CRUX R Q(con fuDelit
GEODELTA cohere

CONSULTANTS

PHASE Il: SPECIFIC
CUMULATIVE EFFECTS FOR Tt
GRIJPSKERK AREA

KEM48: CUMULATIVE EFFECTS DUE TO MININC
GENERAL AND IN THE GRIJPSKERK AR

Ministry of Climate and Green Gmwth






Project
Title report
Refererce
Client
Status
Verson
Date
Authors

Reviewed by
Checked by

Released by
File

23288KEM48

Phase II: Specific Cumulative effects for the Grijpskerk area

KEM48 | 202305009

Ministry of Climate and Green Growth

Definitief

4.0

10/07/2025

W.J.FHanckman MSgir. M. Koddedr. ir. H. Velsinlgr. S. Baischdr. R. Vorosgr.
ir. S. Slob

dr.ir. F.C. Vossepoel, dk.M.H. Pluymakers, dr. G. Giardapeof. dr. ir. RHansen
dr. E.W. Meijles, dr. G. Siddiqi, prof.dr.ir. T. Olsthoorn, dr. ir. B. Alberts

dr.ir. S. Slob

dr. ir. ing. A.E.C. van der Stoel

KEM48 Phase Il report.docx



TABLE OF CONTENTS

EXECULIVE SUMIMALY... . 1etiiiieeeeie s ittt tee e e e e e e e e e e e e e eeaeaeeess s s st et eeeeeeeeeeaaessssasssaseasaeeeeeeessesannnnnnnnnnees il
ManagemMeNt SAMENVALLING .......ciiureeiiei ittt e ettt e e e et e e s bbbt e e s st e e e e e bb e et e s s bbb e e e e s anbeneees Y
R 1011 oo [N Tt o o PO PP PP PRSPPI 1
1.1 Outcome of Phase |: General Cumulative effectS........cccvovviriiiiiieec e 1
1.2 Scope of Phase IlI: Specific cumulative effects for the Grijpskerk.area..................... 1
13 SErUCTUIE OF thiS FEPOIT.....eii it 3
2 Deepsubsidence MOTEL.........cooiiiiiiiiiie et B
2.1 INEFOAUCTION ...ttt e e e e e s 4
2.2 NAP 1EVEIIING TALA. ... eeeieiiiiiii e 4
2.3 Calibration of the deep subsidence Model..............ooo i 9
2.4 RESEIVOIN MOUELS.......eeiiiiiiiie e 9
2.5 Matching NAP LeVelliNg Data...........ccuveiiiiiiiiieeeiiiiiiee et 10
2.6 Cumulative subsidence Model.............cooiiiiiiiiii 13
2.7 Comparison With INSAR alal.........uvuueiiiiiii e e e e e e 15
2.8 Comparison With GNSS AaLA..........uveiiiiiiiiiie e 22
3 ViIBrational ffECTS.....eii it 24
3.1 INEFOAUCTION ... e e e 24
3.2 MOoNitoring iN the Target Ar€@..........ueviiiiiiiiie e 24
3.3 Seismic stress transfer and subsurface interactiQn.............ccoccvveeeriiiiiiiiiiieeees 25
3.4 Association of earthquakes with subsurface activitieS.........cccceeveieiiiiiieeiiiiiiiiiee, 26
35 Felt Vibration Signals Not Associated with Catalogued Earthquakes.................... 28
3.6 Settlement in loosely packed fine sand (Wadzand)..............ccccoeeiiiiiiieeiiiiine e, 28
3.7 Vibrations due to pipeline infrastruCture..............ccoovvviir e 33
O U L €1 R 1] 011 (] S 34
4.1 INEFOAUCTION ...ttt e et e e 34
4.2 ProdUCTION DALA.......civeiiieeiiiieee e e 34
4.3 CUSNION GAS ...ttt ettt e e e e e e e 35
4.4 Geomechanical Processes causing Earthquakes...........ccccceoviiiieiei e, 36
5 Indirect effects deep SUDSIHENCE ........coiiiiiiii et 37
5.1 INEFOAUCTION ...ttt e e e e 37
5.2 WVOTKFIOW. ...t 38
5.3 RESUIES. ..ttt ettt e et e e e b et e e e e e e 39
5.4 Impact on salinization and future séavel rise..........cccccceeiiiiiiiiiiiieeeeeeenn 40
SR O 1 o1 o o] o ol SISy F T TP PPPPPPPPRPRRY” 4
6.1 Swelling and Shrinking Of ClAY..........iiuiiiiiiii e a7
6.2 Shallow fault MOVEMENL.........oiiiiiiie e 50
6.3 MeEthane [EAKAGE. ... . .ueeiiiiieei et a e e 54

Pagei



7 Conclusions and reCOMMENAATIANS .....u..iiieeriee e ee et ee e et e e e e e et eeseeaareeeeeseesra e eeesesanaeeeeenes 57

7.1 Synthesis and refleCtioNS..........ocvviiiiiiii e 57
7.2 CONCIUSIONS. ...ttt ekt ee e et e e e s b e e e e e s anbn e e e e s ane 59
8  Abbrevations and terMINOIOGY........uueieeeiii ittt e e e e e s e e e e ee e e e e e s e e s e raeeaeaeeeesaannnnnrenneesd 64
8.1 ADDIEVIALIONS ...t 64
8.2 L £001TaTe] (0] e | TSP PP TPRPTPTPPPN 64
9 RETEIBINCES. ...t e e ettt e e e ettt e e s a e e e e st e e e e e e e e e e e 67
9.1 Literature referENCES. ... .cooviii it 67
9.2 DALA SOUICES. ...ttt e e e a e e e e 69
AANINIEXES oottt e e e ettt e e e e e e e e r e et et e e e e nen e 1
Annex I. Common practice in Dutch Water managemeEnt..........cceeeiiiiiieeeeeeeeceeeeeeeeeee e 2
Annex Il. Deep subSIAENCE MOUEL........ccooi e e e e e e e e aeaaes 5
1.1 Matched subSIdENCE MOUEL.......coiiiiiiiiii e 5
1.2 Future producCtion PIAN...........oeevieiiei e 6
1.3 Impact of Groningen on subsidence in the target ara.........cccoeeeeeveiiieeeeeeiiiiiieieien, 6
ANNEX 1. INSAR COMPATISON......etieieeiitei ettt ettt e et e e e ettt e e e e sabe et e e e s st b e e e e e e anbe e e e e s anbbeeeeeaas 9
Annex IV. Benchmarks with deviating Model.............oooi e 16
ANNEX V. PEEIO TONMALION. .....ciiiiiiiiiii ettt ettt e e n e e e s aennnee s 28

Pageii



EXECUTIVEUMMARY

Thisstudy addressegoncerns raisetby citizenslivingnear the Grijpskerk Underground Gas Storage
(UGS) facilitytp the cumulative effects afver 50 years of gas extractitimat hastaken placeCitizens
havereported damageto their housesand disturbanceshat they associatevith the UGS activities
and nearby gas extractionperations Thar primaryconcern ishat the cumulative effects bdeep
subsidence anéhducedseismicitycould impactthe shallow subsurfacand, consequentlydamage

to buildings

Phase bf this studyinvolved a literature review and initial data analysis to test the feasibility of the
proposedmodellingmethods, whilephase Il entails idlepth modelling studies of the Grijpskerk area.
This report covers the results phase I of the project.

The phase llpart of this study focuses specifically onthe Grijpskerk areainvestigating how gas
extraction and storage affect subsidence and seismicity, as well as the potential interactions and
cumulative impacts of these processes on the shallow subsurfélde part of the study also
investigated potentialindirect impacts such asshallow subsidence, groundwatewmriations and
methane leakage. Publjcavailabledata and opersource toolsvere utilised toensure transparency,

with a guidance grougomprising locatitizens,members of the KEM panel, anéxperts fromTU
Delftand other externakéxpertsprovided critical reviewand input

Deep subsidence modelling indicatehat subsidencen the Grijpskerk area is expected to range
betweenland9 centimetresovera66-yearperiod, between 1957 and 2028vith seasonalariations

of approximately0.5 centimetres Thelongterm deep subsidenceate varied therefore between0.2

to 1.8 millimetre per yeardistributed evenly over the aredhSAR measuremenbetween 2015 and
2022 reveal thatthe actualseasonal surfaceubsidenceeffects due to the gas storage phasee
smallerthan 0.5 crmanddiminish beyonda 5-kilometer radiusfrom the UGSThe autonomoustsallow
subsidence ratgsmainlycaused byshallowsoil compactionwhich can bederivedas a component
from the INSARbservationsareapproximately 2nillimetresperyear,with higherratesin areas with
peatsoils

Regarding Induceseismicity, the KNMhasrecorded 16earthquakesn the area sincd997,with a
maximum magnitude of 1.8. These events aosv all linked toclass A gas fieldsvhich are gas fields
associatedwith induced seismicitySnce 2018 the network densityhasimproved, and this has
resulted in the detection ofevents below M=1.0Some citizens have reportedto experience
vibrationsand eventsthat could not be associated with recordedeismicity, suggestintpat these
disturbances may originatieom other, shallowsourcesor sources at the surface

In terms ofcumulativeeffects,the study found thatmodellingresultsalign withgeodeticdataand do

not indicate any secondarncumulativeimpacts Changes in reservoirrgssure correlate withthe
measuredsurface subsidencpattern, while shallow subsidencehows higherand more irregular
rates. There is a large separation between the deep and shallow layers underground, making it
unlikely that deep processes influence the shallow subsurfaeghermore, a study on surface water
level adjustmentsby the waterboardsesulting from deep subsidence revealdtht there areno
indirect effectsof thison shallow subsidenc®ther deepsubsurface factors, suas faultmovement

and methane leakage were assessed alsodeemedto have no impact on the surface

The study suggests thaeasonal drying and wettingpay have triggered shrirgwell behaviour in
soilscontaining swelling claygontributing to shallowsubsidence, especially beneath buildings with
shallow foundations on such soildowever, swelling clayare not present everywhere andhmage

to housesin these andother areasis more likely the result of a combination of different sciland
buildingrelatedfactors, with gas extractioand storage notidentified assignificant contributos.
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In pecificcases, sitespecific investigationsnay be necessary evaluatethe combination ofmining
effects from the Groningen fieJduilding characteristics, and geotechnical condititmsletermine
the cause of damagto buildingsPossible sources ailisance due teibrations and noisare traffic,
construction,and possiblylow-frequency noise frommearby gas infrastructure Addressing these
issues anddentifyingthe precise sources afamage sourcewill require longterm monitoring and
the use ofspecializedneasuremeninstruments.
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MANAGEMENBAMENVATTING

Deze studiegaat in opde zorgen die zijn geuit door bewoners in de buurt van de Grijpskerk
Underground Gas Storage (U&@&)iliteit, waar al meer dan 50 jaar gaswinning plaatsvindt. Bewoners
hebben schade aan hun huizen endervinden hindedie zij associéren met de activiteiten van de
UGS en de nabijgelegen gaswinning. Hun grootste zorg is dat de cumulatieve effecten van diepe
bodemdaling en geinduceerde seismiciteit de ondiepe ondergissithde aargebouwenzouden
kunnenveroorzaken

Fase | omvatte een literatuuronderzoek en een initiéle emtalyse om de haalbaarheid van de
voorgestelde methode te testen, terwijl Fase Il diepgaande modelleringsstudies van het gebied rond
Grijpskerk omvat. Dit rapport behandelt de resultaten van Fagan het project.

