dootwee waterschappen, en het concept van deogleggingpeelt een cruciale rol bij het
reguleren van het waterpeil.

Introduction

Based on the problem definition and research questions, the decision was made to delineate the
region centred around the UGS Grijpskerk. The adjacent small gas field area is also within the scope
but limited to the gas fields in the immediate vicinity anithin the geological constraints of the
Lauwerszee Trough. Gas fields in the Wadden Sea and further south towards the UGS Norg are not
included in the scope. The general outline is illustrated by the blackFigure35), with a specific

focus area outlined in the red box. Itimportantto note that the approach employed in this study is
data-driven, meaning that data outside the study area may be incorporated if necessary. Therefore,
the outline should not be viewed as a boundary for input but rather as a constraint for output in the
andysis. It is also important to emphasize that if an effect is detected or potentially extends beyond
the project outline, it will still be considered, particularly in cases involving indirect effects on
groundwater or hydrology. This impact maytend beyond the defined area due to the irregular

YIEGdzNE 2F GKS 6FGiSNDb2FNRQ& 6FGSNI YIyF3aSySyid 12y

A significant portion of the terminology employed in the subsequent sections is derived from typical
Dutch concepts and terminology associated witte local soil conditions anthe longstanding
traditions of land reclamation and water management. Some of the terms are challenging to translate,
and as such, the original Dutch words or terminology are retainedchapter 10 names and
terminologies can be looked up for their definition and explanation.
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Figure35. Overview map of the case study area. With the general outline of the scope area (in black)
and focus area (in red). The outline of the relevantfiglsls is provided with their names.

Experiences from the fieldwork/bicycle tour

On Tuesday, October 32023 a bicycle tour took place around the Grijpskerk area, organized by two
members of the KEMS8 team, Siefko Slob (Cohere Consultants) and Wout Hanckman (Crux). The
purpose of the field visit was to gain insight into the landscape, land use, land coveo)duyd
geomorphological elements, and their connection to geology and the shallow subsurface.

Erik Meijles from the University of Groningen, the external reviewer of the-K&Mroject with
specific geographic knowledge of the area, led the tdbe client (MEAjepresentativeand member

of the KEM panel, also participated. Stakeholders Grietje Zijlstra, Frans Talstra, and Wridzer Bakker
were present as well to provide the local content.

The field visit commenced at the Grijpskerk station, following the route outlin€édguare93, passing
through UGS Grijpskerk and visiting villages such as Kommerzijl, Pieterzijl (for a coffee stop),
Warfstermolen, Munnekezijl, Zoutkamp, Lauwerzijl, Pieterzijl (for lunch), Visvliet, crossing the Van
Starkenborghkanaal, Lutjegast, Grootegast, Selmld®sn, and again crossing the Van
Starkenborghkanaal back to Grijpskerk.

The tour encompassed various NAdtations, including Munnekezfl, Krabburerl, Lauwerzijl, and
Grootegastl 00, as indicated on the route mapHgure93. The site visit covered a significant portion

of the KEM48 Focus area. The eastern part of the focus area (Zuidhorn/Noordhorn, Niehove,
Oldehove and Saaksum was because of toestraintsnot covered.

Items that were identified during the field vigthe photosare shown in Annex V1)

- NAM UGS complex Grijpskerk ($égure100)

- Geodetic marker on house north of Niezijl ($égure101)

- Damage at farmhouse along Hogeweg (Kommerzijl)

- Old sluice in Kommerzijlsterriet river at Kommerzijl (Biegire104)

- Old valley structure visible in landscape, currently followed by the Kommerzijlsterriet river.
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- Remnant of dike structure (Oost&¥¥aarddijk) (seéigurel06)

- Crossing of Lauwers river in Pieterzijl into Fryslan

- Sluice complex near Zoutkamp (Friesche sluis) where the Lauwers rivers empties into the
Lauwersmeer (seEigurel04)

- Pass by NAM complex Munneketijand Krabburefl where geodetic markers are attached to
utility buildings.

- Pass by NAM location KommerZijlgure105)

- Near Eibersburerniew on old Farmhouse with clear visible damage which has a geodetic marker.
Near the NAM location Grootega%00 (Grootegast gas field) (sBgurel08)

- Around Lutjegastand Grootegast change to a different landscape and landuse smaller
agricultural plots, mainly for grazing, less open landscajib more trees which has aclear
relation with the subsurfaceln the areafurther north, the soil is mainly sea clay aadound
Lutjegast and Grootegast the soil becomes sandier and with more relief var(agefigure110
andFigurelll)

- From Sebaldeburen on the way back to Grijpskerk different landscapes were crossed.

