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1 Management Summary

Samenvatting

Het eerste'8tudie en dataacquisitie plagrond door gaswinning geduceerde aardbevingen (in het Winningsplan

voortSi DNRBYyAy3ISy DFra@StR 221 ¢St FIy3aISRdzAR |fa KSG WwW{id
Winningsplan 2013 is een vernieuwstudieprogramma opgesteld en begin 2014 gepubliceerd. De huidige,
vervolgversie van het programma behoort bij het Wimgsplan 2016.

Dit plan beschrijft & studies en dataveamelingdie momenteel lopen en nog in het verschiet liggen om de
continig analysed y RS NJgenduCeer@ezaardbBvifigen te blijven ondersteunayor de komende 3 tot 5
jaar.

De hoofddoelen &n het studieprogramma zijn de volgende:

1. Het vediepenvande kennisoverSy Ay 1T AOKG Ay RS ST¥SOGSy @Iy RS
3S602dzSYy Sy IYRSNB ¢SN]Sys AyOtdzaAST RS .RI I NMzA
2. Het uitvoeren an een volledige risicanalyse voor de regio, waarbij de onzekerheden consequent
inzichtelijk worden gemaakt en onderbouwd.
3. Het identificeren, evalueren en ontwikkelen van risicomitigerende maatregelen, onder meer via:
1 productie, bijvoorbeeld in de vorman hoeveelheden en plaats van de winning binnen het veld
9 de optimalisatie van het bouwkundig versterken door:
o De identificatie van gebouwen of gebotelementen die een veiligheidsrisico vormen
o De vaststelling van doelmatige versterkingsopties
I maatregelen gschikte voor de bredere industrie en infrastructuur

Andere, belangrijke doelstellingen zijn:

4. Een transparante discussie over alternatieve en/of afwijkende wetenschappelijke inzichten en het

initi€ren van aanvullende studies of dataverzameling om tot gemeenschappelijk beeld en

consensus te komen binnen de betrokken kennisinstituten en wetenschappelijke kringen.

Het meten van de daadwerkelijke compactie, bodemdaling en seimiciteit.

6. Het continue verbeteren van de kennis over en het begrip van de fgsmelshanismen die leiden tot

geinduceerde seismiciteit en de daaruit voortvloeiende dreiging.

Het verkleinen van de onzekerheden binnen de risicalyse.

8. Het bijdragen aan de dreigingsanalyse gebruikt door de beheerders van de andere ébhelustri
installaties eninfrastructuur.

o

~

A PN

De onderzoeksgebieden binnen dit plan beslaayi @2t 32 NRS RS3I @27 3By RISS W22 NJ |

De drukdaling in het gasveld (depletégor de winning van gas

Dekrimp (compactig van het gasvoerend gesteente als reactie op de daliikd

Het veroorzaken (induceren) van aardbevingen over breuken door de compactie

De grondbewegingen die deze aardbevingen vervolgens te weeg brengen aan het aardopperviak
Het meebewegen @responjvan gebouwen op deze grondbeweging

De effecten op de bewmners in termen van schade en mogelijk bezwijken van gebouwen of
gebouwdelen

ok wNE
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Ook het Winningsplan bevat diverse paragrafen die de monitoring beschrijven. Om meer kennis te
vergaren is het bestaande meetnet en instrumentarium om metingen te verrichten icadijiz
uitgebreid. Om de compactie, de bodemdaling, de aardbevingen, grend gebouwbewegingen
nauwkeuriger te kunnen meten:

1 zijn er 10 permanente GPS stationdngtalleerd, waar door middel van satellietobservatie de daling
van de bodem wordt gevolgd.

1 zijn er, volgens een vast raster boven het gasveld, circa 70 ondiepe putten aangelegd, met daarin
geofoons en accelerometers die de aardbeving lokaliseren en de grondbeweging meten.

9 zijn op de locatie Zeerijp twee tijdelijke boorgaten met geofoons vemmangor blijvende, diepe
boorgaten met geofoons, waarmee de diepte en lokatie van aardbevingen nauwkeurig kunnen
worden bepaald.

T Aa SSy 3JtlagsSiStySiasSNg F+y3StS3IR ¢+ N¥SS RS
doorgegeven aan onder meer het KNMI en TNO.

1 worden periodiek gravitatiemetingen verricht, waarmee onder meer de grondwaterstanden in en
rond het reservoir kunnen worden gevolgd.

9 is de aanleg van een aantal nieuwe putten tevens gebruikt om intensief metingen en onderzoek te
doen naar het gesteente drijvoorbeeld drukken in het gasveld.

1 is tijldens het boren van de put Zeeri\ (de eerder genoemde put voor geofoons) een kern geboord
uit een aanzienlijke sectie uit het gan watervoerend gesteente van het Rotliegend en het Carboon,
dit om nader ondezoek te doen naar het gesteente.

1 is de ondiepere ondergrond en bodemsamenstelling in de provincie gedetailleerd gekarteerd en zijn
de grondeigenschappen nader in beeld gebracht door middel van een aanvullende meetcampagne.

1 zijn meer dan 300 accelerometageplaatst aan de fundering van diverse gebouwen in de regio.

De kwaliteit van elke studie die wordt uitgevoerd door of namens de NAM wordt bewaakt door zowel
interne beoordelingen als diverse externe en onafhankelijke verificaties. Daarbij wordt eefaagser
kwaliteitsproces gehanteerd:

Interne kwaliteitscontrole

Onafhankelijke kwaliteitsbeoordeling door derden, op verzoek van de NAM

Onafhankelijke kwaliteitsbeoordeling, op verzoek van het Ministerie van Economische Zaken (EZ)
Kwaliteiscontrole door déoezichthouder, het Staatstoezicht op de Mijnen (SodM)

Onafhankelijke kwaliteitsbeoordeling door derden, op verzoek van SodM

Kwaliteitsbeoordeling door onafhankelijke onderzoeksinstituten en/of deskundigen

oukwnNpE

Door het beschikbaar stellen van de onderzoekee, onderligende (ruwe) data, de visie van
bovengenoemde partijen die de kwaliteit bewaken en waar mogelijk Nederlandse vertalingen hiervan,
wordt een zo hoog mogelijke transparantie nagestred&@. NAM is daarenboven voorstander van een
kwaliteitsproces coform het SSHAC lev&lproces dat wordt gebruikt voor de analyse van de seimische
dreiging voor locaties waar grote projecten aigleairecentralesen stuwdammen worden gerealiseerd.

Dit proces wordtl f st practis€gezienwanneerhet gaat om de kwl#eitsbewakingrond complex
technische vraagstukken.

Het studieprogramma bechrijft aldus een pallet aan studies en onderliggende onderzoeksvragen. Onder
meer de volgende voorstellen hebben daarin een plaats gekregen:
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| S 2y RSNI &% (yn o WIBWA &o

Het gedrag van breuken

Aanpassingen in het reservoirmodel voor het Groningen gasveld

Aanvullende dataverzameling rond bodemdaling

In-situ (in de ondergrond zelf) monitoring van compactie

Analyse van de boorkern op onder meer gesteegitgenschappen

Modellering van fysische eigenschappen achter compactie

Ontwikkeling van flexibele monitoringssystemen voor seismiciteit

Bouw van een netwerk aan geofoons

Distributed Acoustic Sensing (DAS) door middel van sensoren via glasvezelkabels
Plaatsbepaling van het hgentrum en kracht van aardbevingen

Modellering van breuken

In-situ spanningsmetingen

Ontwikkeling van alternatieve seismische modellen

Beoordeling van de effecten van sterk fluctuerende productie

Metingen van de grondbeweging en uitbouw van de databasemesttgegevens
Verdieping van de kennis rond grondbeweging als gevolg van lokale bodemgesteldheid
Verfijning van de Ground Motion Prediction Equation (GMPE)

Ruimtelijke verdeling en samenhang van bodembewegingen

Onderzoek naar grondsoorten als zwelklei,ive@ antropogene bodem in wierden
Analyse van verwekingseffecten (liquifactie)

Uitbreiding en verfijning van de gebouwendatabase

Onderzoek naar de eigenschappen van bouwmaterialen

Laboratorium testen van (nietonstructieve elementen van gebouwen

Modellering van (nief)constructieve bouwelementen

In-situ (ter plekke) testen van de weerstand van gebouwen

Beoordeling van potentieel vallende gebouwelementen en objecten
+tSNFAS2YAYI Gy RS Waz2yidS /FNI2Q NAAAO2Y2RStf SNRAY
Beheersmaatregelen om de seismische2isizd S @OSN] t SAy Sy
Vergelijk van de voorspelkracht van diverse seismologische modellen
Ontwikkeling van de volgende generatie probalistische raitalyse voor seismiciteit (PSHA)
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Summary of this report

Background to this Report

The first Study and DatAcquisition Plan for induced seismicity in Groningen was prepared in 2012. Following
Winningsplan 2013 an uptled was issued early 2014. Thigrent update of the Study and Data Acquisition Plan
accompanies Winningsplan 2016.

The report describes thstudies and data acquisition activities undertaken and planned to support the assessment
of hazard and risk resulting from induced seismicity in Gronirfigetine next 35 years

Conclusions
A The main objectives of th8tudy and Data Acquisitiddan areto:

1

Understand the impact of the earthquake hazard on buildings and other structures and the subsequent
impact on safety of the community;
Perform a fully integrated Hazard and Risk Assessment for the Groningen region, with all uncertainties
fully and casistently recognised and quantified;
Identify, evaluate and develop mitigation options to reduce safety risk:
A Production measures.e. changes in the production from the field
A An optimised Structural Safety Upgrading program:
o ldentify buildings and/obuilding elements that pose a safety risk
o Establish optimal structural upgrading methodologies
A Measures for industry and infrastructure.

Otherimportant objectives are to:

4
5
6
7
8

A

A

(0]

O O O oo

Discuss the merits of alternative scientific views, and initiate additional stwatid/or data acquisition to
promote consensus amongst the knowledge institutes;

Monitor compaction, subsidence and seismicity;

Continuously improve our understanding of the physical mechanisms leading to induced seismicity and
the resulting hazard;

Redue the uncertainty in the hazard and risk assessment.

Hazard assessment tailored for in&ructure and industry.

The research areas included in the Study and Data Acquisition Plan are:

Changing reservoir pressure (depletion) in response to gas priotuct

Reservoir compaction in response to pressure depletion,

Generation of seismicity at faults (earthquakes) due to reservoir compaction,

Movement of the ground surface, due to earthquakes,

Response of buildings to the movement of the ground,

(Negativg impact on people in or near buildings, caused by damage or collapse of a building.

The main activities initiated to improve monitoring of compaction, subsidence and seismic activity in the field

have been:

(0]

O OO0 O0OO0OOo0OoOo

10 GPS stations,

69 gephone wells and accalemeters,

2 temporarymonitoring wells withvertical geophone arraysater replaced by,

2 dedicateddeep monitoring wells witlvertical geophone arrays (Zeergpand ZeerijiBA).

Realtime compaction monitoring fibre optic cable.

Gravimetric survewpver full field

Extensive wireline logging and pressure measuremientewly drilled wells

Coring of a large section of the gaand waterbearing part of the Rotliegend and Carboniferous
formations in ZeerijiBA.
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Detailed map of the shallow stgurface and soils. Compilation of the map was followed by an
extensive soil property measurement campaign.
Installation of more than 300 accelerometers in the foundations of buildings.

Each research study carried out by or on behalf of NidMubjectedo both internal review and various types
of external and fully independent reviews and verification. In this process, six layers of assurance were
implemented:

1

~NoO o~ WN

Internal NAMassurance;

Independent assurance requested by NAM;

Independent assurance, requestey Ministry of Economic Affairs;
Independent assurance by regulator SodM ;

Independent assurance, requested by regulator SodM ,
Independent critics,

Transparency.

Data has been shared with reputable research institutes and universities to do their resgarch
independently from NAM.

NAM proposes the introduction of an assurance process modelled after the S8¥AR process used for
seismic hazard assessment for the siting of large projects (e.g. nuclear facilities aneclegthio dams). This

id aSSyazfiR GXKBF YR NRQ FT2NJ §SOKyAOFt 2@SNBRAIKGAOD
The document describes various studies addressing research questions. The following study proposals are
included:

o Investigations into susalt faulting,

O 0O 0000000 0D0D0D0D0DO0DO0DO0ODO0ObODODObOOO0OO0OO0OOoOOoOOoOOo

Cenozoic fault activity,

Updates to the Groingen Reservoir Model,

Additional subsidence data acquisition,

In-situ Compaction monitoring,

Core measurements of compaction,

Compaction constitutive models,

Flexible Seismic Monitoring System,

Network of broadband sensor geophone wells,

DAS seismic mdtoring,

Determination of hypecentre and magnitude,

Core measurements and models for rupture processes,

In-situ stress measurements,

Development of alternative seismological models,

Assessment of hazard changes due to swing production,
Measurements of @und Motion and expansion of the database,
Measurement of site (local soil) response,

Refinements to the Ground Motion Prediction methodology,
Spatial correlation of Ground Motions,

Wavefield Simulatiorbased Event Characterisation,
Investigation into @elling Clays and Peat,

Investigation into anthropogenic soil (e.g. wierden),
Investigation into Liquefaction,

Expansion and refinement of the Exposure Database,
Properties of building materials,

Experimental tests of Structural and netructural elementf buildings,
Modelling and testing of Structural Components of buildiagd Systems,
In-situ dynamic testing of buildings,

Modelling and testing of noistructural Components of buildings,
Assessment of Falling Objects,

Modifications to the MonteCarlo sk Engine,
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Control Optimisation for Earthquake minimization,
Comparing predictive performance seismological models,
Next Generation PSHA

10
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2 Introduction

History of induced earthquakes in Groningen

Since 1986, relatively small earthquakes hdwaen recorééd near producing gas fields in the provinces of
Groningen, Drenthe and Nootdollandand in northern Germany

A multidisciplinary studyon the subject of induced seismicityas initiated by the Ministry of Economic Affains
0KS St NI &guidefdyarsisory GoRmittee (Begeleidingscommissie Onderzoek Aardbevingen,iBOA)
was concluded that the observed eagiakeswere indeed of nontectonic origin and induced by reservoir
depletion {.e.gas production)The study was published in 1993 (Red. Following up on the conclusions, it was
agreed between NAM and theRoyal Dutch Meteorological Institute (KNMI) to installskallow borehole
seismometer network in the Groningen area. The network wasigned to detect earthquakepinpoint their
locations and quantify their magnitudesind has beenoperational since 1995. Additional accelerometers were
installed in areas with highest eaghakefrequency.