Fase Ivan deze studie richt zich specifief de invloed van gaswinning eopslag op bodemdaling
en seismiciteit in de regibet gebied rondonGrijpskerk, en onderzoekt tevens mogelijke interacties
en cumulatieve effecten van deze processen op de ondmpdergrond.Dit deel van de studie
onderzocht ook mogelijke indirecte effecteman de gaswinning en gasopslagpals ondiepe
bodemdaling, grondwaterfluctuaties en methaanlekkage. Openbare data en-sm@ace tools
werden gebruikt om transparantie te waarborgdienbegeleidingsgroewan lokale bewoners en
leden van het KEManel,deskundigervan de TU Delft enandere instellingen leverde belangrijke
inhoudelijke bijdragen etoetsing

De modellering van diepe bodemdaling laat zien dat tussen 1957 en 2023 in het gebied een daling van
1 tot 9 centimeter heeft plaatsgevonden, met seizoensvariaties aragreveer0,5 centimeter. De
langetermijnsnelheid van deze diepe bodemdaling varieert daarmee tussen de 0,2 en 1,8 millimeter
per jaar, gelijkmatig verspreid over hgebied.InSARmetingen uit de periode 2023022 laten zien

dat de seizoensgebonden bodemdaling door de gasopslag kleiner is dan 0,5 centimeietr rerer
voorkomtbuiten een straal van 5 kilometer van de UlB&tie. De autonome ondiepe bodemdaling,
vooral veroorzaakt door samendrukking van ondiepe bodemlagen, bedowapgveer2 millimeter

per jaar, met hogere waarden ireengebieden.

Met betrekking tot geinduceerde seismiciteit heeft het KNMI sinds 1997 16 aardbevingen in het
gebied geregistreerd, met een maximale magnitude van $j@ds 2018 heeft de verbeterde
netwerkdichtheid geleid tot de detectie vaieinduceerde bevingemet een magnitude onder de 1,0.
Deze gebeurtenissenvorden allemaal in verband gebrachtworden met klasse Ajasvelden
gasvelden die geassocieerd worden met seismicit8ibmmige bewoners hebben trillingesm
schokkerwaargenomerdie nietkonden wordergeassocieerd waren met geregistreerde seismiciteit,
wat suggereert dat dezgebeurtenissenvaarschijnlijkafkomstig zijn van anderendiepebronnenof
bronnen aan het oppervlak

De studieheeft ookaangetoond dat de modelleringsresultaten overeenkomen ohetgeodetische
meetdata en geen secundairef cumulatieve effecten laten zien. Veranderingen in reservoirdruk
correleren met het gemetendiepe bodemdalingsatroon aan het opperviak, terwijl ondiepe
bodemdaling hogere en meer onregelmatigaarden laten zienEr is een grote geologische scheiding
tussen ondiepe en diepe processen, wat aangeeft dat cumulatieve effecten of interactieve processen
die effect hebben opde ondiepe ondengpnd niet waarschijnlijk zijn. Bovendien bleek uit onderzoek
naar aanpassingen van happervlaktewaterpeildoor diepe bodemdalingdat deze geemignificante
impact hebben op de ondiepe bodemdaling. Andere diepe ondergropasgessenzoals beweging

van breuken en methaanlekkage, zijn onderzochhehben ook geen impact aan het opperviak

De studielaat verder zierdat een deel van de waargenomen ondiepe bodemdaling mogelijk wordt
beinvioed door recente droge zomers, die hebben geleid tot het zwellen en krimpen van kleigronden
in sommige gebieden, vooral bij gebouwen met ondiepe funderingemrllende kleigronden zijn
alleen niet overal aanwezig ehet is waarschijnlijker daschade aan huizen in deze en andere
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gebieden het gevolg van een combinatie van verschillende be@ergebouw-gebondenfactoren,
waarbij gaswinning eropslag niet als significantrzaken zijn geidentificeerd

In specifieke gevallefkunnen locatie-specifiekeonderzoelen nodig zijn om de combinatie van
mijnbouweffecten door het Groningen veldebouwkenmerkeren geotechnische omstandigheden

te evalueren om de oorzaak van schade aan gebouwen te bepllegelijke bronnen vaminder

door trillingen en geluid zijn verkeer, bouwwerkzaamheden en mogelijk laagfrequent geluid van
nabijgelegen gasinfrastructuur. Het aanpakken van deze problemen en het identificeren van de
precieze oorzaken van schade vereist langdurigeitodng en het gebruik van gespecialiseerde
meetinstrumenten.
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1.1

1.2

INTRODUCTION

Outcome of Phase General Cumulative effects

The Phase | report was divided into two sections. Part 1 presented the findings of a literature review
on general cumulative effects, particularly concerning subsurface mining. Part 2 focused on the
Grijpskerk case study areproviding a description of the geological and geographic context of the
case study area andetailing the outcomes of a feasibility study conducted to support analyses
planned for Phase Il.

This feasibility study was conductedith The Annerveen gas field selectad a test casdue toits
minimal cumulative effect®n the south part of the fieldind longterm gas production history. By
usingthe originalobservations from thdevelling data that wagollected for theNAP (Amsterdam
Ordnance Datum) data and the newly developed method, pheiect team improved subsidence
modelling precision, identifyingopenchmarksindicating deep subsidence and estimating combined
subsidence from gas production and salt mining.

For Phase I, the study recommetbexpanding on this approach, focusing on multiple compaction
sources, and addressing inelastic reservoir compaction, data discrepancies, unexplained vibrations,
and potentially leaking wells. The work will model both deep and shallow subsidence, assasts imp

on structures, and evaluate cumulative effects, aiming to forecast future impacts of underground
activities on ground movement.

Scope of Phasé:ISpecific cumulative effects for the Grijpskerkear

The main research question to be answered in Phisaesearch question 4 as defined by the Client
as follows:

What are the cumulative effects and interactions of the different specific mining activities (subsurrface
and surface) around the Lauwers Sea trough and the interaction of the UGS Grijpskerk, the
surrounding small gas fields and the Groningen gas field?

The Phase Il methodology and workflow were designed to create a comprehensive -drigdal
approach for analsing deep subsurface interactions influenced by gas extraction and storage, both
past and projected into the futureThis includes addressing critical questions about the vibrational
impacts of induced seismicity in the Grijpskerk area, the indirect effects of deep subsidence, and other
related impacts. By tackling these questions at a broader level, we also seekwerahg more
specific researclguestions initially posed by the client and discussed in meetings with the guidance
group. These questions have been reorganized and reframed into the following list, with references
to the report sections where each question is addressed:
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1. Subsidence aspects

a.

Gas production from gas fields causing compaction of the reservoir, resulting in
subsidence at the surface, possible liquid loading and salt creep due to changing stresses
in the salt. Gas storage and groundwater extraction. (see se2t@)n

Possible physical processes which take place during the lifecycle of the mining activities,
e.g. drilling, operation and abandonment. (see sectidrg3.6and3.7)

Possible effects on surface waters: salinization and futurdesezl rise (see sectios).

Shallow and deeper characteristics of soils specific for the Grijpskerk retyieroeds

sand from the Wadden Sea (see section 7 of the Phase | report)

Possible permanent changes in the (shallow) soil due to ultrasonic and low frequency
noise vibrations caused by, for example, gas transport through transport pipes, operation
of compressors, furnaces, etc. (see secfion)

Effects of subsidence and seismic activity on wai@ding capacity of water supply
aquifers. (see section 9.6 of the Phase | report)

Effect of subsidence on local infrastructure (gas/water pipes, bridges, etc.) (see sections
2,5and7.1)

2. Induced Seismicity

a.

In what way can subsurface activities (drilling, hydraulic stimulations, workovers and
abandonment) interact and cause additional stress in the subsurface, which may lead to
induced seismicity? (see secti8m)

Is there pressure communication between the UGS Grijpskerk and surrounding small
fields such as Kommerzijl and Pieterzijl that may lead to induced seismic events? (see
section3.4)

Should seismicity occur, the rock around the seismic event would be subjected to a
movement due to the seismic waves. Can this lead to interactions between different
subsurface activities and fields? (see section 3.13 of the Phase | eejbsiectior3.3 of

this report)

Can there be permanent changes in permeability of faults due to seismicity or fracking?
(see section 3.12 and 7.2 in Phase | report)

What are potential effects of pressure drawdown close to the well on nearby faults. Due
to gas production, the depletion close to the well will be higher than further away in the
gas reservoir. The relatively small area of lower pressure is dependentamrtbvery
velocity of the gas. Could this be an additional source of seismicity in the reservoir? Under
which conditions? Can this be seen in the subsidence signature? (see $edfion
Specifically, for Grijpskerk: could the transition from production to injection and vice
versa lead to pressure changes close to the well and irdiseismicity? (see sectiods3
and4.4). In the context of this question, the Phase | report raised an additional question
based on the literature review: does anelastic reservoir compaction influence seismicity
induced by gas storage, and if so, hoWfs is also addressed in secti@gn3and4.4.

Are events in the Grijpskerk area possibly induced by fracking? (see sgdion

What are potential effects of specific soils in the Grijpskerk area leading to possible
amplification of the seismicity sigria{see section 7.2 h)

3. Methane leakage

a.

Which wells in the Grijpskerk area could be potential sources of leakages? What is the
risk of leakage?

What is the expected reserveaquifer pressure and formation water redistribution after

the abandonment of gas fields in the Grijpskerk area?
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1.3

Besides the research questions from the Request of Proposal (RFP) local stakeholders were also able
to ask questions to the consortium;

1.

Discrepancies in published data, i.e. between production data UGS Grijpskerk published on
NLOG and European gas productions data. What is the impact of using different sources of
information? (See Sectich?)

Felt vibrationdn the Grijpskerk areahich are not associated with earthquakes reported by

the KNMI (See SectiBrb)

Can the extraction of cushion g&®m the Grijpskerk UGBefore abandonment pose an
augmented risk for subsidence and induced seismicity events? (See Se8}ion

Also, the consortium came up with soradditional research questions following the Phase | study.
These questions and their answers are listed below:

1.

2.