The time was not sufficient to cover all areas and all aspects, but the field visit was useful to get a
general view of the focus area. The coffaad lunchbreak at the community centre in Pieterzijl was
useful to talk indepth with the stakeholders. Thgeneral impression is that the area is characterized

by a mix of rural landscapes, villages, and water features. Here are some general features of the area
around Grijpskerk:

Agriculturallandscape: The region is predominantly rural, with vast expanses of agricultural fields,
including farmlands for crops and pastures for livestock.

Villages andettlements: Grijpskerk itself isne of the largewillages within this landscape, and there
are other smaller villages and settlements scattered throughout the .a@&dipskerk has a train
station, high school, industrial area, supermarket, sport fields, nursing hdibreyy, and other
facilities.

Building stock: the building stock is varidthe village cemes primarily feature older detachedr
semidetachedhouses, while the rural areas outside the villages showcase scattered farmhouses
accompanied byheir stables andutility buildings. Additionally, many villages include relatively new
terraced or detached houses. Stakeholders highlight that a significant portion of the building stock in
the region has experienced varying degrees of damage, with some instances b@iéesalssociated

with gasproduction and/or storage activities.

Water features: The presence of canals, rivers, dikes, and sluices. The waterwaylsang an
important role in transportation (industrial and recreational), the local hydrology and landgsape
alsoFigure97in Annex V.

Gasfields: there are various industrial gas locatioabpperated by NAM. These are infrastructures
for gas well maintenance, gas extraction, storage, and distribution. The NAM location for UGS
Grijpskerk is one of the larger locations.

Cultural and Historical Elements: The area also has cultural and historical elements, such as historic
buildings, farmhouses, churches, bridges, dikes, sluices andwade dwelling features and other
structures that contribute to the regig<heritage.

Scenideauty: While the terrain is generally flat, the openness of the landscygehistoric villages
and manmade dwelling mountsand the presence of water contributes the scenic viewsThe
Lauwersmeer is a national park and the aM@dagHumsterlandhas been designated d¢ational
Landsape (Nationaal Landschap.)
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7.5 Geographical Description and Landscape Types

The project area has a diverse cultural, geographical, and geological history. The region has been
extensively described and studied, providing a wealth of sources and data. The Dutch Cultural Heritage
Agency (Rijksdienst voor Cultureel Erfgoed) has divithe Dutch landscape into 78 regions in
Panorama Landschap (Raap et al.,, 2022). These regional descriptions serve as brief landscape
biographies, forming the basis for further research into the landscape history of each region. This
initiative aligns withHistland, a nationwide classification system for historical cultural landscapes in
the Netherlands developed by Wageningen UR. Histland distinguishes 45 landscape types and 11 main
types (Dirkx and Nieuwenhuizen, 2013; Barends 2010), establishing camsedietween the
historical landscape of a specific area, the processes leading to that landscape, the current landscape
forms, and the extent of landscape changes since 1850, the benchmark year (de Bont, 2004; Dirkx and
Nieuwenhuizen, 2013).

Furthermore, the landscape can be described from a geomorphological perspective, connecting to the
description of shallow geology (see sectibtl.]).

In this section, we broadly follow the descriptions per region basedny 2 NI Y| [HaghRa OK | |
region is systematically described at two levels, and this information for each region can be accessed
through the interactive online map viewer (RCE, 2024a).

Thefirst levelinvolves a description based on the-salleddstructure carried Structure carriers are
significant structures and elements organized according to their landsicapeng function. In broad
strokes, the research area can be characterized as the Bortietherlandssea clay landscape. The
southern part of the project area represents a typical North Dutch peat extraction landscape (see
Figure36).

Thesecond leveprovides a description based on the classification according to Histland (RCE, 2024b),
offering a perspective on the historical development. The Main Landscape Types are drigurén

37. Below in sectio7.5.1and7.5.2 the various Main Landscape Types present in the project area are
described.

Thethird level involves a description and classification based on landscape characteristics (Regions)
(RCE, 2024b), as further elaborated in seciatand shown irFigure38.

7.5.1 Northern NetherlandsMarine Clay Landscapgiet NoordNederlandse
zeekleilandschap

The Nortlern Netherlandssea clay landscape is known for its open character with elevated mounds
(terpen in Frysén, wierdenin Groningel on salt marsh ridges. After 1840, many mounds were
excavated for terp soil, resulting in steep edges. The area included livestock farming on lower salt
marshes, agriculture on salt marsh ridges, and radial plot division from the mounds. Salt marshes
exhbited irregular blockparcellingdue to the use of existing channels, while younger polders had a
more regular patternExtradike drinking wellsNL:dobben were constructed for livestock.