1986 First induced earthquake observedn North-Netherlands (Assen M= 2.8)

%A O] U Mdtigdistiplinary Study (1993) concluded:
O0' AUEAT AA OAOOI OAOAT OA1 EuksBn ghdwianin® e
aardbevingen komt de commissietot de slo_tsom dat onder bepaalde omstandighedel
aardbevingen het gevolg zijn van gaswinning.
@Given the resultsof the research into the relationship between gagroduction and
earthquakes the committee concludes thaunder certain circumstances earthquakesre
caused bygasproduction8 o

1995 Seismic network operational

1995 KNMI estimates a maximum magnitude foGroningen: Mna= 3.3

1995 Agreement between NAM, Groningen and Drenthe on damage claim handling

1997 Roswinkel earthquake with M= 3.4

1998 KNMI adjusts estimate of maximum magnitude: M= 3.84.0

2001 Establishment of Tchb (Techische commissie bodembeweging)

2001 Alkmaar earthquakes with M= 3.5 and M= 3.2

2003 Technisch Platform Aardbevingen (TPA) established

2004 KNMI adjusts estimate of maximum magnitude: M= 3.9

2004 First Probabilistic Seismic Hazard Analysis by TNO and KNMI

2006 Westeremden earthquake with M= 3.4

2009 Calibration study by TNO (Damage analysis)

2011 Deltares assesses the Building Damage in Loppersum and confirmgdv 3.9

2012 Huizinge earthquake with M= 3.6

2012 Launch of Study and Data Acquisition Plan Induced Seigity Groningen

2013-16 Launch of several compensation schemes for local residents

2015 NAM transfers handling of damage claims and strengthening of houses to newly found,
Centrum Veilig Wonen

2015 Dutch Safety Boardssues report and recommendatios

Figure2.1 Timelineeventsheforeand afterthe earthquake of 1%August2012in Huizinge

Figure 2.1 lists a number of key historical events associated with prodtiotioiced seismicity in the Netherlands.

Theseismic monitoringhetwork showeda gadual incease in seismic activity, particularly after 2008tially, this
increase was considered to be a statistical variation within the uncertainty range of the measurements. NAM did

11
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not respond adequately to this increase in seismic activity. Z0®6 earthquake near Westeremden in particular,

with a magnitude M = 3.4, should hindsighthave triggered more curiosity and a more critical (re)assessment of

the issue of induced earthquakes. A number of studies were initiated, such as the detailpthghapall faults in

GKS NBaAaSND2AHBdzZRKS: Bt A0NI ¥R (KS |aasSaayvySyid 2F odzAf R
was on surveying damage and understanding the damage pattern, not on reassessing the geomechanical and
seismological paigm. The Dutch Safety Board (Onderzoeksraad voor Veiligheid, OVV) concluded in 2015:
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uncertainties surrounding the gas extraction from the Groningsdd.Until the warning from the regulator in

2013 knowledge development about the potential impact of gas extraction was performed fragnigntér

integral and independent scientific reseanias carried ouinto the deepsubsurfacein Groningen and th

effective mechanismtaking place at depthMoreover the parties did not have an open attitude towards

critical voices questioning the correctness of assumptions. Those involved should, in the opinion of the council,

have realized at an early stage thatlargescale and longerm intervention, such as the exploitation of the

Groningen field, might carry unknown risks. Uncertainty and the reduttiereof should have beeat the
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A renewed focuson, the issue of seismicitinduced by gas production in Groningstarted in 2012 and was
triggeredby three factors First, the earthquake near Huizinge‘(‘]ﬁugust 2012) with magnitude 3.6 wadelt

as more intense and with a longer duration than previous earthquakekéah area. Compared with previous
earthquakes dgnificantly more building damage was reported as a result of this earthquake. Second, a general
realizationhad started to materializéhat over the past few yearseismicity in the Groningen ardwad increased
beyond statistical variationThird, and most important, studies by SodM, KNMI and NAM concluded that the
uncertainty associated with the earthquake hazard in the Groningen field was larger than previously thougt. It wa
realizedthat the earthquakegouldpose a potential safety risk.

After the Huizinge event, NAManted toprovide a detailed seismitazard and risk assessment. To that end, NAM
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This research program has produced many important new insights in seismicity and seismic risk.

Data from the Groningen areas were scarce and often-exiatent. Due to this paucity of data, up until now the

hazard and risk assessment was largely basearmlogies with tectonic earthquakesand therefore inherently
conservative. This conservative assessment of hazard and risk caused a high level of anxiety in the Groningen
community,and a widespread sens# insecurityand feelings of unrest.

With the current study update, the study program has reached a point where for the first time the hazard and risk
assessment is primarily based on measurements from the Groningen area. This is an important milestone.
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om onderzoek te doen dat de onzekerhedem reduceren waarmee de gaswinning uit het Groningen veld omgevenKeasisontwikkeling

over de mogelijke gevolgen van daswinning vond tot de waarschuwing van de toezichthoud@013 fragmentarisch plaat&r was tot 2013

geen sprake van een integraal en onafhankelijk wetenschappelijk onderzoeksprogramma om de diepe ondergrond in Groningkeraren de
werkzame mechanisnmein kaart te brengen. Daarnaast hadden dérbkken partijen geen open houding tegenover kritische tegengeluiden die

de juistheid van annames ter discussie steldeBetrokkenen hadden zich, naar het oordeeh de raad, al in een vroeg stadium moeten
realiseren dat een grootschalige en meerjarige ingreep, zoals the exploitatie van het Gro@fgé R> 2y 0 S S yighSmedNFod A 02 Q& Y ¢
brengenh y T S1{ SNKSAR Sy RS NBRdz2OGAS SNBIYy KIFIRRSYy KSO dAG3IFy3IalLdzyia Y2SaGSy
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Community concerns

Before discussing the findings of the Study and Data Acquisition Plan in detail, it must be emphasized that the
renewed interest irthe issue of seismicity induced by gas production in Gronigeot just a technical issue. The
SFNIKIdzt 1 Sa KIS €§STa F RSSLI AYLINAYG 2y GKS €201t L3 L
(Ref. x) describes the community responsettee earthquakes and in particular to the Huizinge earthquake of the

16" August 2012.The people living ithe Groningenfield areahave been confronted witlan increasing intensity

of the effects of induced earthquakes.

The key challenge, therefore, t® define and execute an extensive action plan to mitigate the impact of
productioninduced seismicity. Responsible parties incluNé&M, the ministry of Economic AffajirState
Supervision of Mines (SodM) and the National Coordinator Groningen, in clogeration with other stakeholders.
To ths end, the instrumentscurrently in placeor assessing and mitigating these effegtas set down in mining
regulations, risk policies and, for example, building caplase beingextended andailored to Groningersituation.

Study and Data Acquisition Plan (2013 z 2016)

Theb! a a&a{ ddzRé& I YR 5| dekcribesGhiedabjectivés Aagdyintetdépengenciefsall study and
research effors into induced seismicityThe aim is to betteunderstandhow gas productio at reservoir depth
affectssafetyat the surface, and to test the effectiveness of mitigation measuilésvasfirst shared with SodM

and the Minstry of Economic Affairim November 2012 anchade public in Januar®013.The first three years of
intense study effort have resulted in many new insights. An example is the revised hazard and risk assessment
issued in November 2015 that is now primarily based on measurenzentvalidated bydata from the Groningen

area itself.

The program is reviewed ever§ months and adjustedvhen required, based on the new insights and newly
acquired data.The most recent update wassued in March 2015 he plan serves to support decisi@nd policy
making.
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Objectives of the Studies and Data Acquisition
The main objetives of theStudy and Data Acquisitiddan are to:

1. Understand the impact of the earthquake hazard on buildings and other structures and the subseqpact im
on safety of the community;
2. Perform a fully integrated Hazard and Risk Assessment for the rgemiregion, with all uncertainties fully
and consigntly recognised and quantified,;
3. ldentify, evaluate and develop mitigation options to redwedetyrisk:
A Production measures.e. changes in the production from the field
A An optimised Structuradafely Upgrading program:
o ldentify buildings and/or building elementisat pose a safety risk
o Establish optimal structural upgrading methodologies
A Measures for industry and infrastructure.

Otherimportant objectives are to:

4, Discuss the merits of alternativeeientific views, and initiate additional studies and/or data acquisition to
promote consensus iaongst the knowledge institutes;

5. Monitor compaction subsidence and seismicity;

6. Continuously improve our understanding of the physical mechanisms leading toeihdseismicity andhe
resulting hazard,;

7. Reduce the uncertainty in the hazard and risk assessment.

To adieve these objectives, NAMobilized the aid ofourteen universities knowledge institutesand laboratories
and sought the assistance and advicerfr external experts for eactelevantexpertise areaThe main institutes
supporting the research are listed in AppenBixwhile the most prominent expert&7 in total)and their roles are
listed in AppendixC

Scope of the Studies and Data Acquist

The research areas included in the Study and Data Acquisition Plan are:

A Changing reservoir pressure (depletion) in response to gas production

A Reservoir compaction in response to pressure depletion,

A Generation of seismicity at faults (earthquakes) duegtservoir compaction,

A Movement of the ground surface, due to earthquakes,

A Response of buildings to the movement of the ground,

A Negative impact on people in or near buildings, caused by daroa collapse of a building,
A Hazard Assessment for infstructure and industry.

By looking into all these areas, an integrated view will emerge of the possible consequences of gas production from
the Groningen field. The impact is expressed in risk metrics, such as local individual risk, but also possible damage
This type of information is of critical importance to be able to take decisions on future gas production to take
measures to mitigate the associated risks for people and buildings in the Groningen region. It must be noted
however that risk metrics arestimates, which will change over time when more data becomes available.
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The first part of this causal chain requires detailed knowledge of the deep geology gdstreservoir. The second
part requires knowledge of the buildings and presence of people in the Groningen area. Areas of required

Causal chain from gas production to safety of people in or near a building.

knowledge and expertise range from geology to civil engineering.

Hazard and Risk assessment for induced Seismicity in Gron ingen

Hazard and Risk Assessments by NAM

Since 2012, the following Hazard and Risk Assessments have been issued by NAM:

Title

Scope of the Study

Date Issued

Winningsplan 2013

(Technical Addendum to the Winningspl
Groningen 2013; Subsidence, Indug
Earhquakes and Seismic Hazard Analy
in the Groningen Field)

Fully probabilistic hazard assessment ¢
scenario based risk assessment.

(Primarily based onthe analogy with
tectonic earthquakes in southern Europe

29™ November 2013

Hazard Assessment fahe Eemskanaa
area of the Groningen field

Fully probabilistic hazard assessment
southwestern area of the Groninge
field.

1 November 2014

Hazard and Risk Assessment for Indu
Seismicity Groningen,
Study 1 Hazard Assessment

Fully probabilistic hazard assessmer
based on Groningen measurements
ground motion.

1¥'May 2015
(Version 1)

Hazard and Risk Assessment for Indu
Seismicity Groningen,
Study 2 Risk Assessment

Fully probabilistic risk assessmentpt
calibrated with building experinrgs.

1"May 2015

Hazard and Risk Assessment for Indu
Seismicity in Groningen Interim Update
November 2015

Fully probabilistic hazard and rig
assessment.

(Hazard assessment incorporated si
response based on local soil conditiof
Risk assessamt is calibrated with building

experiments and shak&ble test for a

terraced URM) house.

7™ November 2015
(Version 2)
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Hazard Assessments byKNMI

Since 2012the following Hazard andlssessments have been issued by KNMI:

Title Date Issued

Report o the expected PGV and PGA values for induced earthquakes i| December 2013
Groningen area

Probabilistic Seismic Hazard Analysis Induced Earthquakes Groningen April 2014
Probabilistic Seismic Hazard Analysis for Induced Earthquakes in Groningere | October 2015
2015. (Version 1)

Study and Data Acquisition Plan (Post Winningsplan 2016)

In a letter to the Minister of EZ dated “13January 2014, SodM advised thBAM should pepare a fully
probabilistic seismic risk anal)fsas soon as possiblefich a hazard and risk assessment was first published in
November 2015, following a period of intensive data acquisition and study. This is the first risk assessment that is
fully based on data acquired in Groningen.

This, however, does not mark the emd the Study and Data Acquisition Program. The research program will

continue in the future. Several studies initiated in 2014 are still in progress. An example is the study on the core

taken in the ZeerijiBA well. Other studies are extended to furtheri G I Ay GKS 2062SO0GAGSa 27F
P OljdzA aAGAZ2Y t I yé @SNRAA 2s¢varal fevievsiSde AgpghdiFGapd My RK8 néh BT F N
and Risk AssessmegtL Y § SNAY | LRI GS wHnmpé A&&dzSR AY b20SNlGSNI HAawm
extension of the ongoing program.

¢ KA & SBdyandDatacAcquisition Pléor Induced Seismicity in GroningerUpdatePostWinningsplan 2016
details the next phase of study and data acquisitiang is vital input tahe Winningsplan 2016. Thaan will be
coordinated by NAM, and executed in close collaboration with the large grouimdefpendent universities,
knowledge institutes and academics. The roleh&se independeninstitutions continues to increase. The Plan
incorporates the maindchnical recommendations from external sources. The main reviews have been attached to
this report as appendices, while appenéigives describes how these recommendations have been incorporated in
the current report.

’Briefaan de Ministe2 ¥ 9% o0 SUNBFTFSYRS 4l |
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3 Data Acquisition

Seismicity in @Gmingen is scientifically exceptional in three important aspects. First, it is induced by the withdrawal
of gas. Most of the seismicity taking place on earth is due to either tectonic processes and most anthropogenic
seismicity is the result of injectiorf water or other fluids. Second, the Groningen area is overlain by thick layers of
very soft deposits, which in turn overlie a very specific local profile of chalk above -aehigiity salt layer. The
earthquakes originate in the sandstone reservoirdvelthe salt. And third, the buildings in the Groningen area
have been designed and constructed without consideration for the horizontal loads these buildings will experience
during an earthquake. This means that the ground acceleration levels at whichgdaaral certain structural
consequences may be caused tend to be lower in Groningen than in typical tectonic regions.