Swelling and shrinkage of deeper (over) consolidated clays suchtasyRaay (See Section

6.1

Can movement in the underlying reservoirs and UGS or salt creep in the Zechstein formation
trigger movement in the shallower faults? And if so, what could be the impact at the surface?
Can it create seismicity? (See Sectd)

Structure of this report

This report followscloselythe structure and research questions as they were laid out in the request
for proposal(MEA, 2023)

This report covers Phaskof the project and consists of the following parts:

- Report Phasd:IA report on part Il focussing on the Grijpskerk area and the specific questions for
this area with conclusions and recommendatidosm deliverable4, which is this reportThis
report is structured as follows:

O O O 0O o o

Chapter2 describes the deep subsidence model

Chapter3 covers the vibrational effects of induced seismicity

Chapter4 is on the various aspects of the UGS Grijpskerk

Chapter5 describes the indirect effects of deep subsidence due to gas extraction and storage
Chapter6 describesther aspects such asvelling clays, shallow faults antethane leakage
Chapter7 coversconclusions and recommendations

- TheDutch summaryf the main findings of Phaskfdrm deliverables. 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.
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2.1

2.2

221

DEEFRSUBSIDENCE MODEL

Introduction

In Phase Il of the KENB project, we build upon the foundational work carried out in Phase I, focusing
specifically on the Grijpskerk area. Phase | provided a comprehensive overview of the cumulative
effects of subsurface activities in the northern Netlaeids, setting the stage for a more targeted study

in this phase. The feasibility study documented in Chapter 8 of Phase | outlined the methodologies
and approaches that would be applied in Phase II. This chapter now presents the detailed study of the
Grijpskerk region, where these methodologies are adapted and implemented to assess the specific
geological and environmental conditions of this area.

In this chapter we first present the levelling data that was used to estimate the deformation of the
region over timeWe document, how we processed the data to remove#stothastic measurement
errors, such as point numbering errors. Moreover, we document, how benchmarks were selected that
represent deep subsidence.

Subsequently, the data was used to calibrate a model in an iterative approach following the procedure
as described in the Phase | report.

NAP levelling data

Preparation

Normaal Amsterdams Peil (NAP) benchmarks aredimensional height markers -Goordinates)
distributed across the Netherlands. The NAP benchmark system is currently managed by
Rijkswaterstaat (RWS). These benchmarks are typically located on buildingSaesap culverts,
bridge abutments, and reinforced sewer manhole cov@tigurel). Each benchmark is measured
every 3 to 5 yearin areas affected by subsidence and evé@yto 15 years elsewhere. Benchmarks

are measureds part of a "campaign" during which hundreds or even thousané&iothmarksare
surveyed using spirievelling These campaigns are commissioned by RWS, the Nederlandse Aardolie
Maatschappij (NAM), salt mining compan&®d other concession holderSpiritlevellingdetermines
relative height differences between two benchmarevelling By summing the height difference
between multiplebenchmarksheights relative to a base point can be computed.
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Figurel. A house with a benchmark which is highlighted for the purpose of this photo using a white
disk around the benchmarkSource: NAP Info)

For the analysis, data from campaigns focused on the northern Netherlands were selected. This data,
obtained from RWS, was inspected during both Phase | and PhBrgite2 showsa selection ofthe
campaigns used in this study.

Phase | involved verifying individual network measurements for errors. Spirit levelling operates by
measuring closed loops, ensuring that the starting and ending points are the same. To identify and
correct potential errors, loops are measutethd alltrajectoriesare measured in two directions (from

point A to point B and back). This is a wthven procedure althoughsomegrosserrors may still
remain undetectedHistorically, spirit levelling was conducted using analogue equipment, requiring
manual recording of relative heights, which introduced the possibility of human error. Additional
errors can occur with both historic and modern equipmernhrough misidentifying benchmarks or
incorrect benchmark labelling, disrupting or corrupting the loop.

In total there were2,000campaignsvith measurementsn the northern Netherlandfrom the period
between 1870 and 2020-rom theseampaign®nly the subset intersecting the studyeaswasused
The findings of this work are detailed in the Phase | report.

Selection of the reference point

As outlined in the Phase | report, establishing a reference point is essential for this analysis. For this
study, a stable reference point, unaffected siybsidence due tgas extractionis preferred. In Phase

I, a reference poinbenchmarkat Gasselte was selected, and we have chosen to use the same point
benchmarkfor the Phase Il studyl.he reason is thathte benchmark at Gasselteiixludedin a large
number of measurement campaigrisigure2 showsin redthe selected NAP benchmarks within the
study area that were used for Phase I
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Figure2. Overview of thebenchmarkdocated in the Grijpskerk areend used in this study

It is important to note that not all campaigns in the Phase |l dataset include measurements at the
Gasselte referencbenchmark In cases where a campaign cannot be directly referenced to Gasselte,
it is linked to another campaign that does include the Gasdmtechmark Linking is donéy finding
corresponding benchmarks in the measurement campaigns raedjing the campaigns at these
benchmarksHowever, since the measurement times of these campaigns differ, there is a significant
risk that ground subsiden¢avhich occurred in the periods between campaigrmsy not be fully
accounted for. Taovercome this problenthe connectionsbetween measurement campaigresse
always made in pairs, where one link refers to an older campaign and the other to a more recent one.
For instance, campaign B at epoch tslinked using a corresponding benchmark to campaign A at
epoch t6 and campaign C at epoch2=Tte height for the benchmark in campaign B at epoch t=1 is
estimated by assuming a linesmbsidence rate in the period t=0 to2=

Once all networks, measured in the study area in the course of time, had been connected
computationally, the heights of the benchmarks in the study area could be computed relative to the
Gasselte reference benchmark in a least squares adjustniénis process yieldsewly adjusted
heights forall benchmark#n the dataset for each epoch under analyFigure3 shows the a posterio
standard deviations (the diagonal pf0 ) of the adjustedbenchmark heights. This set includes all
benchmarks within the study area at all epochike a priori standard deviation of the observed height

differences was set ted & -W0 & & with O with Lthe distance between two points, of which the

height difference is measuredPlease refer to the Phase | report for the explanatibthe selection
of the a priori standard deviation.
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2.2.3
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Figure3. Standard deviations of computed benchmark heights, estimated from the adjustment

Model iteration.

All adjustedheightswere used to calibrate the deep subsidence model, as describegdtion2.3.

The results of the calibrated model were then combined with the adjusted heights in a least squares
adjustment, in which both the results of the calibrated model and the adjusted heights were given
statistically justified weightsStatistical tests of each observation separately (callddstsin geodetic
literature) are used to efficiently identify discrepancies between the model and the NAP levelling data

These discrepancies can arise from three potential sources:

1. Undetectedfunctionalmodelerrorsin the measurement data.

2. The benchmark may not accurately represent deep subsidence.

3. Thesubsidencenodel may not provide an adequate representation of deep subsidence.

Benchmark 007A0192 is a clear example of the first source of discrefféigayed). Located in the
Grijpskerk area, ihas beermeasured eight times since 1972. The second measurement in 1974 shows
a significant subsidence of 140 millimetr&lmder the assumption of smooth subsidence, as presented
by the model, this erratic movemettints at afunctional model error. This functional model error
originally remainedindetected due to consistency within the campaign's measurement lofhis

case, it was decided to remove the 19@Bservation.After removing this erroneous measurement,

the data was resubmitted for the next iteration.
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Benchmark 007A0192
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Figured. Adjusted cumulative subsidence (labelled as NAP) and the computed subsidence according
to the model (labelled as Modelled) for 007A0192 after the first iteration. The outlying epoch 1975
was removed in the second iteration.
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Figureb. Adjusted cumulative subsidence (labelled as NAP) and the computed subsidence according
to the model (labelled as Modelled) f607A0236 after the first iteration

An example of the secondiscrepancy sourcean be seen in benchmark 007A028&g(re5), which
displays consistent subsidence between 1998 and 2018, while the model predicts much smaller
subsidence. This case clearly does not represent a single measuremenflerdegtermine whether

the discrepancy originates from an issue with the geophysical model or the geodetic measurements,
we investigated whether the benchmark accurately reflects deep subsidence. For this putpmse
location of the benchmark was investigated. It lies on a culvert without a deep foundation, leading us
to suspect that it does not provide a reliable representation of deep subsidence. Its movement may
have been caused by local, shallow fore&s a result, this benchmark was removed from théadat

before resubmitting thebenchmarksfor the next model iterationBecause it is important not to
remove outlying points from the data set without a good reason, all points, one by one, were
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2.3

2.4

systematically tested by statistical tests, and the rejected points were subjected to a closer
investigation of location, underground, surrounding points and measurement campaigns, to
distinguish different causes of movements: deep underground (similaawiehr of points over a
larger area), shallow underground (behaviour only noticeable for one point), measurement error
(behaviour only noticeable for one point in one measurement epoch), and point perturbation (doubt
about the reliability of a point, basedn photographs, archive material, annotations, etc.). This
method is furtheroutlined in the Phase | repart

Benchmark 007A000@Figure6) provides an example ahe third discrepancy sourcewhere the
difference cannot be explainedrhis benchmark shows substantial subsidence over an extended
period, but no subsidence abservedbetween 1995 and 2014. The benchmark is located on a farm
built in 1930, which is likely to havedaepfoundation. Ndfunctional model erromeasurement errors

in the observation datavere detected, yet the discrepancy between the data and the model for this
benchmark remains unresolvedThis indicates that the subsidence model cannot explain the
behaviour of this point

Benchmark 007A0007
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Figure6. Estimated heights and model for 007A0007 after the fiesation

During the firstiteration of the computation a total of 140functional model erroravere corrected

with an additional 5C0correctionsmade during the seconderation. Despite these improvements,
there remain four benchmarks for which the differences between the model and the adjusted heights
are not explained by the subsidence model. They are elaborated upon in Annex IV, from which the
conclusion can be drawn that thepeints effectively exhibit the movements as shown in the graphs.
Two of the four poits seem to be anomalies, of which the movements are not representative for
movements in the deep subsurface. The two other points show movements, which may be caused by
the deep underground, but which the subsidence model does not predict.

Calibration of thedeepsubsidence model

The workflow for matchindevelling datawith modelled height changes is described in the feasibility
study in the phase | report (section 8.4 therein). In fobowing sections we describe the individual
work steps only briefly and refer to the phase | report for technical details.

Reservoir models

After initial tests of the impact range of specific gas reservoirs outside the target area, a total number
of 21 gas fields were considered for simulating the cumulative subsidence inside the targetianaz (
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2.5

700 {SOSNIt 3ILa FASEtRaA KFER (2 0S RAGARSR AyGz
pressure measurementgsulting in a total of 29 blocks. These compartments represent independent
compaction sources, while threservoir pressure with time onsideredo be spatially homogeneous

in each compartmentThe simulation covers a time window from 1957 (start of production in
Groningen) until 2024.

Considering the low temporal resolution (measurements are conducted only evgmears) of NAP
levelling data, we modelled only the first order effects of the temporal changes of the Grijpskerk
underground gas storage. Taapture higher order effects more frequent NAP levelling data would
have been needed.
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Figure7. The blue line (octagon) is the target area, whitre expected cumulative subsidence is to be
modelled. The red and blue areas &% small gas fields, used for modelling. Some of these gas fields
were divided into different blocks (indicated as Blk1, Blk2, etc.) based on pressure measurements and
geologic information (Winnings, see Phase | report, section 8.4, pressure data proyidédM).
Besides these small gas fields, the large Groningen gas field located further to the East (not shown)
was implemented as a compaction source. Data source: nlog.nl, horizontal and vertical axes show RD
coordinates.