Ring dikes were built from thedT century, followed by coreor mother poldergFrisian terminology)

and the reclamation of areas such as De Marne. Monasteries played a significant role in this process.
Regular dike breaches resulted in walbasins (NL: kolkenl)ocks lL:zijler), later supplemented with

mills and pumping stations, were used for drainage. Villages sometimes emerged along zijlen, and
canalswere dug to connect villageA. micre or surficial drainage network system was created to feed

into the main canal.

Stinsen/stinswierendating back to the 3th century, were originally elevated stone towers with moats
and earthen walls. From th&6th century, they lost their original function and were converted into
country houses, such atatesin Fryslanandborgenin Groningen.
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7.5.2

Main Landscape Types:

- Oldmarineclay polders: Polders formed by diking inhabited salt marsh areas. Old sea clay polders
are often referred to as old land polders. They are also known as salt marsh ridge knittidei
reclamations. These polders were usually constructed before 8tle dentury from a salt marsh
ridge, sandbar, or other natural elevation. Often, the young sea clay polders are arranged around
the old sea clay polders.

- Youngmarineclay polders: Polders formed by embanking sea incursions and new accretion. Young
sea clay polders are often referred to as newly reclaimed lands. These polders were typically
developed after the 3th century through the systematic construction of dams or dikes. Polders
created in the 9th and 20th centuries can also be classified as young sea clay polders.

- bt ddz2NY £ @S 38 HatidSdapes: OftiayaiieAsdn@HAE dkesior recently reclaimed areas,
such as salt marsh areas not yet suitable for agriculture.other dike area around the current
Lauwersmeer and theuter dike Wadden Sea area north of De Marne are examples within and in
the vicinity of the project areaThese areas are still dominated by a dense network of
anthropogenic ditches. These areas are of high natural value.

North Dutch Peat Extractioand ReclamatiohandscapéNoord-Nederlands
veenontginningslandschap

A waterrich landscape with many small towns that originated at the intersections of trade routes and
waterways. The ribbon villages are small, andFiyslan simple churches with bell towers are
common. Outside the cities and villages lies a flat, open landscape with elongateghstped plots.
During peat extraction, there was no strong feudal authomfiyjng rise tahe irregularpatchesand
differences in size and shape of the reclamation blodkfiough the peat is virtually gone, the peat
reclamation history is still visible in the are@he land is intersected by many waterways. To protect
the area, dikes, embankments, locks, mills, and pumping stations were constructed. In many places,
villages were relocated after some time (sometimes multiple times) due to the land becoming too wet
from subsidence. The peat polders Fnyslanare redeveloped former peat extraction areas, often
based on the old landscape structure.

Main Landscape Type (according to Histland):

- Peat extractiofreclamation landscapes: The peat extractioor reclamation landscape in
Groningen originated in the Middle Ages (Zomer, 2016). The landscape resulted from draining the
peat areas by digging ditches and canals. This led to rectangular plots suitable for peat extraction
and agriculture. The landscape is charactatiby straight waterways, roads, and elongated farms.
The enduring influence of historical reclamation is clearly visible in the form and structure of the
peat extractiorreclamationlandscape.
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7.6
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Landscape istory of the area

The northern part of the research area is a region that has been strongly influenced by rising sea levels
since the end of the last ice age (about 12,000 years ago). It is an area characterized by faults, tidal
areas, salt marshes, and salt marsh ridge=efDvalleys in the landscape, such as the ancient Hunze
Valley carved out by glacial ice in previous ice ages, were natural depressions where the sea could
easily intrude. The advancing sea eventually covered the Hunze Valley with clay, transforming the
original sanddominated landscapes.

Sand ridges north of the Wadden Islands formed an open coastline with an intertidal area, which is
now the Wadden Sea. During periods of sea level rise, the coastline shifted inland, but after 5000 BCE,
the land began to grow again. At the mouth of thegith Hunze River, a tidal basin of mudflats and

salt marshes, the Hunze Basin, formed. The Hunze Basin roughly extended between Groningen and
Dokkum. It was a Pleistocene system of erosional valleys bordered on the east by the Winsum High
and on the west byhe Oostergo High (Zomer, 20&6 Figure39).

Salt marsh ridges formed at the edge of this basin through sediment deposition during floods, while
bank ridges formed along inland watercourses. The relief of salt marsh and bank ridges influenced the
hinterland, resulting in a landscape of higher sandy soils and lower salt marsh basins with heavy clay
soils (Westerhuis et al., 2023 and references therein).