These idiosyncratic conditions in the Groningen area require the hazard and risk assessment be based on local data
specific for GroningenThis section describes the main Groningpecific data acquisition projects and seismic
monitoring operations. These Groningen data will provide input for multiple studies.

The main activities initiated to improve monitoring @dmpaction,subsidence ad seismic activity in the field have
been:

1. 10 GPS stationslnstalied at NAM locationghroughoutthe Groningen field to continuously monitdoth the
vertical andthe horizontal component of subsidence.
2. 69 geophone wells and accelerometersextension d (existing) passive seismic monitoring netwotk
improve the resolution over the whole Groningen field,
3. 2 temporary and later replaced by 2 dedicatedertical geophone arraysinstallation over the reservoir
section in deep wells located in the Loppearsarea,to improve the determimtion of earthquake hypocenters:
a. Temporary geophone arraywere placedat and aroundthe reservoirinterval (at 3 km depth) in two
deep observation wellén the Loppersum are@Zeerijpl and Stedurl). These strings haveeken
operational from late 2013 tearly 2016
b. Plans have been made to place a arettemporary geophone array ia deep observation welhear
Harkstede (Harksted2A).
c. Thetemporarygeophone array$n the Loppersum areaere replaced in 2015 by permaneseismic
monitoringarrays in two newly drilledvells(Zeerijp2 and ZeerijgBA) in this same area
4. Realtime compaction monitoring fibre optic cablelnstallation of a eattime compaction monitoring device
(fibre-optic cablg in the Zeerijp3A well, neasuring temperature and compaction along the well trajectory. The
same device will also be used for monitoring of miseismic events, when thaext generation seismic
interrogation units becomavailable.
5. Gravimetric surveyAcquisition over the fullield area.
6. Extensive wireline logging and pressure measurementsnewly drilledwells, including acquisition of shear
and pressure wave velocitiata over the full length of the well.
7. Coring.Coringof a large section of the gasand waterbearing pat of the Rotliegend andCarboniferous

formations in ZeerijiBA.
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8. Detailed map of the shallow suisurface and soilsCompilation of the map was followed by an extensive soil
property measurement campaign.

9. Installation of more than 300 accelerometers in tHeundations of buildings.

The data acquired through this installed @guent and these campaigns forthe basis of the current hazard and
risk assessment and the further study work described in this study and data acquisition plan.

All acquireddata are publicly available foadditional analysis and are widely sharedth academa around the
world.

Production Volumes and Pressure

During operation of the gas field, wellhead pressures and produced gas volumes are monitored and recorded
continuously. In observations wells the reservoir pressure is measured regularly at the reservoir depth.

Gravimetric survey

In September 2015 a new gravity survey was gathered on 92 locations over the Groningen field. The gravity survey
was carried out by Quad Geomigts in consultation with TU Delft. At each location three measurements were
taken for one hour each. Previously four gravity surveys have been taken in the Groningen field (1978, 1984, 1988
and 1996).

After correction for tides and local ground watlewels the small changes in the local gravity (time lapse) can be
used to evaluate the water influx into the depleted gas reservoir (currently ongoing). The survey will be repeated
in 5 years time.

Subsidence and Compaction

Surveying techniques
Currentsurveying techniques are:
- Spirit levelling
- PSInSAR (Satellite Radar Interferometry)
- GPS (as part of GN&3dbal Navigation Satellite System)

Spirit Levelling

This techniquehas been used for Groningesince 1964 with a recent repeat interval of 5 yearsSurveys are

executed according to regulations defined by R&WE5 a4 adk SR Ay WtNAR,RBdeindarelS OA T A C
waterpassingen t.b.v. de bijhouding van het NAP, versie 1.1 van janumri y Q ®

The equipment used includes certified, self registg, optical levelling instruments and barcode level staffs.
Measurements are registered fully automatic in a registration and validation system defined bPRWS

PSINSAR

Since 2010, deformation based on-RRSAR technique is reported, in conjunctiaith a number of levelling
trajectories for validation.

Deformation is estimated from phase differences between the acquisitions and persistent scatterers (Hanssen,
2001). The spatial resolution depends on the presence of natural reflectors, such asdgsuild@io obtain a precision
comparable to levelling, error sources (like atmospheric disturbantgtabinaccuraciesneed to be estimated and
removed. To support this, a time series of satellite images is requiredd&2Mages) and ample resolution of
scatterers. The estimated deformation velocity from INSAR observationsZsrirb/year (see Ketelaar, 2009).
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The big advantages of the INSAR technique are its high temporal resolution (> 10x per year) and the dense spatial
resolution. No survey crew igquired in the field, hence no disturbance of the area and no security risks. Moreover,
the accuracy of RBISAR is comparable to levelling.

Gobal Positioning SystemsStations

Global Positioning System (GPS) stations have been placed @rdfingen fied facilities Eemskanaal;
CNR2Y02a0KzZ Qi %I yRGZ h@SNBEZGdNdeR Stedong tioked a@@erijp. IAVirstS NLI- NJ
GPS statiowas already placed on the Ten Post location in Q1 20TBe newstationsare recordingsince26th

March 2014. GPS stations are continuously monitoring the horizontal and vertical components of subsidence of

the ground surface. They are bgsiaced on an existing buildingd.ocations Stedum, Usquert aixaerijp,do not

have buildings. There a three leggedeinforced concrete construction was placed to anchor the GB&ta is

transferred from the GPS locations b3G modems.
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Figure3.1 Location of the GPS station in the Groningen field.
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Figure3.3 Location of the GPS station anchored on a tripod construction in the Groningen field.
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Compaction in Observation Wells

Gamma ray markers have been placed in several wells across the Groningen field, at regulaintéeysis.
Monitoring the (change in the) distance between markers over time gives insight into the compaction of the
reservoir. The markers were originally installed in 11 wells across the Groningen field, six of which are still
accessible for surveyingyhile three wells are logged regularly. These marker interval data have been recorded
over several decades, and have always been reported as average reservoir strains.

Zeerijp-3 FHbre Optic
In well Zeerijp3 a fibre optic able was ra outside the casig and cemented in place with the casing. The cable
allows various measurements along the well path:

1. DTS : Distributed Temperature Sensing,
2. DSS : Distributed Strain Sensing,
3. DAS : Distributed Acoustic Sensing.

A light signal is sent from surface throutie glass fiber optic and back scattered waves (from natural scatterers or
artificial reflectors) are received badkhanges in the reflected intensity are caused by changes in the optical path
length and arevery sensitive to both strain and temperaturanations of the fiber Measurements can be made
almost simultaneously at all sections of the fib&fter installation the system clearly showed the temperature
changes during the cementing operations and siissequensetting of the cement.

More impottantly for the earthquake research, the system can also detect reservoir compadti@enReallime
Compaction Imager (RTCI) applies advanced-8besing technology to monitor well integrity in real time without

well intervention. A special fiber optic lole containing a large number of closely spaced (~ 1 cm) fiber Bragg
grating strain gauges is wrapped around a well tubular, and the strains at each discrete gauge along the fiber are
simultaneously recorded.

21



Study and Data Acquisition Rlnduced Seismicity in GroningekVinningsplan 2016

AL

Large oscillations between
elongation and compaction

e o

Smart-Tie

Figure3.4 Very preliminary data;>ample ¢ compaction

a‘ 7 T PORKET GRGC
MD | m
{m) g cLc DEW PORMNET GRGC
1:40 @[55 i es[1e g 23503 v O[T gAPL 150 102015181113 (nm) 011206025620 |10/12MS 81 (nm)  [1/1L/2016 025640 | maasos e0est seasy ool ovosas [ o5
e
F 3531
e
ol |
2532
F 3533 gl
|
F 3534
"
F 3535 i
Reversal from compaction
[ 3536 -
to e|ongd’rlon
F 3537 i
F 3538
3539
r——

r 2540 ‘

Some regions simply experience and

increased strain rate (but no sign change),

but other areas ‘reverse direction’

Elongation

measurements in Zeergpvell.

22



Study and Data Acquisition Rlnduced Seismicity in GroningekVinningsplan 2016

Monitoring Seismicity

High resolution mapping of seismicity and lowerfgthe current detection and location magnitude threshold is
requiredfor a better geomechanical understanding of the earthquakeand. The improved determination of the
locations of thehypocenters of the earthquakeallows better tie-in with the structural model of the Groningen
Field.

Extension passive 8ismic Geophone Network KNMI

Theoriginal configuration of the Groningen momiting network has provided fieldide coverage since 1995 for

the detection and location of all events with a magnitude larger or equal to 161 ®/events). Tis North
Netherlands network consistl of 14 borehole stations, 8 installed in 1995 and extended in 2010 with an additional
6 stations, plus 12 accelerometer§henetwork recorded a catalogue of 23309.5 events betweedanuaryl 995

and December 2015and is the primary basis for current earthquake hazard assessment within the field. The
horizontal location uncertainties are typically about 0.5 km and the events amressto occuiat a depth of 3km.

In 2013 a start was made with the exgan of this monitoring network.This extended monitoring network has
two key advaiages over theriginalnetwork; improvedsensitivity andmprovedaccuracy.

w More sensitive a more reliable detection and lociain of more M<1.5 events within the field lalvs more
robust statistical analysis of the relationship between the number of earthquakes and gas production.

w More accurate: earthquake locations with sufficient accuracy will help to reveal their relationship with mapped
faults. Together with their dept distribution relative to the reservoir this will improve the understanding of
the causal mechanism of these earthquakes.

To deliver the earthquake data necessary to realize these objectives, the performance critémia fietworkwere

set

w Detect 10 eents for every MJL.5 event.Starting from the assumptiothat the existing earthquake population
has a bvalue of 1, this means reducing the magnitude of completeness from the current M=1.5 to M=0.5.

w Locate all detected events with a standard horizontabeof less than 200 m and a standard vertical error of
less than 500 nfthe depth determination is expected to be very dependent on local geology; this eriteri
might therefore not be met everywhere in the field)

To improve the resolution over thentire Groningen field an extension of the (existing) passive seismic monitoring
network wasimplemented with installation of additional seismometers and acceleromedpread in 6x6km grid
with centre point,covering theentire Groningen Field The network (Rase I) consistof 69 passivegeophone
stations including surface accelerometesach 200m deep borehoieequipped with 4geophonesat 50, 100, 150
and 200 metersdepth and one accelerometer at surfacd¢ogether with the required electronics for data
transmission, premplifiers and communication means.
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‘signficante aardbeving binnen het gebied (Magnitude> 2.0 op de schaal van Richter).

Extension of the shallow borehole geophone network Ww@hocations. The locatioriadicated by A have a

stable data connectiorB: have an instable data connection a@dno data connetion. The data is stored at the

Thefinal locations have been chosen in collaboration with Kibtisidering local restrictionsLocation®f the The
locations have been chosen in collaboration with KNMI. Local restrictions related impact of noise emanating

from for instance railroad, pipeline or traffic have been considered, together with proximity to electricity and data

cables and landownership.

associated with the varying thickness of the Zechstein salt

These practical considerations have caused the grid to be slightly irregular

Densification of the grid has taken place in some areas to optimize areal or vertical event location accuracy,

Studies are in progress to determine more of these

locations. Several additionalagions (some 15) equipped with an accelerometer have been placed around the field
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Figure3.6 Accelerometer station only.

Operations to place the additionahallow borehole geophone network commencéedMay 2014, with start of
monitoring by the firs new borehole stations in June and completion of the network in October 20h4. project
was managed bgngineering company Ae&. The data is directly streamed thé KNMI offices in DBIlt. Upon
completion of the network the ownership has been haddover to KNMI, who will manage and maintain the
network.

Additionally four boreholes equipped with strong motion sensors (low frequency geopharesplannedn order
to record the signals for the very largegbotential events without clipping and eble ongoing
recalibration/updating of the ground motion attenuation relationassociated withhigh range potential
earthquakes.Technical design of these four stations in close collaboration with KNMI is near completion.
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Figure3.7 Extengon of the shallow borehole geophone network.
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Figure3.8 Extension of the shallow borehole geophone network.

Subsurface vertical seismic arrays

Downhole seismic monitoring allows monitoring at substantially reduced noise conditions thereby improving
sigral-to-noise ratio, magnitude detection threshold and precision of the hypocenter determina@dginally the
vertical location of earthquakes we assumed to be at a depth ofk8n. Implementation of a subsurface seismic
array wouldpotentiallylead toincreasedaccuracy in horizontal and vertical location of events.

Challenges in borehole seismology are a secure deployment of sensors, safératemission to surface,
formation temperature and pressure and reservoir fluiNoreover,drilling requiresconsiderablegreparation time.
As downhole instruments need to operate at elevated pressure and temperature conditi@per engineering is
essential.

The two subsurface installed vertical arrays in the Loppersum draae sensors covering Zechstein dowm
Carboriferous. The ®nsorsare designed fora target event magnitude range of M5 to M=+1 over the distance
range 500m to 10 km, and a system minimum sampling frequeh 2KHz (0.5ms data).

Temporary vertical seismic arrays

Two existing observatins wells in the Loppersuarea (Stedurrl and Zeerijpl) were selected to be modified into
seismic observation well$o implement subsurface measurements as soon as feasoéh wells were drilled
more than 35 years ago, amgere not initially designedas seismic observation wellsTo be able to record seismic
data as soon as possiblegrtical seismic arrayBave beentemporarily instaled without performing a workover
whilst a more permanent seismic monitoring option was developed (see next sectaivantage of this solution
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was deployment at short notice. Howevéhe disadvantagés that thevertical coverage is limited to the reservoir
section only(below the tubing already installed in the well)

Based on the experience gained in Bergermdagg) a systemwasdesignedand installed in October 2013. Two
arrayswere installedwith 8 and 11stationsrespectively,and with 30m station spacingThe installation required
killing of the well to avoid gas inflowinstallation of additional pressureontrol equipment, and communication
and data collection equipmentObijective is to have the equipment operationaitil the permanent monitoring
wells are in place. Continuous monitoristarted immediately after installation; and dataasmade availableviaa
GSM connection to KNMI and Magnitude for further aniy

The temporary geophone strings installed in tis#edum observationvell started to record data in Novemband

in the Zeerijp well in December 2018Both the Stedumand the Zeerijgl geophone stringssuffered from regular
failures. Despite these failuresny valuable data on the depth of the earthquakes in the Loppersum Area has been
collectedto date.
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Figure3.9 Deep Geophone well Steddm

With the new seismic matoring well fully operational, data acquisition from the Steddnand Zeerijpl wells has
been phased out. Botbbservationwells will return to their original duties; monitoring compaction, reservoir
pressure and water ffux into the reservoir. The $adum well is completed with radiactive markers foin-situ
compaction monitoring (one of three wells monitore@gularly for compaction at reservoir level), while the
Zeerijpl well is an important well for monitoring the aquifer influx from the Oldaquifer (pressure and TDT).