Matching NAFLevelling Data

In the proposed workflow (report phase I, section 9.8.1 therein) it was foreseen to sequentially
calibrate individual compaction sources using adapted time windows, where the contribution of
different sources can be isolated. This proved to be not feagibkn the data situatio@annual up to
several years samplifgn the target area. The required time windows were generally skorfiew
years) containing only few (or even nojata in the vicinity of the compaction source under
investigation.
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As an alternative, a spatiemporal cluster approach was chosemaS8ally-temporally neighboring
gas fieldsvere a prioricombined to B clusters(seeAnnex Il Section Ii1, Table10). For each cluster,
model parameters for each reservoir in the cluster were estimated by matchingbeA¢hmarks
located in the immediate vicinit{~1km) of a cluster. At each NARenchmark the deviation (RMS)
between modelled height changes and heightchangesderived from NAP levellingg was

minimized using notinear optimization of the model, i.e.

Yo PH o s o s 1 b
with r denoting the location of the NAP point and t the time of N sampling points. The parameter
1 » accounts for the systematic bias introduced by the measurement error of the reference height
at the NAP point located at This parameter is constrained tbe H “value of the heighthanges
between the first and the other measurements which we rounded+/- 10 mm and was also
determined in the optimization proces3he calculation ofo  was performed as detailed in the
phase | report (section 8.4.3): The reservoir geometry was fixed, and the free parameters in the
optimization process were the compaction model (with parametessaerer, t) and the bias of the

reference height > .

As a second criterion, the number of NB&hchmarksexhibiting RMS>10 mm was minimized during
optimization. This strategy proved to be more robust compared to directly including all NAP
benchmarksn the RMS criterion (i.e., by summing the square root kernel over allbldA€hmarks.

The matching procedure was applied iteratively. After each iteration d& bachmarkswith the
largest RMS were inspected to identify possible measurement errors. TRé$e bachmarks
exhibiting obvious errors were removed from the data @ampare sectior2.2.3 and the inversion

for relative height changes in between the remainh§P baechmarkswere performed again. In total,
three iteration steps were performed until convergence was obtained, i.e. model parameters did not
considerablychange anymore.

With the final model, 80% of 44NAP bachmarksare matched with RM&.0 mm (sed-igure8, Figure
9, and Figure10). Note that RMS=10 mm corresponds to the nominal measurement error, thus
defining a lower limit to whatevellingdata can be matched by the model.

All compaction sources could be matched using a lhedastic model Table10in section 11.). Similar
to the findings in the feasibility study (phase | report, section 8.4.3. therein), no indications were found
for time/rate dependent compaction.

We have excluded the Groningen reservoir from the matching procedure and have represented the
reservoir by a simple, homogeneous compaction sowitieout structural complexity just like the gas
fields in the target areaOngoing researciv@n Eijs, 2024indicates that compaction of the Groningen
reservoir may be very heterogeneous, influenced by spatially varying reservoir porosity (directly linked
to the compaction coefficient) and aquifer compaction. These features are not represented in our
simple malel. To investigate to what extérour simplification of the Groningen reservoir could bias
the modelling results of the current study, we have performed scenario simulations, where the
aquifers around Groningen are compacting in the same way as the gas reservoir (Apheedion

11.3). These simulations indicate that up to 70 mm additional subsidence could occur at the Eastern rim
of the target area due to aquifer depletion. In most parts of the target area, however, the impact of
aquifer depletion is agligible.
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Figure8. Heightchangederived fromNAP levellinglata (blue) and simulged height changes (black)
as a function of time at sensd@06E220 as an illustrative exampleGrey shading denotes the
measurementerror of the NAP data.
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Figure9. Histogram of the RM8alues of the deviation between simulated height changes and height
changes derived fromAP levelling
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Figurel0. NAPbenchmarkgtriangles) Colors indicate the respective RM8&lue for the deviation
betweensimulated height changeend height changes derived froidAP levellingThe colorscale is
saturated at 50 mm (maximum value is 100 m).

Cumulative subsidence model

Figurell shows the modellecdubsidence in April 2023. The maximsimulatedsubsidence in the
target area i96 mm. Subsidence larger than 90 mm occurs near Kollum and Grootegast.

Based on an assumed future production plan (Appers#igtionll.2), subsidence has been modelled
for the year 2035, when all gas reservoirs have biély produced Figure12). Compared to the
current state, i.e., at the end of 2023, the additional subsidence to be expected3¥yis in the order

of 5 mm (Figurel3). The underlying model (Appendixsectionll.1), however, does not account for
potential aquifer compaction around the Groningen gas field, which could cause additional
compactionat the Eastern rim of the target area (Appendix, sectids).

It should be noted that homogeneous rock parameters were assumed for the overburden of the
NBAaSNI2ANRD [FGSNIE @I NRIF GA 2y Surf®&d coltiPcube ldtdraNd Y S
variations of subsidence. This could be relevant in the context of building damage. If adjacent rocks
exhibit strong contrasts of rock parameters (Poisson number, Youngs modulus), subsidence and
horizontal strain may exhibit lat variations at the contact area of different rocks. This effect is
currently being investigated in the ongoing KEM47 prof@dtO, 2024)
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Figurell. Qumulative subsidence since the start of gas production in Groningen in 1957 as of April
2023. RD coordinates.
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Figure12: Simulatedsubsidencesince the start of gas production in Groningen in 19572-2035
assuming production plans as described in the appendix (sedt®)nRDBcoordinates.
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Figurel3. Additional subsidence in the target area between 2023 and 2035, when all fields (except
Grijpskerk) are fully produced (difference of subsidence values between2823 and ApriR035,

see alsoFigurell and Figurel12). Maximum changes are to be expected in the area around the
Grootegast (southeast) and Leens (northwest) fieldsc®dinates.

Comparison withinSAR data

Analysis of overall surface deformation

INSAR data providesstimatesof surface deformation (see Section 9.2 and Annex | of the Phase |
report), which can be considered theumulative effect of all subsurfacand also super
surfacaleformations, including shallow, intermediate, deep subsiderlSigersurface effects, such

as seasonal variations in buildings and other structures like bridges, also impact INSAR measurements.
These measurements are typically more accessible in urban areas and along infrastructure, as such
features tend to provide sbnger radar signal reflectionddowever, over longer observation periods,
thesesupersurfaceseasonal effects become less significa

The Phase | report established that both shallow and deep subsidence are primary contributors to
overall surfacedeformation. Accordingly, if the deep subsidence model is accurate, its data can be
utilized to isolate and quantify the shallow subsidence componeiib facilitate this, INSAR data was
obtained from the European Ground Motion Service (EGMS) website (EGMS, 2024), specifically
selecting the Ortho (level 3) dataséthis product uses INSAR data fréme satellite Sentinell to

detect and measurground movements across Europe with millimetre precisiome Orthodataset
provides the estimated vertical motion components anchored to a reference geodetic model,
resampled on a 10éneter grid.Compared to the Basic and Calibrata8ARlatasets, the OrthdnSAR
dataset offers a simplified format with reduced noise, making it more suitable for comparison with
geodetic measurements

Two validated datasets (2042021 and 2018022) offer average deformation velocities (in mm/year)
for each 100x100 meter pointhe first EGMS update covers the period from 2015 to 2021. It includes
the original baseline dataset (202920), which is no longer available on its own. Starting from the
second update, EGMS uses a-pear rolling window approach. This means the cutngodate covers
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20192023, the next will cover 2020024, and so onUsers can view the latest data the online
viewer, with previous versions available for download only.

The average deformation velocity was also calculated from the deep subsidence model for the same
periods. By comparing INSAR deformation velocitiesGISwith the modelled deep subsidence
velocities atentative estimation forthe shallow deformation velocity component can be derivEde
derived values should biaterpreted with caution, as both the INSAR deformation estimates and the
modeled deep subsidence rates are subject to various uncertainties.

Observationavere extractedfor the Grijpskerk arefrom the two INSAR data sefseeFigure54 and
Figure56in Annex IDand theresults of thedeep subsurface model for the equivalent time periods
(seeFigure55and Figure57in Annex ll)Figure58to Figure63in Annex llillustrate the distribution

of the deformation velocities within the Grijpskerk are@able 1 provides a summaryof the
deformation valuesmerelyto give apossibleindication of theirmagnitudefor the project area

Tablel. Mean deformation velocitycomponentsand theirconfidence interval¢Cl)estimated from
InSARbservationsaandthe deep subsidence modébr the entire project areaFor the distributiorof
the values, please refer tine graphs imAnnexlll.

Period 20152021 20182022
Mean 95% ClI 95% ClI Mean 95% ClI 95% CI
(mm/year) lower upper (mm/year) lower upper
bound* bound* bound bound*
INSAR velocity component -2.58 -2.75 -2.44 -1.98 -2.12 -1.87
(mml/yr)
Modelled deep subsidence -0.28 -0.38 -0.19 -0.08 -0.17 0.00
component(mm/yr)
Derived ballow subsidence -2.30 -245 -2.18 -1.90 -2.03 -1.76

component (mm/yr)
) The 95% confidence intervals were computed using a spatial block bootstrap, which resamples contiguous blocks of data to
account for spatial correlation. From 1,000 resampled means, the interval was defined by the 2.5th and 97.5th percentiles,
providing amore realistic estimate of uncertainty for spatially dependent subsidence data.

It can be observed that the modeled deep subsidence accounts for approximately 10% of the total
subsidence rate during 20£3021, and about 5% during 204d822. The total subsidence rate
measured in 2018022 is 23% lower than in the earlier period, and tterived shallow subsidence
rate also decreases, though not by the same margin, due to the significantly smaller contribution
from the deep component. Specifically, the shallow subsidence rate inc2022 is 18% lower than

in 2015%2021. However, it is fficult to draw firm conclusions from this comparison, as the two
periods overlap and cover different durations, reflecting the limitations of the available INSAR
datasets.

The estimated shallow deformation component was theanalysel against the shallow subsurface
characteristics obtained from NL3D (V2.0, Dinoloket, 2024). Although NL3D has a lower resolution
(250x250m) than GeoTOP (100x100m), it enables soil type comparison at varying(depfigure

64to Figure67in Annex IIl)The analysis revealedentative correlation between higher deformation
ratesand the presence opeat, as well adess strongcorrelationbetween lower deformatiorrates
andthe presence ofine andmediumsand (se€lable2 and Table3). A correlation with peat is not
surprising, since peat is known to bensitive to compaction and oxidation

However, he InNSAR observations in the area atenglyinfluenced by infrastructure, notably the
eastwest railway embankment. The mass of this structure naturally impacts softer soils more strongly,
suggesting potential correlations, though only indirecBgditionally, groundwatefluctuationsmay
alsostronglyinfluence thelnSARobservations

In other parts of the Netherlands, peat compaction ranges from 1 to 30 mm per year, while in the
Northern Netherlands it varies from 1 ton®m per year (see section 2.9, Table 2 of the phase | report).
Based on these figures, the observed shallow subsidence rates are not unusual.
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Thecorrelation forsoil types other tharpeatis relatively weak, likely due to the limited detail and
uncertainties in the shallow subsurface mapd the uncertainties of the INSAR observations and the
model results Soil type distribution maps for depthmore than 2 meters were excluded fromith
analysis, based on the assumption that, for shallow foundations, soils at greater demtbmeless
relevant In the northern Netherlands shallow foundationsre typicallysituated at depthshetween

0.5 and 15 meters below ground level.