The first settlements in the salt marsh area (from 600 BCE) were establishe@mienandterpen
artificialmoundsbuilt to stay dry during high tides. Villagesantificial dwelling moundsvere formed,
often on slightly higher bank ridges of the Humizeer. In addition to villagenounds housemounds

can also be found, elevatativellingareas for usually one farm. Thedweelling moundsare usually
somewhat younger (I"-12™" century). The village terps and house terps can still be easily identified
on the geomorphological map and the AIar-based height model of The NetherlandsgeFigure

95 and Figure96).
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A breakthrough of the Lauwers && the northeast created a connection with the Hunze Basin,
creating an eastvest connection. Around 800 AD, the Hunze River began to follow this connection,
creating the Reitdiep. The origin of the Reitdiep, whether natural or artificial, is unclear, but human
influence is suspected. Until th&™ century, the sea had free g in the Reitdiep watershed. This

led to floods and the retreat of salt marsh inhabitants.

The salt marsh landscape gradydéistground to the sea. Agricultural peat extraction and associated
land subsidence made the landscape more vulnerable to floods, especially during storm surges
(Nieuwhof and Vos, 2007). Due to a southern incursion of the Lauwers Sea, a channel was formed in
the first millennium that separated Middag and Humsterland (Westerink, 2022).

From the 2th century, dikes were constructed on a larger scale to protect the hinterland from floods.
The first dikes were built along the banks of rivers and channels running through the area. These dikes
were often not sufficient, and house terps were still beingdmaintil 1300 to be safe from floods.
Especially the Marne area still experienced strong influence from the Lauwers Sea. 3 tremtury,

the Zuiderdijk or Zuurdijk was constructed, following a straight path due to the absence of natural
elevations. In 1287, this dike was destroyed during the St. Lucia flood, leading to the construction of a
new dike about on&ilometre south of the original dike. This new dike ran along Houwerzijl and Ewer

to Barnegaten.

In the 4™ century, various dikes were built along the Reitdiep from Schillingeham to Groningen,
especially after the floods in 1361. These dikes can still be clearly recognized in the landscape
(Westerhuis et al.,, 2023). In the Westerkwartier, the Wester Waarddijf &s extension, the
Oosterwaarddijk (from Munnikezijl to Kommerzijl), can still be clearly identified. These dikes have no
official protectedstanding which is why in some places, these dikes are still partially excavated by
landowners today.

Fivelbekken

Boornebekken

5 kfloxpetet

Figure39. The Pleistocene depth map of the Hunze basin (NL: Hunzebekken) and surroundings
(Zomer, 2016)

Regions

The research area can be roughly divided into the following regions, according to the RCE system (Raap
et al., 2022), also sdeigure38:

- De Marne: De Marne is a large, open cdajl area with terps on salt marsh ridges. In the project
area, this is the region north of the Reitdiep, covering the western part of what is now the current
municipality of Het Hogeland. It includes, among others uilagesZoutkamp, Ulrum, Leens, and
Eenrum.
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- Lauwers: The area northeast of Kollum in Fryslan, including the watershed of the Lauwers and the
area of the Lauwersmeer National Park. It includes the most eastern part of the municipality of
NoardeastFryslan, the northwestern part of the current muniality of Westerkwartier, and the
western part of the municipality of Het Hogeland in the province of Groningen. It includes, among
others, thevillagesVisvliet,Lauwerzijl, Kommerzijl, Pieterzijl, Munnekezijl, Burum, Warfstermolen,
and Kollummerpomp.

- MiddagHumsterland and Reitdiep: The area south and west of the Reitdiep and east of the
Lauwers River, covering the northeastern part of the current municipality of Westerkwartier. It
includes the historical subreas Humsterland and Langewold. It inclsdamong others, the
villages Grijpskerk, Niezijl, Noordhorn, Niehove, Oldehove, Ezinge, Feerwerd, Garnwerd, and
Aduard.

- Westerkwartier: Part of a typical peat extractioeclamation landscape. The northern part of
Westerkwartier is formed by the transition from the keileat plateau to the clay area. This part of
the region originated under the influence of the Lauwerszee and the Reitdiep. The area includes
the southern part (south ofthe Van Starkenborgh Canal) of the current municipality of
Westerkwartier and includes, among others, tri#tagesLutjegast, Niekerk, and Zuidhorn.

- Oostergo: Oostergo is an open Frisian terp landscape with old sea clay polders. This region covers
a relatively small area in the extreme southwest of the project area. It is an aFegstarwith the
villagesKollum and Gerkesklooster, respectively in the municipalities of Noardegstan and
Achtkarspelen.