Plans have been prepared fimstallation of a temporary geophone arraythe existing monitoring well Harksteee
2A, toadd seismic monitoring capacity in the southwest of the Groningen field.

28



Figure3.10

Study and Data Acquisition Rlnduced Seismicity in GroningekVinningsplan 2016

RTVANOORD

Installation of the temporary deep geophone string in well Stedum
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Phase 1: 040-2013 to 2312-2013
Phase 2: 183-2014 to 2405-2014
Phase 3: 196-2014 to 2308-2014
Phase 4: 089-2014 to 0701-2015
Phase 5: 281-2015 to 2906-2015
Phase 6: 087-2015 to 0212-2015
Phase 7: 242-2015 to now

Phase 1: 2111-2013 to 2002-2014
Phase 2: 202-2014 to 2605-2014
Phase 3: 0D6-2014 to 2006-2014

Phase 1: 41-2015 to 1202-2016

Tabe 3.1 Temporal coverage of the two temporary seismic observations wells in Stedum and Zeerijp. .

Permanent vertical seismic arrays
For theinstallation ofpermanent vertical seismic arrajtswas opted to drill two newdedicated observation wells.
Dediated new wells have several advantages over using existing wells:

1 From an operational standpoint, the temporary geophones in existing observation arellcomplicated and
require special safety precautions. Replacing geophone strings in new wells ieritifesafer as these wells
are not perforated.

2 The existing monitoring wells have a completion design that only allows installation of a geophone array with a
limited aperture. The difficulties with the interpretation of the data acquired so far dematesr the
importance of a larger aperture of the geophone string, which can be achievbd irew wells.

3 Currently geophones have been installedThese geophones have suffered from reing failures time and
again. The ew wells provide the opportuty to install high quality geophones, which aepectedto be more
robustat prevailinghigh temperature conditions.
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Figure3.12

Locations for the two permanent geophone wells in the Loppersum Area.

Without compromising the seismic monitoring objiees of thesewells addtional datawasacqured in these wells:

Both Wells:

o Density logging of the full well length (for calibration of the velocity model and determination of vertical

stress),

0 Sonic logging of both shear and compressional wavesfallevell length (8ear and compressional data
havebeentaken at 360degee phase to determine main stress directions and stress anisotropy),

o Formation evaluation logs like resistivity,

o Image logging over reservoir section for strasidfdirection

o MDT pressure measuremertisive been collected.

1 Additional for theZeerijp3AWell:

o Core over the Rotliegerahd Carboniferous reservofor compaction measurements (in Univ. Utrecht,

Rijswijkand Houstof andfault (re-)activation studiegUniv. Utrech),

o Formation water sample.
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Figure3.13  Well trajectory of the two permanent geophone wells in the Loppersum Area.

The data acquired in these wells support several seismological, geophysical and geomechanical studies and
experimental programs.

32



Study and Data Acquisition Rllnduced Seismicity in GroningekVinningsplan 2016

242000 243000 244000 245000 246000 247000 243000 242000 250000
L L L L L L L L L L

S aa I
M)

500000

Net hydrocarbon
thickness (m)

508000

— 1250

0]
— 10,00 /‘

- &
\+

506000
L

— &.00

504000

T T T ﬁ | ——
242000 243000 244000

2

245000 E000 247000 208000 250000

oooopg

oooses

Figure3.14  Locations for the two permanent geophone wells in the Loppersum Area relative to the structural model.

g e eBase case is 5” liner, 4 1/8” hole
*The well to be completed with 3 2" cemented completion

*Material selection: Cr13-L80 tubing

*Connections

* Hanger to 2128m AH: 9.2# VAM Top
©2129-3118m AH (5" Inr): 9.2# VAM Top SC67.3
® 3189 -TD (open hole): 10.2# VAM FIL

¢ Wellhead and tree rating 10k and 5k
*Design 300 m cement planned into the 5” liner

*WellCat: tubing compliant with genericenvelope
*Special: no TRSV
#Spedial: 1.21 3g CaCl2-brine

CARBONFERDUS

Figure3.15  Well design for the two permanent geophone wells in the Loppersum Area
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Monitoring Network for Building Damage

Apart from the accelerometers at the 69 geophone stations, NAM has also installed accelerometers in the
foundations of buildings in the Groningen area. Initially, close to 200 buildings were selgmtesl 20 of which

being public buildings such as town halls ofnicipalities. In the course of 2015, additional accelerometers have
been placed by TNO and currently the total number of sensors installed exceeds 300.

Building Selection
Throughwww.namplatform.nlowners couldrequest to have a sensor installed in their building. selection of
buildings was made using the following criteria:

1. Area criteria to
a. Achieve a good coverage of the seismically active area.
b. High likelihood of measuring the highest accelerations basethe hazard map
c. Proximity to geophone stations
d. Distribution to cover different soil conditions
2. Building criteria:
a. Achieve a good coverage of thailding typologies
b. Cover different foundations (piles versus no piles)

During the registration additionalata on the buildings was collected, also on the status of the building.

Building Sensors

The vibration measurement system consists of @xial vibration sensor and a central unit. The central unit is for
signal conditioning (sensor conditioningtdiing) and transfer of the data to the TNO remote datnter. Based

on detailed specifications, NAM has selected GeoSig as the supplier for the vibration measurement systems. Their
system consists of a separate recorder and sensor (F& @6 with thefollowing specifications:

1 Recorder: GMSplus Measuring System
T Sensor: AQ3 Force Balance Accelerometer
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Figure 3.16  Vibration monitoring system recorder (left) and sensor (right)

Vibration is sampled continuously at 250Hz and stored in an internathuffhen vibration exceeds a certain
threshold level (set at velocity of 1 mn)ishe Data Centre is notified by sending the time of triggering. At that time
logging of the event starts with a ptegger duration of 10 seconds. After collecting data forszconds (at 250 Hz)

the time traces (one per channel) are instantaneously sent to the data centre J&if. In addition to the
communication of measurements during the events, the vibration measurement system also sends a regular
WK S| NI 6 S I githe pgalkwbiatior wilacity and acceleration over the last minute. Examples of the heartbeat
signal and a recording of a seismic events are shown in figut8sand 3.19

3 The trigger level of 1 mm/s is in the order of the strictest limits of the SBR dir¢exifer vibration damage. Other vibration sources like
traffic may cause such, or higher, levels. These levels tend not to occur often but when thiegydoay be relevant.
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Figure3.17  The sensors send their data event based when the vibrationdewetds a certain threshold and send a regular
(every minute) heartbeat signal with a maximum vibration.
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Figure3.18  Example of a graph with results of heartbeat measurement
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Figure3.19  Example of a graph with results of an event

Building Inspections

To improve theunderstanding of how sensitivieuildings inthe Groningenfield area arefor damagecaused by
earthquakevibrations, regular building damage inspections are carried oAt part of the sensor installation, an
initial inspection of damage othe outside of the building (e.g. cracks in exterior walls) is carried out. During this
initial inspection, any characteristic properties of the building are logged that may be relevant for damage analysis
at a later stageAfter eachsignificantearthquéke arepeat inspectionis carried out to establish potential additional
damage caused by ¢rearthquake.

The nature and degreeof that damage is then classified in a damage category that is, in telated to the
vibration. Byplotting the measurement®f all the buildings in thenonitoring network against the vibration velocity,
relationshipscan beestablishedbetween the twa

Data Transmission and Communication
The total monitoring network consists of the building sensors and the TNO VibrationCeatee, which collects
and handles the measured data. Data is securely transferred from the building to this Vibration Data Centre using

the own internet connection of the building.
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Figure3.20  Measurements are securely transferred by making usketidusehold internet connection

At the Vibration Data Centre the data is analysed and sent through to NAM, where it is published at the website
www.namplatform.nl There are limitations to the level of detail ahigh the vibration data can be shared publicly,
relating to the privacy of the house owners
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Figure 3.21 Data transfer from vibration monitoring system to Vibration Data Cef\&C)
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4  Current assurance layers (2014 7z 2016)

Hazard and risk assessntés critically important to ensure that safety is within agreed norms set by the Meijdam
Committee. It is therefore essentitdlat the regulator, decision makers and the local community have confidence
in the assessment of hazard and risk. This requvessight. With proper oversight, dtaholders can be confident

that the data and the derived models are technically sound and that any remaining uncertainty has been
adequately captured.

Therefore, it was decided to subject each research study cartiethypor on behalf of NAM to both internal review
and various types of external and fully independent reviews and verification. In this process, six layers of assurance
were implemented:

1. Internal NAMassurance;

Independentassurance requestely NAM
Independentassurancetequestedby Ministry of Economic Affairs;
Independent assurance by regulator SodM ;
Independentassurance, requestelly regulator SodM ,

Independent critics,

N o g s~ D

Transparency.

1. Internal NAM -assurance

Internal technical assurancs carried out by internal experts from NAM, Shell and ExxonMobil in those areas
where inrhouse knowledge is available, primarily geology, geophysics, geomechanics and petroleum engineering.
The results are incorporated in the studies and study reports.

2. Independent assurance requested by NAM

Independent review covering the complete work scope is carried out by independent external experts; that is,
experts who are not aligned with NAM in any way. The internal assurance of research on geology, geapthysics
petroleum engineering, is followed by external assurance carried out by the consultancy company SGS Horizon.
SGS is the world's leading inspection, verification, testing and certification company active around the world in
many industries. For moraformation on SGS visit the site http://www.sgs.co.uk/. Their conclusions will be
shared at the onderzoeksrapporten page of the namplatfesite.

5SRAOFGSR aadNI yOS GSIFya KFEGS 6SSy FaairdaySR F2NJ 6
G.dzAf RAYy3a CNIIAfAGEE D ¢KS SELISNIa Ay GKS&S FaadaNly
NBaLISOGADBS FASER 2F SELISNIAaSO ¢KS FaadaN»y yoS GSry ¥
External Expert Affiliation Main Expertise Area
Adriaan Janszen Exxonmobil Shallow Geological Model
Eric Meijles University Groningen Shallow Geological Model
Joep Storms TU Delft Shallow Geological Model
Tijn Berends University Groningen (student) Site Response and Shallow Geological Model
Table 4.1 ¢ KS | aadzNl Wiakhw Gedlbgical MaidNI &
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¢CKS | aadz2NI yOS (SHIYNIRNOD@DANPdzyRa a2KA@W Ay GFo6tS nodw

External Expert Affiliation Main Expertise Area
Gail Atkinson Western University, Ontario, Canada Ground Motion Prediction
. Ground Motion Prediction and panel for the

Hilmar Bungum NORSAR, Norway maximum magnitude of earthquakes

Fabrice Cotton GFZ Potsdam, Germany Ground Motion Prediction

John Douglas University of Strathclyde, UK Ground Motion Prediction

Jonathan Stewart UCLA, California, USA Ground Motion Prediction

lvan Wong AECOM, Oakland, USA Ground _Monon PrquCtIOn Member and panel for
the maximum magnitude of earthquakes
Ground Motion Prediction Member and panel for

Bob Youngs AMEC, Oakland, USA the maximum magnitude of earthquakes

Table4.2 ¢KS |aadzNk yOS (SIFY T2 NhvaDWRgzaidRBom PolingLsit also MENR pabdl fbrahg &
maximum magnitude of earthquakes.

¢CKS | 33dz2NF yOSIIENYIXE2NIGedZABRAKZ2G6Y AY (Gl 0ftS nodo

External Expert Affiliation Main Expertise Area
Jack Baker Stanford University, US Building Fragility
Paolo Franchin University of Rome fiLa Sapi| BuildingFragility
Michael Griffith University of Adelaide, Australia Building Fragility
Curt Haselton California State University, US Building Fragility
Jason Ingham University of Auckland Building Fragility
Nico Luco United States Geological Survey Building Fragility
Dimitrios Vamvatsikos NTUA, Greece Building Fragility

Table4.3 Theassurancd SI'Y F2NJ a. dzAf RAy3a CNI IAfAGEE

These three dedicated assurance teams have been informed by the extensive technical documentation and in
workshops. Their recommendations have been incorporated in the technical reports (section further work) and in
this document. The seismological models supporting the hazard and risk assessment, which are highly
mathematical in nature, have been reviewed by Prof. lan Main (of Edinburgh University). Prof. Main has prepared
review letters, which have been shared. See agpeJF 2 NJ | O2LJ) 2F t NRFTP alAyQa Yz2al

The studies on building fragility have additionally been review by Ron O. Hamburger of the consBliammsrtz &
Heger Also this report is attachetd this document (as appendix

3. Independent assurance, requested by Ministry of Economic Affairs

The Minister of Economic Affairs has set up a Scientific Advisory Committee (SAC) to provide an additional layer of
independent scientific assurance. The SAC is the successor of the initah@B®B for Winningsplan 201he
Groningen Scientific Advisory Committee (SAC) monitors and reviews the investigations executed out by NAM or its
contractors as part of the development dig Groningen Winningspla2016. The role of the SAC is to enstire

quality, completeness and impartialness of these investigations.

The members of SAC are as follows:

9 Drs Lucia van Geuns (KNGMG), chair

9 Professor Rune Holt NTNU & SINTEF; Rock Mechanics
9 Dr Stefan Baisch QCON; Induced Seismicity

1 Dr Hein Haak AlgemerBestuursdienst; Risk management
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9 Professor Jan Dirk Jansen TU Delft; Subsurface Modelling and
9 Dr lunio lervolino University of Naples Federico IlI; Structural Engineering

Independent observers:

9 DrJaap Breunese, TNG&GE
9 Dr Bernard Dost, KNMI

1 Dr Hans d&Vaal,SodM

The Scientific Advisory Committee stimulates the sharing of information between all parties to ensure that
available knowledge and information is used to develop broadly shared views where possible. To enhance the
efficiency of theprocess, Sad, TNO and KNMiave been granted the status obseners. The SAC moni®iand
reviewsthe (intermediate) result®f the study and data acquisition program. The SAC also has the righdfgose
adjustments to the investigations. The SAC reports its riggliand suggested adjustments to the Ministry of
Economic Affairs. When the SAC and/or NAM observe important differences of opinion regarding content, progress
or outcomes of the investigations, the SAC Chair will report this to the Ministry of Econdairs.Afhe SAC will
advise on action to be taken e.g. the involvement of an independent third party.