Figurel4 presents a map illustrating the distribution of peat soil up to a deptl2 afeters, where
darker shades of brown indicate greater peat thickness. This map highlights that soils with a higher
organic content, and consequently more susceptible to shallow subsidence, are primarily
concentrated in the southwestern part of the Grijpskarea.

Table2. Mean shallow subsidenceomponentrates crosscorrelated with soil type. Red highlights
indicate statistically significant deviations from tiieanrate (outside the confidence intervalBased
on INSAR data from 2015 to 2021.

20152021 Derived® meanshallow subsidenceeomponentrate (mm/yr) \

Soil type 2m belowsurface  1m belowsurface Surface level Meanvalue
for the entire
area(range)

Peat -2.72 -2.73 -2.54 -2.30

Clay -2.18 -2.19 -2.27 (+-0.14)

Clayey sand -2.23 -2.44 -2.44

Fine sand -2.20 -1.99 -2.21

Medium sand -2.12 -1.77 -1.91

Coarse sand -2.20 n.a. n.a.

*) Therate is a derived shallow subsidence component, as it is uncertain whethé deformation is solely due to shallow
processes. Given uncertainties in both INSAR estimates and deep subsidence models, this component should be seen as a
preliminaryrate estimate,since it is not validated with field measurements

Table3. Mean shallow subsidenceomponentrates crosscorrelated with soil type. Red highlights
indicate statistically significant deviations from thieeanrate (outside the confidence intervalBased
on INSAR data from 2810 2022.

2018-2022 Derived meanshallow subsidenceeomponentrate (mm/yr) \

Soil type 2m belowsurface  1m belowsurface Surface level Meanvalue
for the entire
area(range)

Peat -2.35 -2.34 -2.45 -1.90

Clay -1.68 -1.73 -1.82 (+/-0.19)

Clayey sand -1.82 -2.00 -1.99

Fine sand -1.77 -1.69 -2.12

Medium sand -1.94 -1.58 -1.67

Coarse sand -1.61 n.a. n.a.

*) Therate is a derived shallow subsidence component, as it is uncertain whethés deformation is solely due to shallow
processes. Given uncertainties in both INSAR estimates and deep subsidence models, this component should be seen as a
preliminaryrate estimate,since it is not validated with field measurements
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Figureld4. Distribution of organic (peat) soil up to a depthizoheters. Darkeshades of brown indicate
greater peat thicknessSpurce: NL3D modeDinoloket, 2024

2.7.2 Analysis of seasonal effecdf gas injection and extraction

In addition to the overall analysis tdngterm subsidence, it is important to evaluate the seasonal
effects of gas injection and extraction from the Underground Gas Storage (UGS) in Grijpskerk. The
crosscorrelation of the mod#ed deep surface movements with theubsidence estimations
computed fromobserved InSARbservationsdata is particularly relevant. These seasonal effects,
driven by gas injection and extraction, are not reflected in the N&Badjustedheights from section
2.2that were usedto calibratethe model This idecause the temporal resolution of the NARBta
levellingobservationds insufficient to capture these dynamics accurately.

Snce INSAR data processing is beyond the scope of this work, we utilized EGMS data for our analysis.
This data, also used in Secti@rv.l, is specifically the Ortho (level 3) dataset. It provides vertical
motion estimatesanchoredto a reference geodetic model, resampled on a -b0€ter grid. These

vertical motion estimates are derived from the l#&sight observations which are the original motion
estimates in the looking direction of the satellite. Out of this grid with vertical motion estinzatet

of grid points was selected to investigate the seasonal motigach comparison grid poistlected

for comparisonwas crossvalidated with the surrounding calibrated (level 2) datas#éh line-of-sight
observatons to ensure that individual outliers did not skew the valu@stliers were identified by
comparing the level 2 estimates with tlestimated linear motion from the level 3 dataset.

Figurel5illustrates the moddéd extent of deep surface movements. This extent was calculated using
a cycle with a maximum pressure difference of 125 bar, occurring between October 2017 and March
2018. We selected several comparison points both within and outside the calcusa@sbnal
deformation area for further analysis between the mdidd movements and the INSAR data (Figure
16). The EGMS data time series for each of these points were subsequentkednaly
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Figure 15. Modelled extent of seasonal variation due to gas injection and gas extractios.
simulation was performed on a rectangular grid with a side length of 16 x 11.5 km.
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Figurel6. Location of several comparison points relative to the modelled subsidence extents.

Our objective was to determine whether the seasonal subsidence effects predicted byede
subsidencemodel could be observed in the EGMS InSAR data, suggesting detectable surface
movements via satellite monitoring. Two points, located directly above the UGS in Grijpskerk (points
8 and 9 inFigurel6), are presented as examplds.Figurel7 and Figurel8, we compare the time
series data from the model with the two EGMS Ortho products for poantd8Q Note that the EGMS
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surface movement data are relative to the dataset's start years (2015 and 2018), while the model data
are referenced to 1970. We adjusted theo EGMS data productsith an initial subsidence value to
align both datasets to 1970.

Subsidence comparison for point 8
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Figurel7. Comparison of the modelled subsidence (blue) en the EGMS ortho productZ2215
orange; 2018022; green) at a point on top of the UGS in Grijpskerk (point 8).

Subsidence comparison for point 9
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Figurel8. Comparison of the modelled subsidence (blue) en the EGMS ortho productZR@15
orange; 2018022; green) at a point on top of the UGS in Grijpskerk (point 9).

The combined grapkisuallydemonstrates a clear seasonal correlation between the nliedeand

INSAR data. However, the magnitude of the seasonal effect observed in the INSAR data is notably
smaller than predicted by the model. If the molkel data accurately represent deep surface
movements and the INSAR data correctly reflect both deep and shallow movements, this discrepancy
could suggest a damping effect at the surface. Groundwater dynamics may play a role. For instance,
soil compaction nght occur whengroundwater levels remain static during heave. Conversely,
subsidence could lead to groundwater swelling, which may reduce the observed seasonal variations.
The heave typically occurs in late summer when the gas storage is full, corresponding with lower
groundwater levels, while extractieimduced subsidence occurs in winter, when groundwater levels

are higher. These conditions could amplify the damping effect.
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For pointsbeyond the 25 mm contour of subsidence due to the gas storage of Grijpsdeakonal
effects are not evident in the EGMS data. For exanfitgyrel9 shows the time series for a location
near Munnekezijl (point 10 ifigure16). While some seasonal variations appear in the EGMS data,
they are not statistically significanthis noise and the seasonal variation in the data have the same
order of magnitude.Further analysis using the Level 2 lofesight data supports this conclusion.
Specialised INSAR processing at object level may reveal some moreodéfaibny casehe expected
movements are smaller than the modelled movemerniikis pattern holds for locations closer to the
UGS, such as pointfidm Figurel6, for which the timeseries is shown kigure20.

Subsidence comparison for point 10
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Figurel9. Comparison of the modelled subsidence (blaeylthe EGMS ortho product (2012021,
orange; 201&022; green) at a point near Munnekezijl (point 10).
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Figure20. Comparison of the modelled subsidence (blaeylthe EGMS ortho product (204221,
orange; 2018022; green) at point 7.

Care should be taken when interpreting the time series for seasonal effects. These effects are not

solely attributable to gas storage operations but may also arise from temperature fluctuations and
water level changes. The EGMS data at some locations,asuphints 1 and 2 irigurel6, and the
comparison point at th&Kommerzijlsterriet pumping station, show pronounced seasonal behaviour.

However, this behaviour is not consistent in the surrounding points, indicating that these seasonal

effects are likely due to movements of individual structures actinthapersistent scatterergt that
location
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2.8

Comparison with GNSS data

Within the region, a network of permanent GNSS receivers has been established for the continuous
monitoring of ground movement. The first three NAM continuously operating GPS monitoring stations
were installed in 2006. Over time, additional stations wedgled to the network. In February and
March 2014, ten more monitoring stations were established in the Groningen gas field area, increasing
the total number of stations in this region to eleven. Concurrently, two monitoring stations were set
up at the undeground gas storage fields of Norg and Grijpskfirel, 202Q. Sations have been
added or removed since theiihe Grijpskerk statiors the current statiorwithin the study area of this
report. Thidocationis also identified as point 8, as presented in secoh2 The monitoring station

at Grijpskerk is equipped with a Topcon-BB0/EG3_OEM GNSS receiver and a TopcehdbBke

ring antenna, which has been individually calibrated. Raw GPS observations from each station are
collected at 15second intervals foprocessingNlarel, 2020.

Since the observed GNSS data is not publicly available, we utilized the GNSS data proces&iy 06

on behalf of NAM. The processed results, published on NLOG, are accessible as(@6§tst 2031

For comparison purposes, we incorporated the processed outcomes fre@BPEinto our analysis. A
proper comparison requires that the GNSS data be processed relative to the same reference point
used for readjusting the NARevellingdata, which was the NAPenchmarkin GasselteHowever, the
processing report does not specify the reference stations employed in GNSS processing. We assume
that several stable reference stations from the Active GNSS Reference System (AGRS) of The
Netherlands were used, whicthsuld exhibitinsignificantmovement relative to thebenchmarkin
Gasselte.

Figure21 presents the modééd and observed ground motion datd point 8. This data, also shown

in section2.7.2 is limited here to the tetryear period from 2013 to 202&t the time of writing no

data beyond this timeframe was availabl€he GNSS heights computed by-®BS have been
incorporated into the graph. Similar to the approach taken with the INSAR data, an offset value was
applied to align the computed absolute heights (relative to ETRS89) with the lexbdeibsidence
values.

The combined graph clearly illustrates the strong correlation between the INSAR data and the GNSS
data. A seasonal effect is apparent across all datasets, though its amplitude is smaller in the observed
data compared to the modkld data. Based on these findings, we consider the INSAR data from EGMS
to be a reliable source for comparison with the model data.
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Subsidence comparison for point 8
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Figure21. Comparison of modelled subsidence witite EGMS ortho product (204221 orange;
20182022 greer) and GNS8bservations (red)
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3.1

3.2

VIBRATIONAL EFFECTS

Introduction

Earthquake monitoring for the Netherlands is performed byHKuminklijk Nederlands Meteorologisch
Instituut, KNMI (for more details see section 3.5 of phase | report). The KNMI provides catalogues of
natural and induced earthquakes in the Netherlands, which are continuously updated. For the current
study, catalogues were downloaded from KNMI (2024) on JiilyZ®4. These include 1943 induced
earthquakes that occurred in the Netherlanblstween December 1986 ariday 2024

The catalogue contains information on earthquake occurrence time, location and earthquake
magnitude. Induced earthquakes were generally located assuming a fixed depth, mostly at 3 km.
(Epicentral) location errors are not provided in the catalogue. In poi@clocation errors can be
estimated based on travaime residuals as part of the location procedure. For most events, however,
this information does not exist anymore. In a previous study, generic, spatially varying location errors
were estimated basedn the station configuration of the KNMI network at different tim@aisch et

al., 2017) For a hypothetical M=2.5 earthquake occurring near Grijpskerk in 2016, this study indicates
epicentral location errors in the order of up to 2.5 km.