De Marne

Characteristic of the De Marne region is an agricultural landscape consisting of old, open areas that
are slightly higher and surrounded by the former sea basin of the Hunze. The core area of De Marne
includes awierde landscape consisting of successive salt marsh ridges, separatdddnyidal flat
depositand salt marsh planes. Along the coast arediked salt marshesFurther out are the tidal

flats that arepart of the Wadden Sea, whigha protected nature reserve. The salt marshes have been
formed through systematic land reclamation works.

The southern part has characteristics of the original tidal landscape, with ecé8thry sea dike (near
the village of Zuurdijk) that resisted the influences of the Laune=at that time. The southern part
of De Marne has a more smaltale character witlvierdevillages and grasslands with irregular plots,
mainly as arable land.

Moving northward, the land is more regularly divided, arising fr@thiand 19th-century accretions,

with farms along dikes and scattered settlements in the form of road or dike villages. Due to drainage
and land consolidations, the landscape has acquired a more uniform character than in the south.
Around the older arable land liesdike landscapeeclaimedin the nineteenth century. Uprotected

salt marshes and mudflats are part of the saltwater tidal landscape of the Wadden Sea (RUG, 2024).

Lauwers

The Lauwers area includesarineclay polders in the watershed of the Lauwers River and the former
Lauwerszee. It comprises both old sea clay polders and newly developed ones. The landscape bears
traces of the former sea basin gradually reclaimed after its maximum expansion. The dreadea
polders, former sea dikes, and natural waterways with locks that flow into the current Lauwersmeer.
Here, dikes and old dike tracings with breach basins characterize the landscape. Along these dikes lie
villages such@aKollumerpomp, Warfstermolen, and Munnekezijl, which arezjllidillages Zijlmeans

sluice or lock and theseillages originated arounthese structuregLNV, 2009). The southern part,
around Burum, is part of theierdelandscape.

The Lauwers is a small river that partially forms the border between the provinces of Groningen and
Fryslan North of Visvliet, the Lauwers splits into the Olde Lauwers and the Lauwers, rejoining after
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Pieterzijl to become the Lauwers again. North of Munnekezijl, the river is diverted through the
Munnikezijlsterried to Lauwerzijl, then passes through Zoutkamp beyond the Fri€tgise(means
Frisian Sluice but &ctually located in Groningen) into the Lauwersmeer, eventually flowing through
the Zoutkamperril channel. This channel is the continuation of both the Lauwers and the Reitdiep. The
Alddiep and the Dokkumer Grutdjip also traverse the area, flowing inth.#dwsversmeer through the
Willem Lorésluisnd downstream, the Dokkumer diep.

Most of the area is occupied by the embanked Lauwergkzaawers Seajhe current Lauwersmeer
(Lauwers Lakenorth of Kollumerpomp and Krabbeburen, and west of Zoutkamp. The Lauwersmeer
was an estuary, the Lauwerszee, in open connection with the-tidadinated Wadden Sea until 1969.

To mitigate the risk of flooding, the Lauwerszee was closed off with a da&6H

After the closure, the mudflats becanpartially exposed and were developed into a nature reserve.
The former salt marshes along the old coastline were transformed into agricultural land. Due to the
closure and the constant inflow from the Reitdiep, Lauwers, and Dokkumerdiep, the water changed
from saltyto brackish and ultimately to freshwater. The Lauwersmeer is now a National Park, used for
recreation, and a portion in the northeast is a military training ground.

MiddagHumsterland and Reitdiep

MiddagHumsterland and the Reitdiep area form a very old reclaimadneclay landscape along the
Reitdiep, characterized byierdesand dikes. Humsterland and Middag were originally mudflats or
islands within the bend the Reitdiep makes towards Groningen @iggular block cultivation along

maren (creeks) and welbreserved terp villages are typical. This area, formed by deposits from the
Lauwerszee and the Hunze/Reitdiep, shows traces of seawater invasion through channels and creeks,
as evidenced byumerous dike remnants, terps, and sluice villages.

The Reitdiep is a waterway running from the city of Groningen (Noorderhaven) to the Lauwersmeer.
The Reitdiep has been largely canalized and dammed, but the original meandering structures of the
ancient river are still visible in the landscape. Formerliedahe Hunze, the Reitdiep was the only and
most important connection from Groningen City to the sea via the then Lauwerszee before the
excavation of the Eemskanaal. With an open connection to the sea, it was a strongly meandering tidal
river. The currehupstream part of the river Hunze, now also known as the Drentse Aa, runs in Drenthe
east of the Hondsrugdge through the Hunzedal. The historical region name Hunsingo, of which De
Marne and Het Hogeland are part, refers to the old name of this river.