The Committee is supported bixpert groups. Depending on subject and required expertise, Expert group
members have beemappointedto discuss detailed defition, execution and technical progress of the various
investigations (see Addendum). Thasaat least one member of the SAC participating in each Expert group. The
Expert groups mestas and when required. Compositionay vary over time. Members can paipate in more

than one Expert Group.

Additional members of the expert groups are:

Brecht Wassing, TNO

Raphael Steenbergen, TNO and N¥EPR
Karin van ThieneWisser TNGAGE
Hans RoestSodM

Annemarie MuntendarBos SodM

llse de VentSodM

= =4 -8 -8 —a -9

Since its inwmllation by the Minister of EZ, th8cientific Advisory Committee has organized thregag workshops,

with NAM In addiion to these workshops, the SAt30 organize® expert meetings The SA@orkshops with SAC
membersand expert team members were alsattended by epresentatives of SodM, TNEGE andKNMI as

observers. The SAC expert team meetings were attended by the SAC Committee, expsdrtdarbservers of
SodM, TNAGE an&NMI.
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Date Event

29" & 30" October 2014 | 2-day Workshop.

19" March 2015 Expert Team Meeting o8ubsurface / Geomechanics

24" March 2015 Expert Team Meeting oseismological Model, Ground Motion Prediction &
Seismic Hazard

26" March 2015 Expert Team Meeting on Building Fragility.

22" & 237 April 2015 2-day Workshop.

2" June 2015 Expert Team Meeting on Seismological Model.

17" September 2015 Expert Team Meeting oBround Motion Prediction

24" September 2015 Expert Team Meeting on Pressure Maintenance.

9™ October 2015 Expert Team Meeting oBuilding Fragility.

37& 4" November 2015 | 2-day Workshop.

1% March 2016 Expert Team Meeting on Pressure Management.

3 March 2016 Expert Team Meeting on Ground Motion and Building Fragility.

Table 4.4 Workshops and expert meetings held betwneNAM and SAC with observers from SodM,-ABE and KNMI in
2014, 2015 and 2016

The SAC reported her review of the Hazard and Risk Assessment report of November 2015 together with findings
and recommendations to the Ministry of Economic Affairs on tfleDecember 2015. This SAC report can be
downloaded wusing the following link hitps://www.rijksoverheid.n/rijksoverheid/rapporten/progressote-
groningenscientificadvisorycommittee/progressnote-groningenscientificadvisorycommittee.pdj and is also
attached as Appendik

Ly Ada NBLI2 NIThe SAKBemlets lampfedseédShy the quality of the work performed within the

project, which is of high scientific level. NAM/Shell/contractor staff involved are genuinely aiming for a best
possible hazard and risk quantification within the constraints of time and datdahlai The researchers involved
areopenYAYRSR YR gAfftAy3a (2 O2YYdzyA Ol (iThe SAY &so Bifera ®ldrged (K S
number of valuable recommendations requiring further studies. These have been used to prepare the current
oConthued Study and Data Acquisition Plamduced Seismicity in Groningeior PostWinningsplan 2016 &

Appendix Fgives an overview of all recommendations andaamnenability accounting and justification of the way

these recommendations have been includedhistplan.

4. Independent assurance by regulator Staatstoezicht op de Mijnen
(SodM)

The mission of SodM is "Ensuring that the mining and transportation of gas is conducted in a socially responsible
manner." As part of this role the studies of the NAM @@ program are reviewed by the supervisory body SodM

and her advisors TNAGE and KNMI. Experts of these organisations are primarily informed by experts conducting
these studies through the SAC workshops and expert meetings. Additional data is aéxh shar instance NAM

has shared the static and dynamic model of the Groningen gas reservoir withGRO

SodM has requested at times additional studies from IANE&E, KNMI and CBS to verify the studies conducted as
part of the NAM research program. &heports prepared by TN@GE can be downloaded fromww.nlog.nla
website maintained by TNO bttps://www.sodm.nl
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5. Independent assurance requested by regulator (SodM)

SodMhaseBl 3SR AYOUSNY Il GA2yl+Ff SELISNI& (2 LINRPDARS GSOKyAOlt
Assessment, Interim Update November 2015). These were technical experts from the Swiss Seism&ogiesl
(SEDSchweizerischer Erdbebendiepand the US. Geologic&urvey(USGS).

Swiss Seismologic&urveyadvice to SodM

Additional to the assurance by TNO and KNMI, SodM also requested review of the hazard and risk assessment by

the Swiss Seismologiclirvey(SED) at ETH Zurj¢he official federalgency for monitoring earthquake activity in
Switzerland and its neighboring countries and forasgeasi { 6 A G 1 SNI I yRQ&a &aSAaYAO KIFT I NR
prepared this review, which is attached as apper@ixin addition to recommendations for furgh technical work,

Wiemer also makes recommendations to the organization of the studies and the assurance. Both are addressed in

this update of the studies plan. The SED review is attached as app@adid the accounting and justification of

the way theg recommendations have been included in this plan can be found in appEndix

U.S. Geologic&8urveyadvice to SodM

SodM also asked the U.S. Geolog&aivey(USGSio review the2015hazard and risk assessment interim update.
The USGS is tHeederal agncy with responsibility for recording and reporting earthquake activity nationwide
the USATheir report is morecritical than the previouseviews. Mainly based on &2015paper on ground motion
prediction for Oklahoma USGS argues that the high cassed in the hazard assessment for Groningen is
potentially unconservative and might therefore be too lowhe USGS review is attached as appehtdand the
accounting and justification of the way these recommendations have been included in this plare éanni in
appendixE

6. Independent critics

Severalindependent observers have made critical comments on the hazard and risk assessment in the media or
through blogs on the internet. An effort has been made to collect these comments, to address ahés®
incorporate valuable suggestion in this plan. Recommendations made to improve the study plan by prof. Sintubin
of the Catholic University in Leuven (Belgium) made in his blog

https://earthlymattersblog.wordpress.com/category/earthquakes/induesdismicity/

deserve special mention here. Technical recommendations by other critics like Drs. Peter van der Gaag &ave also
much as possiblbeen addressed

7. Transparency

Raw Data

In section 3 of this report, the data acquired over the last three years have been presented. These raw data form
the foundation of the study program carried out by NAM. To stimulate further research a by other independent
parties, the raw data and relevant acquisition data have been made available to other researchers as well. Both
basic raw data and finalized study reports are published in the public domaiwannamplatform.nl Tre reports

can be downloaded from:

http://feitenencijfers.namplatform.nl/onderzoeksrapporten/

Availability

- Namplatform
A large part of the relevant data for seismicity in Gng@n is available on the wedite www.namplatform.nl This
includes:

9 Pressure data
I Gas poduction volumes
9 Subsidencelata;
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9 Earthquake locations both ifnteractive) mapview and indepth;
9 Building sensors;
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NAMplatform
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- KNMI Data Portal
Another important source for data for induced seismicity in Groningeww.knmi.nl which containsicceleration
data and geophone data for larger seismic events.

Reviewed 2016-01-26 22:22:33 Harkstede 1.5 3.0 Geinduceerd Detail page
Reviewed 2016-01-20 03:57:08 Woltersum 0.6 3.0 Geinduceerd Detail page
Reviewed 2016-01-19 13:19:07 ‘tZandt 0.6 3.0 Geinduceerd Detail page
Reviewed 2016-01-17 11:57:33 Siddeburen 1.5 3.0 Geinduceerd Detail page
Reviewed 2016-01-14 14:03:58 Sandkrug 2.9 3.0 Geinduceerd Detail page
Reviewed 2016-01-13 06:41:42 Siddeburen 1.3 3.0 Geinduceerd Detail page
Reviewed 2016-01-11 05:31:35 Froombosch 0.6 3.0 Geinduceerd Detail page
Reviewed 2016-01-07 05:25:55 Zuidbroek 1.6 3.0 Geinduceerd Detail page
Reviewed 2016-01-02 00:04:28 sint-Annen 0.5 3.0 Geinduceerd Detail page
Reviewed 2015-12-25 04:19:36 Ten Post 1.3 3.0 Geinduceerd Detail page
Reviewed 2015-12-22 06:00:13 Bergheim 24 1.0 Geinduceerd Detail page
Reviewed 2015-12-15 07:43:55 Noordwolde (Gr.) 1.7 3.0 Geinduceerd Detail page
Reviewed 2015-12-15 00:01:50 Delfzijl 1.6 3.0 Geinduceerd Detail page
Reviewed 2015-12-14 02:47:45 Emmen 1.4 3.0 Geinduceerd Detail page
Reviewed 2015-12-1315:18:13 Kantens 0.4 3.0 Geinduceerd Detail page

Figure 6.3  Example of data avaitde on the website of the KNMI.

As of October 2013<{NMl offers three services that providdirect access to seismological data from the KNMI
operated geophone and accelerometer network:

1. Seismological and acoustic data portal; an interface with everarimdtion and raw data from the
seismological statian

2. Rapid Raw Strong Motion Data portal for The Netherlands. A specialist interface for scientists and engineers to
raw acceleration data and derived peak ground accelerations (PGA)

3. FDSN web services. - )
¥ Registration > Disclaimer A SeISmIC & ACOUStIC Data Portal > About ¥ Help

Explore events » Explore stations » Submit request » Download data &
Events Controls Q Event and Station Map Q

Event Information % Vo Rostock
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w E
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M 2015-07-24T02:29:22 25 MLn 53 67 4.50 3.0 Noordzee
M 2015-05-13T15:23:56 32 MLng 5047 588 18.4 Spa
Stations (-)

No Stations loaded

Figure 6.4  Seismological and acoustic data portal; an interface with event information and rawfrdatathe seismological
station.
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Aardbeving van 2016-01-26 22:22:33 (UTC)

Datum en tijd (UTQ): 2016-01-26 22:22:33
Latitude: 53.203°

Longitude: 6.720°

Diepte: 3.0 km

Type aardbeving: Geinduceerd

Plaats: Harkstede
Magnitude: 15

Link naar event data: FDSN web services (beta)

2016-01-27 08:35 (UTQ

Network: NL [HHZ] - (57 traces / 2016-01-26T22:22:33)
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Figure 6.5  Example of data available on the website of the KNMI for the Harkstede earthquake of magnitude 1.5 on 26
January 2016.
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Example of data available on the website of the KNMI.
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48



Study and Data Acquisition Rlnduced Seismicity in GroningekVinningsplan 2016

Sharing raw data with external researchers

The raw unprocessed subsidence and seismic data collegt®t\M is made availablen requestto academic and
non-academic researchers for analysis and study. These are often very large data sets which are too big to be
downloaded from a website. Exchange of a hard disk is often the most praapiparachto shae this data. To

date the following large data sets have been shared:

Data volume shared Party data has been Time Comments
shared with
Seismological data from Mr. John Lanting May 2014
temporary deep geophone wells| Schokkend Groningen,
The Netherlands
Seismological data from Gassnova Project July 2014 Focus research:ocating hypecentres
temporary deep geophone wells| NORSAR, Norway of earthquakes.
and VpVs velocity model
VpVs velocity modeand Dr.Mike FehlerProf. Tom August Focus researcl{l) Analayis of historic
Geodetic Information. Herring andProf.Brad Hager | 2014 seismic data and (2) Geomechanical a|
MIT (Massachusetts Institute Geodetic investigation of seismic versy
of Technology), USA aseismic deformation.
VpVs velocity model ahraw Prof Gregory C. Beroza August Focus research: Ambient noise
data deep geophones Stanford University, USA 2014 interferometry toinfer shear wave
velocities
VpVs velocity model and raw Dr. H. Paulssen, December | Focus research: Noise interferometry t
data deep geophones University Utrecht 2015 infer changes in medium properties an
microseismicity
Subsidence measurements by | Prof. Bob White December | Focus research:ocating hypecentres
InSar Cambridge University, UK 2015 of earthquakes.
Seismologal data from Gassnova Project January Focus research:ocating hypecentres
temporary deep geophone wells| NORSAR, Norway 2016 of earthquakes.
(update with recent data)
Clarification of data request in March
progress Universityof Bristol 2016
Tenperature Measurements DTY Drs.Alexandros Daniilidjs April2016 | Support research geothermal projects.
system in Zeerij3A. Rijksuniversiteit Groningen

Table 4.5

asia

[ F NBSNJ @2f dzYS RI Gl KdadgBic iostuBeg an8 knavdge ifsHt@e?R 6 A G K bDh Q&

¢CKS NIg¢ KIF& 0SSstringdNE Gk PREBRé i Kt NFEANB & & 2y 0K

NAM has no influence on the studies performed using the data sets.

NB LJ2 NIi A y 3
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Figure 6.8 At 12" May 201& [ 2 O | Schokkdhtisroringes receive at the NAM offices the two hard diskvith 10
Terabyte data from the two deep geophone w#isindependent study(Photo: John Lanting).

Study Reports
Availability of Study Reports

- Namplatform

The technical reports describing thieidy results in support of the hazard and risk assessment have been published

on www.namplatform.nl2y G KS LI} 35S a2y RSNI 2 S {sértihyLByJ2pértS jfamdother ¢ K A &
A0 1SK2t RSNA AyOf dzZRAYy3a bDhQaod

The reports describe the progress made during the last three years. Both reports in support of the hazard
assessment of the Winningsplan 2013 can be found here as the technical study reports supporting the half yearly
updates published since then. The versiO update refers to the hazard and risk update of November 2014,
version 1 to the hazard and risk update of May 2015 and version 2 to the hazard and risk update of November 2015.
Winningsplan 2016 will be largely based on this same version of the hazdndsk update.

A full list of all reports available on this site can be found in the section References.

-NLOG (TNO)
Reports prepared by TNO on induced seismicity, including studies undertaken by TNO and reviews by TNO of
studies undertaken by NAMan be found atvww.nlog.n| a website maintained by TNO.