After deploying several local stations in the Grijpskerk area, the theoretical location accuracy in this
area improved significantly. For the KNMI network configuration as of 2022, the epicentral location
error for a hypothetical M=1.5 earthquakeas reducedo the level of a few hundred meters (Figure

D3 in Ruigrok et al., 2023).

Monitoring in the Target Area

Figure22 shows the current station configuration of the KNMI network. The five monitoring stations

in the target area were deployed between June 2018 (station GKO3 Grijpskerk) and October 2019
(station NE306 Burum). Tire®ntinuous (raw) waveform data for KNMI stats is available at the
Orfeus webserverhftp://www.orfeus-eu.org.

In total, the KNMI network detected 16 earthquak@&®m the beginning of measurements until end
2024)within the target area with a maximum magnitude of M=1.8. The first earthquake was detected
in 1997.
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54°N x———

40'

lat

53°N

30' 6°E 30' 7°E 30

lon

Figure 22. Seismic borehole and broadband monitoring stations of the current KNMI network
(triangles). Five stations are located within the target area (purple polygon) around the Grijpskerk UGS
(red star). In a subsequent section waveform data from selected swfthrick triangles) closest to
Grijpskerk is inspected. No data was available for one of the stations (NEB86within the target

area.

Seismicstresstransfer andsubsurfaceinteraction

As detailed in section 3.13 of the Phase | report, earthquakes can transfer both dynamic and static
stress to nearby areas. Dynamic stress transfer is a transient phenomenon whereby the stress state is
temporarily altered while a seismic wave passes thtougven for large earthquakes, the changes in
dynamic stress are small (<1MR¢ill, 2008). However, if a fault is very close to reaching its critical
stress level, dynamic stress can remotely trigger an earthquake. Remote triggering is typically
associate with longrange surface wavesill, 2008)and can occur over several thousand kilometres
(Baisch et al., 2006%5iven the low level of background stress observed in Dutch gas fields, remote
triggering can only become relevant if previous subsurface activities have brought a fault very close to
stress criticality. Furthermore, the largest magnitude events to haeeiwed in the Netherlands have

not produced longrange surface waves. Therefore, dynamic stress triggering caused by an induced
earthquake isot expected to be relevant to conditions in the Dutch subsurface.
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3.4

Static stress transfer is a much shorter ranging process. The amount of static stress transfer resulting
from an earthquake depends on its source parameters, such as magnitude and stress drop. Simple
calculations within a circular crack model indicate thhe largest induced earthquake in the
Netherlands (M=3.6) had a source radius of approx. 350 m when assuming a stress drop if 3 MPa.
PaAy3 hllRFEQ&a KOKadd, 299Athe Iddcay dfstatidzétres® tfasfer with distance to

the earthquake carbe calculated (e.g., Figure 1Baisch, 2020 For the M3.6 earthquake, the static
aGNBaa GNIya¥FSNI Aa Xnopm atl d m 1Y RAadGIyOS i
distance of 1.75 km.

Association of earthquakes with subsurface activities

Subsurface activities can cause seismicity, and the occurrence of an earthquake is evidence for critical
stress conditions at a particular location and time. Thus, induced earthquakes can provide constraints
on geomechanical models, which need to reprodeeethquake failure conditions at the observed
locations and times.

A clear association between an earthquake and a particular subsurface activity, hoiseetglways
possible due to earthquake location errorth the Grijpskerk area, location errors significantly
decreased after 201&é¢esection3.5 in Phase | reportWe have updated thelassification scheme
developed INnKEMO7 (Vo6rés and Baisch, 2018) taccount for the uncertainty in earthquake
associationFigure23). Due to the improved location accuracy of earthquakes occurring after 2018,
the gas fields Kommerzijl and Munnekezijl are now categorized as class A fields. l.e. these fields are
most likely associated witinducedseismicity. Previously, both fields were categorized as class B fields
(possibly associated with seismicity). All earthquakes in the target area can be associated with at least
one producing gas field when accounting for their epicentral location error.

Using the geomechanical models developed in KEMi.e. the preferred model suitBFMSWin

Voros and Baisch, 2018)e furthermore confirmed that all earthquakes in the target area can be
associated with at least one gas field for which critical stress conditions are simulated at the time when
the earthquake occurred.

In the northern Netherlands, induced seismicity is predominantly associated with gas extraction and
storage activities. A notable exception is the magnitude 2.8 earthquake that occurred near De Hoeve
(Fryslan) at a depth of 2 km on 26 November 2009, whiebk likely triggered by water injection
(MuntendamBos et al., 2022). Other gaslated subsurface operatigrsuch as drilling, hydraulic
alAYdzZ FGA2y 3 | yR K& R,dn offudné the INdal StieskzNeBiryieby alterifghtdred 1 A Y
pressures b causing thermal contraction (see also Section 3.12 of the Phase | report). When
performed in proximity to geological faults, these changes may induce seismicity. However, such
seismic responses are typically limited to microseismic events, detectabtendthl dedicated local
monitoring networks.

TNO (2018) reported three seismic events with magnitudes between 1.0 and 1.5 that occurred within
10 km and within 100 days following fracking operations at wells-BK@Munnekezijl gas field, 12
February 1997), LWZ3-S1 (Kommerzijl gas field, 30 NovemB812), and KMP3 (Kollum gas field,

3 December 2012). Despite the temporal and spatial proximity to the fracking operations, all three
events were attributed by TNO (2018) to gas production (i.e. depletion), not to the frack operations
themselves.
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Figure23. Classification of gas fields in the target area according to the legend. Class A (red) denotes
fields which are most likely associated with seismicity. Class B and C (dark and light blue) denote fields
which are possibly associated with seismicity and<I2 (green) denote fields which are most likely

not associated with seismicity. This is the classification scheme developed ¥ KEBros & Baisch,

2018) For details see section 3.5 of the phase | report. Earthquakes within 20 km distance to the UGS
occurring prior to 2018 (blue) and thereafter (yellow) are marked according to the legend.
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3.5

3.6

Felt Vibration Signals Not Associated with Catalogued Earthquakes

Residents of the Grijpskerk region have repeatedly reported felt vibrations which are not correlating
with any local earthquake listed in the KNMI catalogue. Several time windows of such vibration events
were provided by the KEM8 guidance groupQrietje Zijlstrapers. com.and are listed iTable4.

Table4. Inspected time windows for which felt vibrations were reported.

{4 NI RIEGE [9YR

OMPNO PHAHH OMPNO PHAHH
nod®nn®PHnNHH nndénnPHAHH
MNPnoPHAHO MM®N1o PHAHO
Hp®nn ®HAHN HC ®nn ®PHAHN
HNn®nc ®HAHN HM®Pnc PHAHN

The Grijpskerk region is continuously monitored by several local seismic stationskdfkienetwork
(Figure22). The nominal magnitude afompleteness NloQ of the current KNMI network varies
between MoC=0.5 and Ma&@.0 in the Grijpskerk region (Ruigrok et al., 2023). Different ground
motion prediction equations (see phase | report, Figure 28) consistently indicate that felt vibrations
due to an earthquake at 3 km depth require an earthquake with a magnitude ofaat M>1.2.
Therefore, the nominal MoC of the KNMI network indicates that perceptible earthquakes in the
Grijpskerk region would generally be detected by the KNMI network.

To further investigate the nature of the reported vibrations, we have downloaded and inspected the
raw waveform data for the time windows listed Trable4 and for the stations marked iRigure22

To exclude any bias from a specific trigger settimgyeforms werevisually screened on successive
time-windows of 1 minute length. For the periods listedlable4, the analysis yields that

- none of the time windows include(coherentksignals that were observed at multiple stations and
that had waveforms consisht with signals emitted by an earthquake in the (locaipsurface

- the background noise level at the recording stations (measured at the lowest instrument level at
200 m depth) is typically in the order of -1éhm/s demonstrating that the recording instruments
are very sensitive. For comparison, the lowest level of human perceptibility starts at 0.3 mm/s
which is almost three orders of magnitude higher

Given these results, it can be excluded that the felt vibrations reported above were caused by an
earthquake occurring at several kilometers depth. Instead]ikédy that the felt vibrations had a local
2NAIAY Fd 2N ySENI GKS 9FNIKQa ada2NFIFOSd® t2aairo0f S
such as strong windgile driving, sonic boom, building collapse, surface explosidmeavytraffic.

Settlement in loosely packed fine sand (Wadzand)

This section addresses an additional question raised by the guidance group during the project's
progression. The question stems from concerns expressed by residents of Groningen, particularly in
the Grijpskerk area, regarding the sensitivity of looseljkpddine sand in the subsurfaaggmmonly
referred to as wadzando vibrations caused by induced seismic activity.

Settlement of foundationsin sand can occur when the grains are rearranged and become more
densely packed due to external influences such as vibrations, leading to a reduction in the volume of
the sand layer. This procesg@soknown as compaction, can happen due to external vibrations like
earthquakes or construction activitiesarger vibrations can also cause liquefaction, leading to both
compaction and a temporary loss of bearing capacity. However, liquefaction due to induced seismicity
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has not been observed in the Netherlan@ge section 2.6.2 in Phase | repo@pmpaction generally
occurs at a peak ground velocity (PGV) greater than 10 mm/s. At PGV values below this threshold, the
risk of compaction is lofvan Staalduinen and Everts, 2020)

Van Staalduinen and Everts (2020) further distinguish four situations based on peak ground velocity
(PGV) from induced earthquakes in the Groningen f{Eidgure24), but this can be applied to any
vibration by other sources, also outside the Groningen figiguefaction risks arise only at higher PGV
values, while lower PGVs require only a compaction check

- PGV<10mm/$(f t dalbulat@dibasewith anexceedance probabilitgf 1%): Settlements are
not caused or worsened by mining activities, and no investigation into liquefaction is needed.
Other causes are assumed.

- PGV < 16 mm/s: If sand layers > 0.1 m are present, no liquefaction check is required, but another
cause must be identified. For clay or peat, earthquakes are unlikely to have caused settlements.

- PGV <40 mm/s: Sand layers require liquefaction testing and an investigation into other causes,
while clay or peat likely rules out earthquakes as a cause.