Around 600 B.C., the accumulating salt marshes became inhabitable, and the partially canalized
Reitdiep played a crucial role in the formation of this landscape. Theieldlenon both banks of this

river serve as the core of the current villages in the area. The high dikes andkidfteretreswide

outer dike grounds of the Reitdiep contribute to the character of this sswlle landscape.
Meandering watercourses and ditches also contribute to the structure of the area.

This landscape, one of the oldest intact cultural landscapes in the Netherlands, has been well
preserved, and the contiguous Midd&tumsterland area was designated a National Landscape in
2005 (Middaghumsterland, 2024). Except for a small northern ared tmeagriculture, livestock
farming predominates in this region.

Westerkwartier

The Westerkwartier regiorrgughly the southern part ahe current municipality of Westerkwartier
which is much larger than the regipis a largely redesigned landscape where peat was extratted.
Westerkwartier region houses sevetaileem(boulder clay)and sand ridges oW 3 | withi\@lley
shaped lowlands in between. gad is a term for a natural sand ridge or elevation in the landscape
originally used for habitation. Settlements on tgastenare concentrated in regional villages, with
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the building line following the course of the ridge. Some place names (Grootegast, Lutjegast) are
reminders of this.

The church villages Noordhorn adidichorn are situated on an isolated 5 m hikgileenmridge formed
during the penultimate ice age. This is also referred togasa and contrary to the other sand ridges,

it runs northwestto southeast and is the northernmost recognizable parallel extension of the
Hondsrug structure.

The land parcels are usually long strips perpendicular to the cultivation axis (an accessible linear
structure like a road or riverbank). Original surface forms have often been altered by cultivation and
drainage, excavation for road construction, and laodnsolidations. The sand ridges of the
Westerkwartier areO dzNNBy (i f @ O2 y & AsBcBoNBRI), cenvparable Tof thiziHEndsUg
ridge, but much smaller (pereomment Erik Meijles)

Large parts of the area were covered with peat, which was excavated for peat extraction between
1700 and 1900. The peaty lowlands between gastenwere used as common pasturegemschar

or hamrik or meadow. The extensive open lowlands distinguish themselves fromatsten which,
through buildings, orchards, and hedgerows, have a sstalle and enclosed character.

The part of the Westerkwartier region within the project area is formed by the transition from the
keileemplateau to the clay area. This part of the region originated under the influencdeof
Lauwerszee and the Reitdiep. The land use in the region is predominantly livestock farming. The
formerly common alder belt landscape has decreased in surface area after land consolidations.

The name Westerkwartier traditionally refers to one of t@enmelanderto the west of the city of
Groningen, consisting of the old regional names Humsterland, Middag, Langewold, and Vredewold
(Ligterink, 1968)Ommelanderis the old, originally medieval, term for the areas in the current Dutch
province of Groningen lying outside the city of Groningen. TmmelandenHunzingo and
Westerkwartier largely correspond to the current municipalities Het Hogeland and Westerkwartier,
respectively. Th©mmelandWesterkwartier originated in thel6th century through the merging of

the OmmelanderLangewold and Vredewold. The regions Langewold and Vredewold are defined by
ribbon development following the eastest sand ridges.

Oostergo

As the Oostergo region covers only a small part of the project area, here is a concise description. The
region in the project area includes the villages Kollum and Gerkesklooster in an open Frisian terp
landscape with oldmarine clay polders. This region covers a relatively small area in the extreme
southwest of the project area. It is an areaFryslanwith the villagesKollum and Gerkesklooster. To

the south, the region is bordered by the Prinses Margeétal, which continues in Groningen as the

Van Sarkenborghcanal. The village of Kollum is situated on the transition to the landscape of the
Southern Frisian Forests. The core of the village has retained a medieval structure, originating at the
crossing of a watercourse and the oldest sea dike. Kollum has a matetiage view. In Eastollum,

the original irregular blockhaped cultivation (recognizable by curved ditches and roads and remnants
of old channels) has been wglteserved (RUG, 2024).

Geology

General description and sources of information

The extem of the study area is largely defined by tlseope of this researcland outlines the
UndergroundGasSorage (UGSErijpskerk and its surrounding gas fields. These fields are all situated
in the Lower Rotliegend (Late Permian) sandstone reservoir aodkare constrained within the
Lauwerszee Trough stdasin.Geological research in the ardéasmainly focussed on hydrocarbon
exploration. Therefore,most of the information is on the Rotliegend gas reservoirs and it geological

Pagel08



7.8.2

traps, i.e. faults andhe Zechtstein top salt sealVhile the Carboniferous and Devonian rocks
underlying this area remain less understood, the geological formations between Permian and present
times have also received limited exploration dueléssinterest from a hydrocarbomxploration
standpoint.Nonetheless, the subsurface the Netherlands is comprehensively mapped, offering a
clear overview up to a depth of 5000 meters. Accessible through online platforni$\ik6€ DINOloket

and via freely availdle GIS layers throughlLOG 3D models provide valuable insights. These
platforms, includingDINOIloket enable the creation of 1D virtual boreholes or 2D sections, with
original geophysical data and borehole Ipghich alsdorm the basis for the 3D modelBhe presence

of carbonate platform in the lower carboniferous has received more attention the last couple of years
asapossible source fofultra-deep)geothermal energy.