Peerreviewed and Conference papers

Innovative parts of the research have also been published as-nee@mwed papers. These papers have been
reviewed by comptnt independent anonymous experts working on behalf of the journal. The peer review
process is employed by the journtd determine an academic paper's suitability for publicatiamd maintain
standards of qualityThe review of these papers by peer stists and academicanproves performance and
provides credibility.
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The following papers have been published:

Title Journal Peerreviewed or
Conference paper

A Monte Carlo method for probabilistic hazard | Bulletin of the Seismological Society of | Peerreviewed

assessment of induced seismicity due to America

conventbnal natural gas production.

A riskmitigation approach to the management of| Journal of Seismology Peerreviewed

induced seismicity

A seismological model for earthquakes induced | Journal of Geophysical Research: Solid | Peerreviewed

fluid exraction from a subsurface reservoir.

Earth

Liquefaction Mapping for Induced Seismicity in th
Groningen Gas Field.

6th International Conference on
Earthquake Geotechnical Engineering

Conference Paper

Developing an ApplicatieSpecific Ground/otion
Model for Induced Seismicity.

Bulletin of the Seismological Society of
America

Peerreviewed

Geomechanical Analysis to Evaluate Produetion
Induced Fault Reactivation at Groningen Gas Fi¢

SPE Annual Tegical Conference and
Exhibition 2015

Conference Paper

Ray modelling for induced seismicity in piecewis
linear (Vek) models

Meeting on active and passive seismics i
fFraSNFftfte AyKzYz2-mSy
2015, Prague, Czech Republic

Poster

In-Well Dstributed Strain Sensing

Society of Petroleum Engineers

Conference Paper
(In preparation)

First Advance in Determining the regional site
response for induced earthquakes in Groningen,
The Netherlands.

Recent Advances in Geotechnical
Earthquake Engineergnand Soil Dynamicg

Conference Paper
(In preparation)

Location results from a borehole microseismic
monitoring experiment in the Groningen gas
reservoir, Netherlands

6th EAGE workshop on Passive Seismic,
Muscat (Oman), 31 Jdreb, 2016

Poster

ExperimentaCharacterization of CalciuBilicate
Brick Masonry for Seismic Assessment

16" International Brick and Block Masonry
Conference.

Conference Paper
(In preparation)

Out-of-plane shaking table tests on URM cavity
walls

16" International Brick and BlodWasonry
Conference.

Conference Paper
(In preparation)

Number of Equivalent Stress Cycles for
Liquefaction Evaluations in Active Tectonic
and Stable Continental Regimes

Journal of Geotechnical and Geo
environmental Engineering

Peerreview in
progress

ANew Stress Reduction Coefficient Relationship
for Liquefaction Triggering Analyses

Journal of Geotechnical and Geo
environmental Engineering

Peerreview in
progress

Table4.6

List of peetreviewed and conference papers describing studies executed asfphé research program led by

NAM. Conference papers have also been included. These papers have not been subjected to the external

assurance review process.

The peer review process can take several months to in some cases more than a year.

Papiingldise

scientific foundation of the Hazard and Risk Assessment of November 2015 are currently being prepared and
reviewed. Because this process can take some time, reports describing the work in detail are already shared at
www.namplatform.nlbefore peer review process. Also conference papers are prepared to share these results as

soon as possible.
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5 Assurance expansion in Winningsplan 2016

Effectiveness current assurance regime

For the studies contribing to Winningsplan 2016 a utti-layered assurance procesgas used. As explained

before theassurance layers ranged from internal NAM assurance to assurance by independent experts on behalf of
NAM and independent experts on behalf of the Ministry of Exoit Affairs and Staatstoezicht op de Mijnen.
However these layers of assurance have beeiticized by experts, the local community in Groningen and
politicians.

Examples of articles questioning the integrity of these studies are:

1 Dagblad van het Noden, 17"NovemtS NJ v amp = dt OGR! Y bla Aa athk3aISNIRAS TArAcy Si3
(http://www.dvhn.nl/groningen/PvdANAMis-slagerdie-zijn-eigenvieeskeurt-21074038.htm)

f  RTVNoord andlOS News broadcast2NovS Y 6 $ NJ Gesjaerpel ndet onderzoek naar gevolgen gaswirning
(http://www.rtvnoord.nl/nieuws/156471/Gesjoemeimet-onderzoekemaargevolgenrgaswinning and
(http://nos.nl/artikel/2071270-gesjoemelmet-onderzoeknaargevolgergaswinning.html

f NOS Newbroadcast, 265 SOSY0 SNJ Hamp GOELISNIa (NI 1Sy 2yRSNI 281 3IFasgAayy
(http://nos.nl/artikel/2077249-expertskrakenonderzoekgaswinning. html

These criticisms have naftively impacted the credibility and acceptance of the study results by the community,
policy makers and decision makeérsn this respect, the assurance process to date has not been sufficiently
successful in achieving the desired confidence with the leggr; decision makers and the local community in the
assessment of hazard and risk.

Proposal for Assurance quality upgrade

NAM proposes to continue to work with the current framework of 7 layers of assurance, but to strengthen the
entire assurance gridybsubjecting all future studies to a rigorous assurance based on application of the SSHAC
(Senior Scientific Hazard Analysis Committee) Level 3 process. Thisgisldhetandar@¥or oversight. This would

cover all scientific studies into induced seisityi in Groningen.

The SSHAC process for multiplgpert assessment of hazards was developed by the US Nuclear Regulatory
Commission (USNRC), US Department of Energy (DOE) and Electric Power Research Institute (EPRI). These
institutions saw themselves ofronted with two widely diverging seismic hazard studies for nuclear power plant

sites in central and eastern United States. There were also very large divergences among the individual experts
within each study. The SSHAC concluded that the problem cksidiin technical details of the studies but in the

lack of clear procedural guidelines for how to conduct such studies.

The original SSHAC guidelines were issued in 1997 as USNRC publication NOREGI@Rvhich procedures
were laid out for conductig multipleexpert hazard assessments with clearly defined roles and responsibilities for
all participants and with the common goal of capturing the full range of epistemic uncertainty. Four study levels
were proposed with the complexity and effort incregifrom Level 1 to Level 4 together with a corresponding
increase in the likelihood of achieving regulatory assurance.

“Voorbeeld Tweede Kamer der StatéBeneraal, Vergaderjaar 2042016, 26 januar2016,33 529 Gaswinning, Nr. 230 MOTIE VAN HET LID
SMALING:
1 constaterende dat de NAM op dit moment een opdrachtgevende en uitvoerende rol heefibbij lizA G @2 SNBy @Iy 2y RSNI 281 vy
van gaswinning;
1 overwegende dat dit onderzoek om begrijpelijke redenen door Groningers wordt gewantrouwd;
19y YSyAy3a RIFEG KSOG Lzt AS1S 6Stly3a @ly 3A2SR dys; 2y FKIy{1StAel 2yRSN
9 verzoekt de regering om, onderzoek naar de gevolgen van gaswinning of ten behoeve van een winningsplan geheel onaghankelijk t
beleggen, waarbij de NAM geen rol meer vervult,
en 0okNr.220MOTIEVAN DEEDEN VAN VELDHOVEN EN JAN VOS
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The SSHAC Level 4 process was applied to the assessments of seismic and volcanic hazards at the Yucca Mountain
radioactive waste reposity in Nevada and in the PEGASOS project for seismic hazard assessment at nuclear power
plant sites in Switzerland. A review after 15 years of experience in applying the SSHAC guidelines was documented
Ay GKS F2fft26Ay 3 NB LR NIGuidelindslfct L2weIBarnid 14 @ SeiEperiprite Ghiled frdm{ 1 ! /
Actual Applications, by Thomas C. Hanks, Norm A. Abrahamson, David M. Boore, Kevin J. Coppersmith, and Nichole
E. Knepprath (U.S. Geological Survey GfinReport 2008 1 po 0 £ T & KA O KdedQuking thé Bllovng ¢ y £ 2 I
link to the website of the USGS:

http://pubs.usgs.qov/of/2009/1093/0f2009.093.pdf

A key conclusion from the review was that the Level 4 process has proved to bevsatm@imbersome and that
detailed implementation guidelines were needed for Level 3 studies. This led to the issue of practical
implementation guidelines by USNRC in 2012, which are available through this link:

http://www.nrc.gov/readingrm/doc-collections/nureqgs/staff/sr2117/

In these new guidelines, USNRC makes no distinction between Level 3 and 4 studies in terms of regulatory
assurance and views both processes as equalig approaches. The SSHAC Level 3 process has been successfully
applied to many seismic hazard assessments for critical infrastructure, including:

1 Seismic source characterization for PSHA at all nuclear sites in central and eastern United Stat8SCCEUS
(completed 2012)

I Probabilistic seismic hazard analysis (PSHA) for hydroelectric dams in British Columbia, Canada (completed

2013)

PSHA for the DOE Hanford site in Washington State, USA (completed 2014)

PSHA studies for the Diablo Canyon (California) @oldmbia Generating Station (Washington) nuclear

power plants in response to USNRC 50.54(f) Fukushima response plan (completed 2014)

1 PSHA for the Thyspunt nuclear site in South Africa (completed 2013)

1 PSHA for all nuclear power plant sites in Spain (Z®)

f
f

In addition to providing regulatory assurance, the SSHAC process accommodates the assurance needs of both
scientific and academic experts (a key feature of the process is broad participation from members of the relevant
communities), local communitieand decisiommakers. The clearly structured process of a SSHAC Level 3 study,
subject to continuous independent peer review of both technical details and procedural adherence, is transparent,
open to observation, extensively documented and widely vieasdhe gold standard for muéxpert assessment

of hazard (and perfectly amenable to extension to risk assessment as well). The process should, together with other
stakeholders (e.g., NCG) be adapted to local circumstance and demands while respectiagisheequirements

for compliance with the specifications of a SSHAC Level 3 study.
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6 Further Studies and Data Acquisition Projects z
Groningen Reservoir Model

Objectives
The main research questions be addressed in the studies fitre Groningen Reseoir model are:

A What faults are present in the reservoir roabove and below the reservoir?

A What are thelengthsand throws of these fault®

A What is the porosity distribution over the field area and in different reservoir layers?
A What is the pressurdistribution over the field and the adjacent aquifers?

How does gas production influence the reservoir pressure and what is the role of faults in the pressure

response?

The history match of the model of the Groningen reservoir addressasymf the dynamicissues. The current
reservoir malel is well calibrated withmany pressue measurements and observegater rise collected in the
production and observations wellsThe proposal fofurther improvement of the calibration of the model mostly
targetsthe areas away from these well locations

Static Reservoir Model

Structural Model

Sub_salt faulting in the Groningen area

In the last years the focus of the structural modelling work has been on the characterisation of faults in the
reservoir section andhe immediate underlying Carboniferous reservoir. A major activity has been to carry out a
merger of all the available seismic data sets of the northern Netherlands, consisting of multiple surveys acquired
over many years. The most recent reprocessingriegues available to NAM have been applied on this composite
data set and the project was completed towards the end of 2@tbinterpretation of the newly processed seismic
cube only resulted in very minor adjustments of the Groningen (reservoir) faudemoonfirming the qualitpf the

fault model prepared i2012.

Another result of the reprocessing was a much improved image of the Carboniferous interval. Preliminary work has
shown the feasibility of a more detad structural analysis of intr@arboriferous faults on the newreprocessed
dataset. The following work is proposed:

A Detailed mapping of the Carbonifero&otliegend boundary (i.e. the Saalian Unconformity) ttogr with an
update of the TogRotliegend horizon this will lead to an improvessassment of thickness variations in the
Rotliegend interval.

Detailed mapping o€arboniferous faults and intr@arboniferous reflectors. A new seaitomated fault
tracking tool (AFT from GeoSigns) has been tested to allomdpping oflarge numbers ofaults in limited

time. This will lead to a better understanding of the vertical extent of faults in the Carboniferous, and of the
geometry andorigin of subsalt faulting in the Groningen area.

New 3D data acquisition feasibility study.

Reprocessing® SEAadGAYy3I RIFEGFE FTNRY (KS ynQa &4K26SR (GKS AYKSNByYy
be achieved when working with a dataset acquired using old acquisition techniGise then significant

acquisition technology developmeni&en introducel allow long offset wide azimuth denser grids by using

wireless nodes and high channel numbers. A phased approach towargsttial execution of such survey

should start with a feasibility study iavestigate whether amew acquisition will result inighly improved imagig

>
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of deeper faults (into Carboniferous The next stepauld be a local pilot seismic acquisition survey over an area
where deeper faults are presumed.

Cenozoic fault activity in the Groningen area

The fault systems offetting the Rdiegend originate from a main phase of extension and rifting during the Jurassic,
and related to the breakip of the Pangea supercontinent. A younger tectonic phase relates to the Alpine orogeny
during the Late Cretaceous and Early Tertiary. This conmipredsregime has led to local -gtivation and
inversion of preexisting Carboniferous and Jurassic faults. The Groningen area was only mildly affected by this
tectonic phase. However, an associated effect of the changing stress regime over geologichhgirheen the
movement of large masses of Zechstein salt. This is thought to have taken place in multiple phases, and has
affected thickness distribution and faulttadty in the PostZechstein sequences.

In the context of induced seismicity in the Gnogen area, it is important to know the degree of tectonic activity
during theQuaternary This will assess the possibility of reactivating shallow fault systems in response to changes in
the stress field due to gas extraction from the deeper subsurface fdllowing workwill be considered

A Mapping of faults penetrating the Quernary section above the Groningen field and surrounding areas

A Establish the relationship, i.e. continuity, of faults below and above the Zechstein salt section

A Establish possiblafilt activity during the Cenozoic by detailed mapping of thickness trends within Cenozoic
stratigraphic intervals

A Review of previous studies and open literature on the above topics.

Investigate critical or trapped gas saturation in the Aquifer

Belowthe gas water contacts of the Groningen fielal,zone with criticdtrapped gas saturation is present. This
zone is ofunknownorigin, extent and distribution. It could possibly be explained by paleo contact movements or
by gas staying behind during migratjar a combinatiorof these Understandng of this zone is important for the
prediction of the pressure in the aquifers adjacent to the depleting reservoir.