- PGV > 40 mm/s: Liquefaction and other causes must be investigated, as higher velocities make
liquefaction more likely in sand layers.
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Zand _,\:" .;‘\\ Vto; . "
! >0,1m
<40 mm/s_~ . _~ . ia . N
V. ~ _~Andere oorzaak-. ' o - < 16 mm/s .
= “-aantoonbaar?.~~ h
| > 40 mm/s nee | >16 mm/s
../_.—\__ 8 v N 6
{,/"Jinderc oorzazk _nee ] _ nlﬂ - “Verwekings™ . Zettingen niet
“\._aantoonbaar 2~ Zetting door \ gevoelig bij)_ veroorzaakt
» - trllllnlgen als .\YEI?;?,‘- of verergerd
[ ja gevolg van nee door trillingen
N9 bevingen is niet als gevolg van
_ e Cyelic ~_ I uit te sluiten. bevingen
““._ Softening bij i
\*-. V'.o:;?,.-‘ -

[ nee !

Figure24. Flowchart decision procegm Dutch)for determining the relationship between settlements
and vibrations caused by induced earthquakésn Staalduinemnd Everts 2020).

When vibrations with a high PGV occur (more than 10 mm/s), theisarequiredto be loosely packed
andof a significant thickness (more than 0,1 m) up to 5 meters below grade, in order to become more
densely packed and cause settlement.

Wadzand or tidal flat sand is loosely packed fine sand that can occur as layered sequéeetesémn

clay layers in the geological Naaldwijk Formation or the Laagpakket van Walcheren (Walcheren
member), which is also part of the Naaldwijk formation. Both geological units occur at the surface in
the Grijpskerk area. The Naaldwhrmation occurs in the northeastn part and the Laagpakket van
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Walcheren in thesouthwestern part of the Grijpskerk area (seeigure25). Both deposits cover
virtually the entire project area.

The sediments from theNaaldwijk Formation have been deposited in foreshore, opermarine
littoral, coastal dune, beach, beach ridge and washover, beach plain, tidal basin (including estuarine,
lagoonal, tidal channel, channel margin, sandy and clayey tida¢riletonment(TNO, 2024). The
Walcheren Member sediments have been deposited in an estuarine or tidal basin, formed as a result
of breaches in an originally closed barrier coast, including channel-te@ihg sand and clay), sandy

and clayey flagsand and silt), and salt marsh (humic and peaty silt) environment (TNO, Z024ds

the south, overlying the boulder clayPeelo Formation)you can find the cover san@dgxtel Fm.
Wierden member,) seeFigure26. It also contains fine sands, buig sedimentis distinctly different

from sands present itthe Walcherenmemberen NaaldwijkFormation This cover sandonsist of
well-sorted windblown sand deposits, mosttienselypacked and thus less susceptible to compaction
than the tidal flat sands.

Based on the previous descriptions, the geological formateimeationis not a very precise depiction

of where the tidal flat sand may occur, because clay is also a major constituent of the deposit. Another
way of depicting the possible occurrence of wadzand is through the NL3D mddel isdepicting

the predominant soil type at different depth intervals (in intervals of 1 m) from the surfacd~(gaes

64to Figure69A Yy ! yYSE LLLO® . & &0l O1Ay3 dovr$os5maepth, (& LIS
the distribution of the fine sand throughout the Naaldwijk Formation and Walcheren geological
members carbe shown, se&igure26.

To assess the Peak Ground Velocities (PG@W8)99% confidence intervaksulting from induced
seismicity in the region, an analysis was performed using the KiNMted earthquake catalog

(KNMI, 2024) and the PGV empirical model for small gas fields outside the Groningen field, developed
by KNMI (Ruigrok and Dost, 2020). Additionally, the potential impact of induced seismicity from the
Groningen field on areas outside the project zone waaluated by examining the magnitude and
depth of these seismicvents relative to the shortest distance to the project area. Based on this, a
PGV calculation was made using a 1% confidence interval, applying the empirical ground motion model
developed by Bommer (2019) specifically for the Groningen field. The redultésoanalysis are
presented inTableb.

For events outside the Grijpskerk area, only those with a PGV (1%) exceeding 10 mm/s have been
included. For events occurring within the Grijpskerk area, a distance of 0 km was used to estimate the
maximum possible PGV from local seismic activityo events outside the Grijpskerk area (Huizinge

and Westerwijtwerd) have exceeded the 10 mm/s threshold. This is relevant for the easternmost part
of the area.Based on these findings, settlement may have occurred in a small section of the
easternmost parbof the project areaduring the 2012 Huizinge event and the 2019 Westerwijtwerd
event(seeFigure28).

The conditions for this would have required the presence of sand lafetleast0.1 m thickdown

to 5 meters below ground levellhis would requira sitespecific analysis of the first 5 meters to
confirm or reject the possibility of settlemenitlote that iquefaction is unlikely to have occurred, as
the PGV values were too lpwompared to the threshold values.
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Figure25. Map of the Grijpskerk area and surroundings with sitecked thicknesef the Walcheren
member and the rest of the Naaldwijk formatiovhere tidal flat sand may occur (Source: GeoTOP
model- Dinoloket, 2024)The colour range represents thickness, with blue indicating smaller thickness
and red indicating greater thickness, which suggests a higher likelihood of tidal flat sand (Wadzand)
presence
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Figure26. Map of the Grijpskerk area and surroundings with the occurrence of fine sand (in yellow)
from surfacedown to5 m. depth,in the north most likely Holocentdal flat sand in the southmore

likely Pleistocene cover (windblown) cover sand, Begre26. The darker the yellow shade, the
thicker the fine sand layer. The recorded seismic events are shown with the Magnitude and calculated
PGV at the epicentre. (Source: KNMI, 2024; and NL3D mbitebloket, 2024).
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Figure27. Map of the Grijpskerk area and surroundings with the distribution of the stratigraphic units
at the surface. NUBX is the Pleistocene Boxtel Formation that also contains fine sand. NUPE is the
boulder clay formation.
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Figure28. Map of the Grijpskerk area and surroundinugtly overlainwith the hazard map from
Groningen which justoverlaps the easternmost part of the project area. This is also the area where
the M 3.6 Huizinge (2012) and M 3.4 Westerwijtwerd (2019) events may have exceeded the 10 mm/s
threshold (see red outline).
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Tableb. Calculated maximum PGV (1% confidence interval) fé¢Nillll reported earthquakevents

within and outside the Grijpskerk area. Two events outside the Grijpskerk area (Huizinge and
Westerwijtwerd) have exceeded the 10 mm/s threshold. This is relevant for the easternmost part of
the area.The list has been sorted on calculated R@&»m high to low). The top two rowwith the

f | NB S &aie fromrDexefts outside the Grijpskerk arda. from the Groningen fieldSee also the

red outline inFigure28 above.
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Vibrations due to pipeline infrastructure

Section 2.6.2 of the Phase | report concluded that settlenresbilfrom vibrations caused by pipeline
gas transportation is unlikelilowever, bw frequency noiséLFN), a phenomenon that can occur near
gas infrastructure, may cause discomfort to indialduexposed to i{see section 2.6.2 in the Phase |
report). LFN does not lead to the settlement of sadther soil layers
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4.1

4.2

UGS GRIJPSKERK

Introduction

Residents of the Grijpskerk region have expressed their concerns that published production data of
the UGS Grijpskerk may be inconsistent and that the produced gas volume repeatedly may have
exceeded the stored gas volume, implying that part of the cuspamwould have been produced.

In this chapterwe analysethe production data situation (sectioh2), discuss the aspect of produced
cushion gas (sectioh3d) and its potential relevance for causing earthquakes (seetidn

Production Data
Two types of concerns were expressed by the KiBMuidance group:

1. A discrepancy between UGS production data provided by nlog.nlGiRd(Gas Infrastructure
Europe).This discrepancy is described in detail in a study provided by the guidance group
2. Atemporal offset between flow (production/injection) and pressure data

We have downloaded and compared UGS production data from nlog.nl and GIE, respélttesalyo

data sets mostly agree within a few perceSubsidence modelling in the current study, however, is
based on reservoir depletion (compare phase | report, section 2.10) and reservoir (wellbore) pressure
provided by the NAMand not on production volume

Figure29 shows the temporal evolution of production and pressure data. There are no indications for
a temporal offset between these parameters, thus indicating consistency of the nlog.nl and NAM data.
Given that nlog.nl production data reasonably agrees with GHguyztion data, NAM pressure data is
also consistent with GIE production data.
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Figure29: Temporal evolution of gas production (black), gas injection (red) and pressure (blue) at the
Grijpskerk UGSVertical orange lines mark the transition between production and injectsn
inidicated by the color change from red (injection) to black (production) in the flow rdims. entire
lifetime of UGS. Bottom: close up. Pressure peaks perfectly corrgfatallywith vertical orange lines
indicating no temporal offset between production and pressure data. Data source: NAM.

Cushion Gas

Figure30 shows the pressure evolution in the Grijpskerk gas reservoir over time. At the end of the
initial production cycle in the spring of 1997, the reservoir pressure was lowered to 276 bar.
Subsequent injectioiand-production cycles were operated at a higheservoir pressure level until

in spring 2011 the reservoir pressure was lowered to 272 bar. This implies that some of the previous
cushion gas was produced. In subsequent cycles the reservoir was produced to even lower pressure
levels of 271 bar (2015), @dbar (2017), 262 bar (2018), and 248 bar (2022, 2023). Interestingly, the
timing of earthquakes (possibly) associated with the UGS correlates with some of these pressure
minima. The only exception is the event in 2013, for which we note that it is nialy hssociated

with a different gas field (see caption Bigure30 for more details).
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Figure30: Reservoir pressure over time in the Grijpskerk gas reservoir (red). The reservoir was turned
into an underground gas storage facility (UGS) in 1997. Prior to 1997, gas has been produced from the
reservoir, reducing the reservoir pressure to 353 bar. Bdstbertical lines indicate the occurrence

time of local earthquakes associated (dark blue) and possibly associated (light blue) with the Grijpskerk
reservoir, when accounting for location errors. The noméftentreof the candidate event in 2018
(M=1.0Kommerzijl) is close to the Grijpskerk reservoir (<1.2 km to field boundaries), whereas the
epicentre of the candidate event in 2013 (M=1.0 Houwerzijl) is further away (approx. 2.5 km).
Superimposed on the 2018 event is a second event (M=1.7 Lauwerzijl) that occurred on the same day
and that could also be associated with the UGS Grijpskerk when accoftottilogation errors. Data

sources: NAMKNMI catalogue.

Geomechanical Processes causing Earthquakes

The literature review in Phase | has indicated that the impact of anelastic reseoropaction has

not sufficiently been accounted for in previous geomechanical studies of seismicity induced by gas
storage phase | reportsection 3.7)In particular, seismicity occurring during earlyimgection, as
observed elsewheréas not explained in these studies.