The recently released geological map of the Kingdomhef Netherlands (TNO, 2028pntainsa
detailed geological crossection within the research are&igure40). The illustration reveals a nearly
complete geological sequence extending from the upper Carbonifeexagpt forthe Jurassic groups.
Consequently, an unconformity is observed where the Lower Cretaceous overlays the Upper Germanic
Trias group. Notably, on both the adjacdrtyslanand Groningen platforms, the Trias groups are
either virtually absent or significantly thinner. Moreover, there are signs suggesting that the Early
Carboniferous formations in thd-ryslanand Groningen Platforms consist of carbonate reefs
(Hoornveld, 2013), presenting potential opportunities for geothermal energy explorafionex VI
provide an overview of all the stratigraphic units that are encountered in the deep subsurface,
including the stratigraphic columns tfe NetherlandgFigurell?).

The collaborative SCAN program, led by EBN and TNO and funded by the Miiimaté and Green
Growth, addresses knowledge gaps in the Dutch subsurface for geothermal exploration. These gaps
arise from limited geophysical or borehole data in areas with minimal hydrocarbon exploration
opportunities. SCAN focusea completing the overall subsurface description of the Dutch subsurface
for geothermal applications, both in the deep and in the uliieep the latter focussing on the
Dinantian.As part of SCAN, a project reinterpreted geophysacal boreholedata to extract more
information from the carboniferas and basement rock6SCAN, 2019)The resulting sections,
including a central section intersecting the study arfeigyre4l), revealed greater detail in the deeper
(Carboniferous) subsurface, offering enhanced information on faults compareidtwe40.

Structural elements

In the deep subsurface of theesearch area, a notablructuralfeature is the Lauwerszee Trough,
which wasa subbasin trending to the Northwest within th&arger Southern Permian BasiThe
Lauwerszee Trough separates tReyslanPlatform in the West from the Groningen Platform or
Groningen High in the East.

Thisdivisionis clearly visible in the cross sectioprovided inFigure40 to Figure44, which are
primarily made from the perspective of hydrocarbon exploratidie Groningemasfield lies in its
entirety in the Groningen Platform. Thygas fieldsn Fryslanike Marum and Opeinde are situated in

the FryslanPlatform. The Lauwerszee Trouglorms the Lower Permian Rotliegend gas play,
characterized byhe productive Slochteren Formation sandstones in tilted fault blocks, sourced from
the Carboniferoudelow. The Rotliegend Ten Boer Claystone and Upper Permian Zechstein evaporitic
rocks act as top andtieral seals for the fault systeCorona, 2003)

The Lauwerszee Trough, situated tae base of the Rotliegend(Permian) and the top of the
Carboniferousjs a few hundred meters deeper than the adjacémyslanPlatform and Groningen
High, making it not a very significant basin in terms of depth. However, it is a distinct anliviihg
geological featur€Jager, 2007)

All the gas fields in thstudyarea including the UGS Grijpskerk are situated in this Lauwerszee Trough
system The Lauwerszee Trough trends rougily-SEFigure42) with the western boundary running
along the line NegAmeland)DokkumKollumLeekAssen and the eastern boundary (less well
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constrained) running roughly along the line SchiermonnikéigsumGroningen Staduidlaren.An
important fault system constraining the western boundanytteg Trough is the Hantum fault zone.

All the NW-SE striking faultsurrently observed in the Netherlands trace back to the Caledonian
orogenythat lasted from the Cambrian to the Devonidiaigure16). There is limited knowledge
regarding the exact timing and formation factorstbé Lauwerszee TroudfHoornveld, 2013Yhere

are three theories, buttie most likely explanatioaccording toHoornveld (2013)s that extension
during the (Early) Carboniferous(Dinantian) reactivated the existing NW-SE trending zones of
weakness (Hoornveld, 2013 and Kombrink, 2008)yhis could have formed théasymmetri¢
Lauwerszee graben structuvéth the (reactiveted) Hantum fault zone aits western margin.