Several investigatns have found evidence for layer with criticaltrapped gas saturation belw the gaswater
contact

1. In the seismic inveion study the geophysicshave to assuma gas saturation below the aquifer to obtain a
model based match. Without th@resence ofgas a clear contact would be visible in the seismic data
However such aantact is not visible.

2. A petrophysicalreview of reservoir propertiesobservedthe criticaltrapped gas saturations below the gas
water contactin open hole logsaken inwells. The average gas saturations for the zone below thewgater
contact were calulated and displayed fahe selected wells in Figu&1. This is not a local observation, gas
below the contact can been seen through the whole field with varifckness For instance the logs of UHZ
1 clearly show a criticéitapped gas saturationwhilst the proximal UHM. shows hardly any gas below the
contact. An example of critidalapped gas saturation below the gas water contétlisplayed in Figuré.2.

3. There are also indications for a crititedpped gas saturation layer in the dynanbehavior of the field.

a !'ylfteara 2F GKS NBASNIP2AN) LINBaadaNB RIGl AYRAOI GSa
criticaltrapped gas saturation which is initially immobile. When the pressure drops below a threshold
value the saturation of gaisicreases enough due to expansion of the gas to become mobile, at this stage
inflow of gas into the reservoir will happen.

b. The history matching shows that the aquifers surrounding Groningen should not deplete in pressure. A
very low permeability or faultdisconnecting the aquifers from the Groningen field will prevent a pressure
drop. However, a criticBtapped gas saturation in the aquifer could also support pressure for this region
of the field.

c. Thematch of theRFTpressures iwell in UHZL improves dramatically, when this critidilapped gaslayer
is assumed (Figui@3). Other methods of improving this match were not successful, such as a decrease of
the permeability.
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Figure6.1 Average gas saturation below the gas water contact as deterntiyesl preliminary review of the open hole logs
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Figure6.2 Example of miniplot with the gas saturation below the gas water contact

Currently the history matched model does not take criteaturationgasbelow the gaswater contactinto account.

A more deailed knowledge of where the critidadapped gas is located will be needed to test the impact in the
entire field. A detailed microscopic peseale study would be needed to investigate crititapped gas saturation
required for percolation and possire-mobilization due to pressure depletion.

We willfurther investigate the criticdrapped gas saturation to improve the history match for the pressure under
the gaswater contact andfor the subsidence matchThis require a multidisciplinary approdt involving
geosciences, petrophysics and reservoir engineering.
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Figure6.3 Comparison between two identical model with theaption of a model with 20% criti¢calapped gas saturation
in the aquifer and no GBV multiplier on the Slochteren (left)omedwithout critical gas saturation in the aquifer
and with a GBV multiplier of 1.05 on the Slochteren (right).
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Petrographic analysis of Groningen core material

A recent review of petrophysical properties obtained from Groningen core plug measuremenshdan that,

within the same porosity bin, permeabilities measured on plugs from the aquifer are lower than permeabilities
from gas samples. This is a common phenomenon that has been observed in many other producing Rotliegend
fields. It is usually attritied to a more intense diagenetic alteration in the water leg with associated higher
amounts of fibrous illite. The same phenomenon has been suggested for the Groningen field, but has not been
demonstrated unequivocally. A possible explanation may be soingtite fact that core material from the water

leg is highly underrepresented compared to core from the gas leg.

The recently drilled ZeerijBA well offers an excellent opportunity to further investigate the subject, because it has
retrieved Rotliegend ae from above and below the gasgater contact. This petrographic study includes a full
petrographical characterization of some 25 samples from theZ&REore, equally distributed over the gas leg, the
transition zone and the water leg. The petrographicddaracterization will be carried out by PanTerra
Geoconsultants and includes thin section description and modal analysis, -vduédeand clay fraction XRD, and
SEM analysis. The objective is to find petrographical evidence for a different diagenetiy histme and below

the contact.

In case of a positive result, the study can be extended by revisiting previous petrographic studies on Groningen
core, and compare these with the ZRR results. This may provide support for, and confidence in, assigning
different porositypermeability distributions above and below the contacthis in turn may lead to improved
history matchingand forecasting of dynamic properties in the Groningen field.

Calibration of the Dynamic Reservoir Model

The dynamic reservoir modean be improved by calibration with additional dataspecially when the temporal or
areal data coverage is low, additional data can be used to better constrain the model.

THP history matching

Tubing head pressures converted tmttom hole pressurescan be usedas another quantifier in the history
matching process. In recent years the density in SPG measurements over time has decreased significantly with
respect to the 1961990 measurementgFigure 6.4). To complement the SPG data set it is possiblaige
additionallytubing head pressures. Tubing head pressure data is available since the completion of the Groningen
Long Term project as of 200The correct conversion factor from static tubihgad pressure to static bottom hole
pressure and the assot¢é uncertaintyneed to be establishedt is not recommended to stop SPG reegements

or further reduce the SPG data acquisitismce converted static tubing head pressures have a higher uncertainty.
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Figure6.4 1771 SPG measurements from the Grgam and peripheral fields and the annual measurement frequency
showing tests without and with recorded skinttime.
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Currently, subsidence data is inverted to estimate compaction and to calibrate the geomeszhmodel. The
inversion results can be used to obtain an improved rock compressibility function for the subsidence proxy. In the
current model the polynomial reflects the low side of the acquired data and the results from the seismic inversion
(Figure6.5). An update of the compressibility and porosity relationship could improve the match to subsidence.
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Figure6.5 Conparison between a prior polygpand the g, vs porosity from inversion, all compared to core data.

CMI history matching

Some wells irGroningen are equipped witmarker bullets. Periodical monitoring of the datce between these
bullets gives a measure for the compaction dbcatiors along thewellbore. These measurements are rditectly

used in the history matching yet, however itggssible to generate a proxy of compaction along a well trajectory.
This compaction output can then be used to compare to all available CMI measurements as a history matching
parameter. This same procedure could also be used for the results of the DY @the Zeerijg3 well.

Central area high permeability investigation

In the history matching workflowa permeability multiplier igntroduced in the central region témprove the
pressure matclover the period1970-1990. Further studies could expiaihis behaviour. In the south of thigeld

our model currently undegredicts subsidence in the same region. Theresaeeralhypothesisthat could explain

these early pressures, such as high permeability streaks. However the loop in this has not tsesh Atlalitional
studyis needed to further improve the understanding of the dynamic behaviour and subsidence in the south of the
field.

Apply Gravity survey into AHM workflow

Four gravity surveys have been taken for the Groningen (ralast recently in 205). The results of these studies

can potentially be usedto explain reservoir behaviouhat cause mass changes in the subsurface, such as the
depletion of gas (density reduction) or the encroachment of water (density increase), see as an examplé.&igure
The current model has not been constrained to results of the gravity surveys. It is suggested to investigate the
possibility of applying results of the gravity surveys in the history matching workflow, either qualitatively or
quantitatively when it igossible to invert the results to dynamic properties, such as saturation changes.

60



Study and Data Acquisition Rlnduced Seismicity in GroningekVinningsplan 2016

1996-1978 mass change (only positive shown)

- Jo— e e
ick to a text Rad & poaton
~cn e
e r-;L'G
‘ -
. [ 2
- ..o.
el ecen = .r‘ %
~re LV ™ . 15 §
aandpren R &
¢ o0 194 - (2
A ;
- .. \ e v* -
e -
G o
e 3 At .
* X
o .
Gromngl ciy .
Thowmroters
oo more
R i 4 ﬁ"\-n
oround sobon 84
. (]
L T Cemes e e
* aene
Figure6.6 Gravity survey to be used in AHM

S

Illii.lgllllli

Fapern 1 Duarvmn Bap of Ao

61



Study and Data Acquisition Rlnduced Seismicity in GroningelVinningsplan 2016

Summary
The table below shows which studies make a contribution the research question:
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What faults are presenin the reservoir rock,
above and below the reserv@ir

What are thelength and throw of these faults?

What is the porosity distribution over the field are
and in different reservoir layers?

What is the pressure distribuih over the feld and
the adjacent aquifers?

How does gas production influence the reservoir
pressure and what is the role of faults in the
pressure response?

Table6.7 Research table linking the research questions to the study agivit
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7 Further Studies and Data Acquisition Projects 7
Subsidence and Compaction

Objectives
The main research questions to be addressed in the studies of compaction and subsidence are:

A What is the current sulsurface strain field and can we derive tlsigain field from subsidence observation

collected at surface?

p)

What is the impact of reservoir pressure depletion arfidhe rate of depletion on reservoir rock compaction?

b=

What are the processes leading to reservoir rock compaction and which fiadftibe compactionis elastic?

Subsidence Data Acquisition

Unambiguously determining the subsurface strain field from surface displacement measurements is a challenging

inverse problem. It suffers from being generally 'underdetermined’ anddiliditioned’, so that a unique solution

cannot be established without additional constraints or othguréori information. It is key therefore to collect data

that can effectively constrain the range of possible solutions and reduce uncertainties. A viable sigyyiftoantly

improve the surface displacement measurements to try and achieve this goal is to

1. gather accurate horizontal as well as vertical displacement data at a suitably distributed set of points, best
achieved by GNSS (requires optimal horizonsalvall as vertical antennae stabilization and careful monument
location);

2. tying together of the various geodetic survey methods, this means having a number of set locations that are
included in levling, INSAR and GNSS measurements (provides robustaiotst

3. tying in of gravity survey measurements, this can be realized by taking repeated gravity measurements at the
same set locations.

To constrain the uncertainties in the sslirface strairmore intensivegeodeticmonitoringand studieso provide

time-lapse monitoring dataincludingprocessing and visualizatia resultswill be carried out. Thaim of these

activitiesis tosetup a robust geodetic network for future monitorirtge response tdhe field production.

Key objectives are:

1. Integrated4D deformationrmonitoring with appropriate spatidemporal densityand detailed analyses on
horizontalmovement

2. Continuation of the promising support to monitoring building damages by high resolution INSAR

3. Evaluation & comparison of the geodetic data frime different geodetic techniques

4. Better communication of monitoring results to the public

The geodeticwork plan will be coupled to currently available geodetic data and will provadéongterm
complementary monitoring solution.

Scope of work

1. Activity: Installation of another30 GNSS receivers and maintenance.
Purpose: Capture horizontal deformation at the edges of the fields to better constrain
geomechanical and other subsurface models.
Involved parties: NAM Geomatics, NAM Geomechanics, GSNL Geuwnés, contractor(s)
2. Activity: Alternative GNSS processing with scientific softwAE&)REF
Purpose Mitigate biases induced by current processing approach.
Involved parties: NAM Geomatics, NAM Geomechanics, GSNL Geomechanics, a research wvititute

track record in high accuracy GNSS monitqrifldREF
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3. Activity:

Purpose:

Involved parties:

4. Activity:

Purpose:

Involved parties:

5. Activity:

Purpose:

Involved parties

6. Activity:

Purpose:

Involved parties:

7. Activity:
Purpose

Deliverables

E N I ]

Continuation of high resolution InSARxcquisition, processing and reporting for
another three years Focus on building monitoring. Continuous improvement of
processing and valdadding analysis approaches.

Support damage prevention and analysis. Documentation of building movements
without individual intervention. Support of geomechanical modelling

NAM Geomatics, contractor

Installation of artifidal targets(i.e. corner reflectors or Compact Active Transponders)
in colocation with all NAM GPS stations in Groningen.

Crossvalidation of GNSS and InSAR measurements. Enhance spatialsdalge
accuracy of INSAR by supporting INSAR praugssih GNSS.

NAM Geomatics, contractors, external consult

Supplemental research on the stochastic modef geodetic techniques,including
levelling (quantification of autonomous benchmark movement in Groningen) and INSAR
More substantiated interpretation of INSAR uncertainties regarding discrimination
between subsidence signal and noise artefacts. This is a crucial input for geomechanical
modelling as well as for visualisation and interpretation.

NAM Geomatics, TU Delft

Visualisation tools for subsidence measurements. This includes thacfional
specification and implementation ointegrated processing software for combined
visualization of subsidence measured by the 3 differemddgdic techniques (levelling,
GPS and InSAR) well as g. webbased visualisation tools.

Standardized and combined visualisation of subsidence measurements. Communication
of measurement results to the public. This is so far only possible nidividual
techniques with restrictions.

NAM Geomatics, TU Delft, contractor(s), EUREF, BARD, SCEC

Feasibility and benefits of measurement subsidewith tiltsensoren.

Investigate whether measurements of grousdrface (maaiveld) with tiltsensors can
provide (standalone or in combination with other measuremenés)ditional insights
into subsidence caused by gas production from the Groningen field.

Extended GNSS network of 30 NAM stations + 1 ffartly station
Assumptiorfree GNSS processing results

Highresolution INSR building monitoring

Combined GNSS+INnSAR monitoring deliverables

Constrain uncertainties in geomechanical and subsurface modelling
Appropriate visualisation tools to support commaaiion to the public
Feasibility report of benefits measuring subsidence with tiltsensoren.
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Compaction Monitoring

Compaction in Observation Wells

Gamma ray markers have been placed in several wells across the Groningen field, at regular deptfs.interval
Monitoring the (change in the) distance between markers over time gives insight into the compaction of the
reservoir. The markers were originally installed in 11 wells across the Groningen field, six of which are still
accessible for surveying, whileréde wells are logged regularlyThese marker interval data have been recorded

over several decades, and have always been reported as average reservoir strains. Using new analysis methods, we
aim to refine the determination of the strain to individual imt@ls, allowing for better correlation with well logs

and rock properties.

Although new fibre optic technology has recently become available that can achieve far higher spatial and temporal
resolution, these historic data are valuable as they cover diffescales, both in time (data collected over several
decades) and space (well data available from across the Groningen flédd)scope of the GR marker data study
consists of improving the analysis method and applying it to historic data. New sumesptaaned in TBR and

ROT1 for 2016, which will be analysed and compared to previous surveys.

DSS data

Distributed Strain Sensing (DSS) data is currently coming in from the Z%njell. The system acquires a strain
measurement more or less real tarevery 2cm along the fibre optic cable, and covers the reservoir as well as part
of the Carboniferous below and the Ten Boer formation above the reservoir. Laboratory tests established that
strains can be measured with an accuracy of 5 mgtrain. These data are now becoming available for
interpretation, and will be studied for correlations to rock properties, and compaction rates determined as a
function of local reservoir pressure.