The timing of thehree earthquakesis likely associated withthe UGSGrijpskerk(Figure30), however,
correlateswith gas production activities antthe (thus far) maximum depletion level in the reservoir.
Therefore, theobserved earthquakes can be geomechanically explained by the deptaiapaction
process associated with gas production (phase | report, section 3.6 therein). No (associated)
earthquake occurred during fmjection operations, indicating that anelasticsesvoir compaction

may not be a relevant process for the induced seismicity at the Grijpskerk TH®Sabsence of
earthquakes during periods of 2022 araddr, when reservoir pressure levels were as low as 248 bar,
indicates that the hypothesized depletimompaction process might bengcessarput not sufficient
condition for recorded earthquakes to occur.
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5.1

INDIRECT EFFECTS DEEP SUBSIDENCE

Introduction

In the Phase Il literature study, it was found that deep subsidence can indirectly affect surface water
levels(SWL)which in turn impacts the freeboaythe difference between land surface elevation and

SWI, within a fixed water level areaNLA;Dutch:droogleggingof peilgebied. This hydrogeological
feedback system can potentially lower the phreatic groundwater levels to values below historical lows
and may lead to shallow subsidence, especially in areas where cohesive soils are present around the
water table. In the Groningen Gas Field area, this process is also called the "Indirect Effects of Deep
Subsidence" (IEDBIndirecte Effecten Diepe Bodemdaling)gure3lillustrates this process.
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pumping station

=

weir
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s freeboard change
| ‘—;_‘—‘
|

* Top panel: situation before deep subsidence, showing tliisgnctareas eachwith eachwith its own water level regulated

by infrastructuresuch asveirs and pumping station#n the central panelthedischarge at the weir occurs at the middle of the
profile in an outof-profile direction. The other panelsespectively 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). Irhthe sketc
it is assumed that the water level at the drainage outlet canal to the right is maintained at the original level

Figure31. Schematic illustration of the effect of deep subsidence on freeboard, i.e. the difference
between land surface elevation ai@WLwithin a WLA(Source: Deltares, 2023).
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5.2

In the project area, surface water bodies such as lakes, rivers, and canals, are actively managed by two
local waterboards: Wetterskip Fryslan and Noorderzijlvest. These waterboards divide the land into
water level areas (WLA), known in Dutch psilgebieder’ where the SWL is controlled by various
water level control structures such as weirs, sluices, pumping stations, and culverBGigaes32).

The SWL is managed in alignment with a diverse array of land use functions under varying hydrological
conditions. These functions include, but are not limited to, agriculture, ecology, archaeology,
waterway management, freshwater availabilitynitigation of salinization, infrastructure, and
buildings.Typically, waterboards regulatee SWiwithin an accuracy of 10 cm to several decimetres
(Annexl. Common practicén DutchWater management
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Figure32. Geohydrology and waterboard systeround the project area

Workflow

To estimatehe effects ofdeep subsidencen the freeboard within the project are@ane has to map
the total freeboard change over the course of the entire gas production. Sincsttiig focuses on
mininginduced effectsonly, the modelled deep subsidendeowl, presented in Sectio2.6, will be
usedas thesole subsidenceput parameter.

The first step in tb analysids to retrieve the amount of deep subsidenagach water control object

such as weirs, sluicesulverts and pumping stationshas experienced within the project area since
the start of the gas productianSince most water control objects are situated on the boundary
between two different Water Level Ared8/LA) these objects typically only control water on one
side. For example, if a weir or sluice is located between Windaitained atNAP +1.0 m, and WLA
B,maintained atNAP +0.0 m, the weir would only control water levels in WLA A. Conversely, a pumping
station in the same location would control water levels for WLA B. The controlling side of each object
was determined based on the difference in operational levels andytbe of water control structure,

as outlined inTable6.

Once identified, the subsidence experienced by the water control object is set to equal the drop in
SWL within the corresponding WLA.cases where multipleater controlobjects are presentithin
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5.3

the same WLA, the objeeperiencing the most subsidence will be the determining objéetwater
control object was located outside the study ares its status was unknown, the analysis focused on
the difference between the highest and lowest subsidence within the WLA.

Table6 Overview of surface water control objects and their direction of control

Type of object Controlling side if leveA >level B
Weir A
Sluice A
Pumping station B
Culverts A
Results

Thetotal change in freeboaravithin the project area isllustrated inFigure33. To ensure that the
results are meaningful threshold value of 5 cm was applied, as it is widely recognized as the lower
limit for defining the hydrogeologicahfluencearea (SIKB, 2017).is important to note that setting a
lower threshold may result in values smaller than the measurement error (Ritzema et al., 2012a; Van
Dooren et al., 2018; ACSG, 2023).

.........

Legend

i__2 Water Level Area
(WLA)
Water Control Objects
Pumping Station
e Sluice
* Weir
Freeboard change [m]
0 2,5 5 7,5 10 km = _0’07 - -0,06
-0,06 - -0,05

Figure33. Freeboard changas a result of deep subsidence with a threshold value of 5 cm.

The results indicate that the change in freeboard remains largely undetectable in the field, aside from
a few areas near the southeastern and northeastern edges of the project area. Even in regions where
changes in freeboard >5 cm were observed, the diganite of these changes remains questionable,

as a 6.5 cm freeboard change falls well within the operational error margins recognized by
waterboards and water management practices (Cultuurtechnisch Vademecum, 1992; Waterboard
Noorderzijlvest, 2018)For amore detailed discussion of these uncertainties related to water
management, please refer thnnexl. Common practicén DutchWater management
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5.4

Impact on salinization and future sekevel rise
Lauwers Lake

Land subsidence in coastal areas contributes to a relative rise in sea level, which in turn impacts
regional water management systems. For example, pumping stations designed to transport water
from low-lying polder areas toward the sea must ndealwith a greater height differencéAnother
consequence is that the relative crest height of the sea dikes alongaastline reduces, increasing

the risk of flooding in the region.

In the project areayater control objects such as thglectra or Dongerdielen pmpingstations, and

the ZoutkampSQuice are critical in managing freshwater inflow intauwers Lake. They regulate the
lake's freshwatelbrackish waterbalance, which is essential for supporting local agriculture and
ecology.Separate sluices, located between the Lauwers Lake and the Wadden Sea, manage the
outflow of water from the lake to the sea. These outflow sluices currently rely on gravity drainage
during low tidesWith rising sea levels, the effectiveness of this grakiged system is decreasiras

the time window of water expulsion during low tideduces leading to greater riskf saltwater
intrusion into the lake.

Regionalstakeholdershave formed a multidisciplinary working group that includes water boards,
farmers, ecologists, and local governments to tackle the is3he. working group recommends
constructing a multifunctional pumping station capable of pumping water from both sides of the dike
that separates Lauwers Lake from the Wadden Sea. This pumping station would support and partially
replace the current outflowlsices, improving the ability to regulate water flow and protect the lake
from saltwater intrusbn (Waterschap Noorderzijlves2021)

Waddenzee Lauwersmeer Electraboezem

28 schil

1# schil
Figure34 Sketch of the surface water system around the Lauwers Lake (Lauwersmeer). Water from
the surrounding polder areas is pumped into the Lauwers Lake after which the water can freely drain
into the Wadden Sea during low tiddsdited from Zoetendal et al., 2005)

Salinization of groundwater

Besides inflowof seawater into fresh surface water bodigsalinization can alsoccur through
increased seepagef saline waterfrom deeper aquiferdue to relative seaevel rise The risk of
salinization due to saltwater seepage is strongly influenced by the position of the-dedistater
interface.

This interface is still moving as a consequencdiiérent geomorphological conditions in the past
(see Phaséreport) and, more recently, due to land reclamation. Furthermore, the interface is highly
diffusive, making its exact position somewhat arbitrary. To provide a standard reference, the interface
is typically defined at a chloride concentration of 1,000 mg/L.

The depthof theinterface varies significantly across the project area, ranging from less than 5 meters
below the ground surface in the northern and western sections and near the eastern boundary, to
depths exceeding 200 meters below the ground surface seatheast oZuidhorn(seeFigure35).
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Figure35 The depth of thefresh/saltwaterinterface (1000 mg @) in the northern Netherlands
Accessible viKlimaateffectatlagSource: Deltares, 2020).

The proximity of the fresisaltwater interface to the ground surface does not automatically cause
issues for nature or agriculturg.g.no groundwater is used for irrigation, but surface water 9nly
Problems are generally avoided as long as water in the root zone remains \irleigh, iscurrently
supported by a surplus of precipitation and an influx of fresh surface water from inland areas.
However, land subsidence coutthangethis balancethrough arelative sealevel rise which would
increase the upwal seepage fronunderlying saline aquifers.

Tostudythis effect a sensitivity analysis was conducfedthe entire coastal area of The Netherlands
by modellingchangedn saltload under different scenarios oklative sealevel rise (Deltares, 2022).
The processes considered includaubolute sedevel rise predictedland subsidencéy 2100(Figure
39; Deltares, 2021b), and autonomous processgsh as ongoing movement of the fresh/saltwater
interface as a result of different relative séavels in the past.
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Figure36 showsthe impact ofthe predicted land subsidenaen regional salinizatiorithe predicted

land subsidencdpredicted by 2100)does not match the modelled deep subsidence discussed in
Section2.6, due to the different time scales and underlying models. shallow subsidenceevsus

deep subsidence modelHoweverboth model outcomes showa similar order of magnitudewhich
LINEGARSE Ayairdakid Ayidz2 (K SiguaE3anowesyhe dumdaBw prédictadd A G &
effects of a 0.5 mseb S@St NAAST flFyR 4dz0aARSYyOS> FyR | dzi?2
indicate that salinization due to land subsidence cdudate occurred locally in the northern part of

the project areaHowever, this effect appears to be largely counteracted by the ongoing movement

of the freshsaltwater interfaceargelydriven by historical land reclamation. In the Deltares study,

these processes are referred to as autonomous processes.
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Figure36. The net change isaltload (Cl) Kgg/ha from saline aquifers as a result of the predicted
land subsidence iRigure38. Red colours indicate salinization and blue colours fresheiiogessible
via Klimaateffectatlas (Source: Deltares, 2022)
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Figure37. The net change isalt load (C) kg/hasaltwater fluxin Kg salt per hectarbéom saline
aquifers as aesult of a hypothetical sekevel rise of 0.5 nby the year 2100the predicted land
subsidence ifrigure38, and autonomous processdRed colours indicate salinization and blue colours
freshening Accessible via Klimaateffectatlas (Souideltares 2022)
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Figure 38. Predicted land subsidence by the year 2100, usedttaly the potential impacts on
salinization(Deltares, 2021b)

The Deltares study utilizes the countrywide hydrogeological model (LHM) with a spatial resolution of
250m x 250m. While effective for largeale analysis, this resolution does not represent the
subsurface as precisely as the GeoTOP subsurface model, efféch a finer spatial resolution of

100m x 100m. However, developing a regional frealwater model was beyond the scope of this
study. Instead, the additional subsurface detail provided by the GeoTOP model was used as a proxy
for estimating the hydralic resistance(in days) between the expected 1000 mg/L chloride interface
and the ground level.

To calculatesy each lithoclass voxel was assigned a standardized hydraulic condu€irityn/d),
based on common literature (s&eable7). The hydraulic conductivity between the chloride interface
and the ground level was then upscaled using the harmonic mean, which accounts for the variability
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