The Hantum fault zone is a complex system consisting of several distinctTgatsouthernmost part

of the Hantum Fauilwas active duringhe Rotliegend deposition and caused sgetonic thickening

of the sediments within the Lauwerszee Trough (EBN, 2008. Early Permian and Middle to Late
Jurassic extensional tectonic regimes were synchronous with magmatism activities and thermal events
(Van Bergen and Sissingh, 2007) that are related to the Variscan Pangaea assembly (Van Hulten, 2012).

There is also evidence of movement in younger sediment above the Zechtstein salt, resulting in
deposition of the combinedlower and Upper Germanic Trias gragaliment within the Lauwerszee
trough, which are significantly thinner to virtually absent towards the West oretige of theFryslan
platform, and which are also thinner or absent on the eastern side on the Groningen platform.
However, de Jager (2007) states that the Kingd geological activity is evidenced by the subcrop
patterns and increased thicknesses of Rotliegend, Lower Cretaceous, and Paleogene deposits although
he also mentions that the increased thickness of thetfermian formations may be influenced by

the withdrawal of Zechstein salt into flanking salt wdhat started in the Triassic and possibly
continuedduring the Early Cretaceous and Tertiary perigde Jager, 2007Kombrink et al. (2012)
stateon the other handhat The Mesozoic and Cenozoic successions of the Lauwerszee Trough do not
differ markedly in thickness from the adjacdfryslarand Groningen Platforms, i.that the bounding

faults have not been extensively reactivated.

Nevertheless, the occurrence of normal fault movement resulted in the formation of sealingifaults
the Rotliegend formations on either side of the Lauwerszee Trodgis led to the Rotliegend
acquiring gabearing properties, establishing an autonomous -®@éater Contact (GWC) in relation to
the Groningen Platform (De Jager & Geluk, 20@@ntinued fault movement is also depicted clearly
on the long section of thenost recentgeolagical mapof the NetherlandgseeFigure40). It appears
that the more recentfault movement in the formationgbovethe Permian (Triassic angunge) is
more likely caused by the movement of thHkanking Zechstein salt walls that follow the older
geological (tectoniclault zones on either side of the Lauwerszee Trqugh Figure46.
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* The part of the section is indicated on the map above as a red arrow. In the section above and the overview map the
approximate location of the Grijpskerk study area is highlighted with a black box. Note that the vertical scale is highly
exaggerated. Legelq- NU: Upper North Sea Groupp; NML: Middle and Lower North Sea Group; CK: Chalk Group; KN: Rijnland
Group; GT: German Triassic Group; ZE: Zechstein Group (Salt); RO: Upper Rotliegend Group (Sandstone gas reservoir rock); DC:

Limburg Group. For further elgnation of the units, see Annex VII

Figure40. Geological long section from the tip of North Holland (SWW Wieringermeer) to the Eems
delta (NEE Groninge(ource: Geologische kaart van het Koninkrijk der Nederlagnoe®, 2023)
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Figured4l. A segment of the Central Section through the Netherlands has been established through
the reinterpretation of existing geophysical data and bore logs (SCAN, 2019).

Interestingly, he section shown irFigure41 conveniently intersects the study area, as illustrated by
the black box. Upon comparison WiFigure40, it is evident that there is greater detail in the deeper
(Carboniferous) subsurface apdoviding enhanced information on fault¥he approximate location
of the section is given by the red arrow in the map above.
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* Regional location of the main map is shown in the lower right panel. Red circles: natural seismicity; blue circles: induced
seismicity; green: gas reservoirs; red: oil reservoirs; solid lines: major fault zones; triangles: wherfé tlests have been

performed. BFB = Broad Fourteen Basin, FP =Fryslan Platform, GH/LT =Groningen High/Lauwerszee Trough, LSB =Lower Saxony
Basin, L'HP =Lauwerszee trougtantum Platform, NHP =Noord Holland Platform, WNB = West Netherlands Basin, RVG =Roer
Valley Graben, PB2eelrand Block, EL= Ems Low.

Figure42. Tectonic map, seismicity, and hydrocarbon reservoirs in the Nether(&uwisce:Van Wees
et al. ,2014).
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Figure43. Seismic line in the northast NetherlandsHryslanPlatform to Lauwerszee Trough) showing
gas fields in fault blocks at Rotliegend level. Southernmost part of the Lauwerszee Trough, outside of
the study area, but showing similar fault blocks as present in the Grijpskerk area. From: Jager and

Geluk (2007).

Figure44. Schematic crossection showing the structural and stratigraphical setting of the deeper
geology in the study area in the Lower Carboniferous (Dinantian: Tournaisiaviiseah) and Upper
Carboniferous (Namurian). The Lauwerszee Trough is clasittje already as a structural feature. On
the West side on thd-ryslanplatform a carbonate platform is believed to be present, based on

interpretation of geophysical data. Fromdombrink(2008).
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