Compaction Data htegration

Reservoir compaction is monitored in tli&oningen field through surveys of GR marker intervals in three wells
scattered across the field (SBDM ROT1 and TBR!) and through DSS by the fibre optics installed in Ze8AjpThe
data from the DSS, and the new analysis of the GR marker data nmakelation and integration with other well
data possible on a finer scale than has been the case so far.

In the integration part of the study, we look for correlations between compaction and rock and fluid properties,
with the aim to allow a better desgiion of the reservoir strain following production. Wireline logs and core data

are the main sources of rock properties, as well as pressure estimates from dynamic reservoir models and pressure
data from nearby observation wells (e.g. ZR®ellhead presses). The compaction data will also be compared to

the local total reservoir compaction calculations resulting from subsidence modelling studies.

Core Measurements and Constitutive Models for Compaction

The program for experiments on the core taken in #eerijp3 well is currently in progress. The reservoir section
was cored in July 2015 and after a detailed inventorisation and scanning of thesect®ns were choseto
perform the experiments on. The core plugs have been drilled from the core #&tdbdted to the three
laboratories in October and November. First results from these experiments are expected to be availa®d énid
Core experiments are conducted in three laboratories; University Utrecht (UU), Rijswijk and Houston.

Core Measurenents and Constitutive Models for Compaction

Theexisting project orthe physical mechanisms and mechanics governing compactitredslochteren sandstone
will continue until the end of 2018while adjusting aims and strategy in the light @fmerging resus. Here we
recap on the project in progress and propose some new (additional) work.

Currentproject and plans up to end 2018
Laboratory experiments on core samples performed so far have shown that, alonggdd2 St  aGA O RSF2 N
significant amounts ® LISNX I ySy (43 G A YSmRSLIS ¢drtBhyitéd to carpgatdnlof thR SF 2 NY |
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{t20KGSNBY {IyRaild2yS dzy RSNJ A yViSQKldy ORYR AKXV QY dzRoA YK ABA K ST
failure (likely involving a stress corrosion mechanisoypled with inter-granular sliding and rearrangement. The

data obtained so far suggest that the¢gdNP O0S&daSa 06S02YS S&aLISOAFftte AYLRNIIFY
accounting for > 40% of measursdmple deformation, due to compactional yield or creep. Micrnaostinral studies

on samples recovere N2 Y (G KS ®“SSNA2LImo ¢Stf INB Ay LINRPINBaa (G2 R
during depletion as seen in the laboratory. First observations suggest this is the case. If verified, thehasilts

importantA YLJ AOF GA2ya FT2NJ RStAYySIFGAy3a FyR Y2 RSthefGhofiimgeni KS 06 SK
3ra FASER 6KSNBE AyStradAaAo RST2NNI (A 2stateahd3disinic pdfentid. | | Se&
Much more data are needed, thougto confirm both the experimental anahicrostructural findings to date and to

underpin the development and validation of robust mechanisasedconstitutive models that can be applied in
geomechanical codes modelling system behaviour.

The focus of thevork accordingly remains as originally defined, that is
a2 ARSY(GAFEe I|yR ljdzkyir¥fe GKS YAONRRNYSOKFIYAOIt LINROSA

depletion,
b. to develop constitutive laws that describe compaction by these mechanisms, including creep, effects
c. to determine the relative importance ofi@stically stored versus inelastically dissipated engrgy
d. 2 dzLJa0FfS I 0nMRSNAGSR O2YLI OGA2ykRAAAALILGAZY Y2RSTt &

These aims will continue to be pursued using the wide range of triaxial testing, optical/eleotconscopy and
microphysical modelling approaches available to the lab ®aguantifying thedeformation behaviour of the
{t20KGSNBYy {lyRatGz2yS |4 GNUzS Aymaiilddz O2yRAGAZ2Yya&a®d

Though falling implicitly under the above aims, special attention will be pagatpgeriments thatexplore a range of
aiNBaa LI GKA FyR G2 RS@St2LAy3a 02y a4l Abduddary gofidition RSt a (1 K
further issue that will be explicitly addressed in the period April 2016 to 20fiD, will be to seek corrstints on

the maximum possible compaction that might occur duraogtinued (total) depletion of the Groningen field as a
Fdzy Ol A2y 27F LI NERaA G & Ihisiill te@iplordd bpcdnbiing dxgeyindents ay Higheil strasSed
and temperatureghan encounteredn the field to assess the worst case effects that can be expeéiedf the
proposed work is carried out in coordination with th&trecht, Rijswijk andHouston teams to maximise
complementarity andavoid unnecessary duplication.

NewwdE 11 AT T PAAOGEI T DOI PBPI OAA A O @tuviZetuvD
Alongside the above plans, newly emerging technologies and modelling approacheaduffiéonal possibilities

that are considereds potential additions to the prograny’ HAMT THA M PP

1) Dynamic imaging of deformationr@resses in sandstone. Aside from advanced observations that we are
presently able to make on micscale deformation mechanisms after experiments, better quantitative
O2yaiNrAyida N6 ySSRSR 2y GKS adNIAynEOOdzo&trl @ ¥y d (i NIRR
relations at the grain contact scale. Such relationships are important not only for developing analytical
YSOKIyAaYmolaSR O2yaitAaddziA@dS Y2RSta odzi Ffaz2 Ay RS@Sft
exploring the roleof strain localization and for investigating upscaling relations. To complement our existing
strategy we therefore propose to pursue two additional experimental imaging activities:

a) -nNF&@ aAONRBnT/ ¢ AYFIAAy3a 2F [ OGADKRORS RSF2NFRGAG at ¥Lik
dza Ay 3 EnN} &nidNI yaLl NByid YFGSNAIEA (2 O2yaidNdzOid avt
YyYmaoOl t § adongitditcSapply this @chnology, which we are actively involved in developing in a
collaborative poject with the rock physics lab and synchrotron centre at Grenoble, to image active
sandstone deformation and to quantify how strain is accumulated and propagates as individual grains
deform. Due to geographic proximitit, may be preferredo use the XCTapability at Delft University of
Technology (Dr. A. Barnhoorn), though this would require the development of a-stdate deformation
loading device. Our aim will be to advance the technology to approach the point that the grain scale
processes that ocecuduring compaction of the Slochteren Sandstone can be studied during deformation
by direct imaging.
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b) High frequency acoustic micio2 Y2 INJ LK@ ® hyS RA&FRGIYydlI3S 2F - mNJI ¢
scanning a complete sample can take considerable timeal#nnative method of obtaining information
on microstructural development during deformation experiments is being developed in the HPT laboratory
for imaging internal structure development in simulated faults. This involves using high frequency (> 10
MHZ) LA ST 2miN)I yARdzOSNAR Fa | OGAGS | 02dzadA 0O &az2dz2NOSa |y
a 3D density map of the sample. In principle, this method can be executed every second or so and does not
NEBIljdzZA NB (G KS SELISNAYSY @LE NSKLIONY § &y 3EA RSS - imkIee / &Nl ¢
the potential of this method for imaging sandstone deformation processes in near real time.

¢) The in situ deformation process is simulated in the laboratory by subjecting a core sample to simulated
depletion and then allowing the sample to creep for a specified duration. After this depletion it has been
observed that there is an increase in the amount of grain cracking as well as grain rotation and grain
sliding. Many of these analyses are performedcbynparing a postest sample to a préest sister plug
from the same depth. Micro CT coupled with NMR measurements of pore size distributions can provide
an ability to examine the same sample in the jared postcompaction deformation states. By combigin
these analyses with traditional twin plug comparisons of thin sections and MICP measurements of the
pore throat sizes, an increased understanding of the compaction process can be obtained. With the NMR
measurements it should be possible to determinernk type of pore volume is preferentially collapsing or
if the deformation is uniformly distributed among pore sizes. MICP data will characterize any changes that
occur in the pore throat distribution. With the mic®©T, 3D images of the grains and pshapes will be
obtained and this should provide an additional method to confirm the pore system deformation.

2) Advancing numerical modelling of sandstone deformation

One of the most promising methods for modelling the deformation behaviof sandstons, and

especially for investigating the effects of varying grain size, porosity and localization phenomena is the
discrete element method. This is presently limited by the fact that grain to grain interactions are described

mostly by simple linear elastiplastic yield or linear viscous interactions. To progress beyond this, we
considera new micromechanical approach to analyse the stress field within and at the contact between
IANIAYyA Ay alyRatGz2ySazr dzaiAy3a | KA hiplifiedBoat2eblidnc grany CA Y A
contact configurations seen in Slochteren Sandstone. Coupling this stress analysis with microphysical

RSAONRLIIAZ2Yya 2F INIAymaoOlfS RSF2NNI (A 2granulaNBHSaaSax
observedinou I Ay SELISNAYSYy Gl f LINRBINFIY YR Ay GKS YAONRTMI
F020SY GKAA FLIINRBEFOK gAff LINRPOARS ySg WIANIAY 02yl C
FYR &A0NBaamadNI Ay NIGS F2NNYAHOGAADSEARGHELKAOK LIDNI A @FSS

Element Model codes by ourselves and others to provide a powerful medelling tool for sandstone
deformation.
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Summary
The table below shows which studies make a contribution the research question:
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What is the current susurface
strain field and can we derive th
from subsidence observatio
collected at surface?
Integrated 4D deformation
monitoring with appropriate spatio
temporal density and detailed
analyses ormorizontal movement

What is the current susurface
strain field and can we derive th
from subsidence observatio
collected at surface?
Evaluation & comparison of th
geodetic data from the differen
geodetic techniques

What is the arrent subsurface
strain field and can we derive th
from subsidence observatio
collected at surface?

Better communication of
monitoring results to the public

What is the impact of reservoi
pressure depletion and the rate
depletion @  reservoir  roc
compaction?

What are the processes leading to
reservoir rock compaction and
which fraction is elastic?

Table7.1 Research table linking the research questions to the study activities.
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8 Further Studies and D ata Acquisition Projects z
Seismological Model and Geomechanics

The main research questions to be addressed in the studies of compaction and subsidence are:

A What is the response of seismicity to changes in production rate?

A What is the future spatiglemporal distribution of earthquake falues?

A What is the future character of spatildmporal correlations between earthquakes?

A What is the maximum possible magnitude?

A What is the future development of the current exponential trend of increasing seismicity?
A Are there alternative seismological models that perform better under prospective testing?
A How does stress drop scale with earthquake magnitude?

Will soil liqguefaction occur?

The geophone and accelerometer network installed over the Groningen field and dtphgees placed in the deep
seismic monitoring wells have collected a wealth of data will continue to do so Analysis of this data to better
record small magnitudearthquakes, determine the hypocensef the earthquaks and position the earthquake
hypocentres on faults will continue in the coming years.

Seismic Data Gatering

Despite this data coming in, additional seismic monitoring will be installed. These data acquisition activities will
mainly address improved imaging of the sslrface and foextraordinary soil / near surface circumstances. Three
seismic data acquisition projects are planned:

9 Flexible Seismic Monitoring System
1 Network of broadband sensor geophone wells

1 DAS Seismic Monitoring

Flexible Seismic Monitoring System

Stakeholders fronvarious departments in NAM involved in minimizing earthquake damage identified a need for a
flexible monitoring and data acquisition system of standalone 3C gea#imtorders, so called nodeSuch
nodes do allow for efficient low impact data acquigition various situations that only require temporary
installation of geophones. Typical examples for the use of nodes are

1 Determination of transfer functions for buildings (from grounmbtion to building movement),
2  GMPE calibration for specific sitesch as Wierdeand poor/new building sites,

3 HEmpirical research at bespe designed buildings for earthquake resistance,

4 Calibration of accelerometer and geophone network and

5  Passive/active seismic data acquisition.

A NAM internal instrument poolral data acquisition service desk is currently set up and expected operational by
mid-2016 Data will be managed and stored by the same service which will be embedded in the Geomatics
department. The instrument pool will consist of different types of cass] autonomous 3C geophone nodes for
maximum flexibility, allowingneasurenent of several projects in parallel in buildings as well as in the field or in a
combinatiors of these twa Additionally this wilkallow for quick responseacquisition if and whemequired. For
20162017 the baseprogram for the system will be based o890 and \{30 data acquisition (described here
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below under Measuring Ground Motiagnyhich guarantees for continuity as well as for the necessary flexibility in
OlasS 27 d-aBRNWALINRERAIA NBIJdANBYSYyliaéo

PIN 84000001

Figure8.1 Example of a standalone 3C geophones/recorders, so called nodes.

Network of broadband sensorgeophone wells

In 2015 the KNMI seismic monitoring network above Groningen field has been extended with donadldiD
stations, each station equipped with fo&component geophones installed at 200, 150, 100 and 50 meters depth
and a surface accelerometer.

In addition to these monitoring stations, installation of 4 broadband sensors is foreseen. The 3 component
geophones as used in the seismic monitoring statioavea sensitivity which igoo limited inthe low frequencies
bandwidth for localizingaccurately epicenter of heavier earthquakes. The university Utrecht has tested and
developed methods to localizepeenter using limited number of broadband sensors. However in Utrecht these
sensors are installed at surface, resulting in poor sigmaloise relation, therefoe it is proposed to have the
broadband sensors installed in a 1@@ter deep borehole.

Instdlation of broadband sensors in boreholes is common practice in US but has not been executed in Netherlands.
Technical challenge is falfil the dry hole requirement as stated by the supplier. First test borehole is scheduled in
2016 with the objective t@rove doability of realizing a dry 100 meter deep hole. When successful 3 additional
boreholes are scheduled to be executed in 2017.

DAS Seismic Monitoring

In the 2erijp-3A well, a fibre optic cable with multiple strands is fitted. Currently DTS @estyre) and RTCM
(compaction) are measured, but also DAS (distributed acoustic sensing) is possible. The well is fitted with an array
of 15 3Component geophones, covering the lower 560 m. of the borehole fibreoptic cable however, runs all

the wayfrom TD to the top of the borehole, with a length of over 3800 m.

This offersus the possibility to measure seismic signals with a much bigger aperture then with the conventional
geophone aray, hence being able (in principle) to better locate the saissources. This principle is depicted in the
figure below:
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Channel

Figue 8.2 The geophone array covers only the lower part of the well, while the DAS cable runs all the way to the top,
recording a much bigger part of the wave field. This is an example fraac @b by Shell Canada. It is also seen
that once we move away from the normal incidence case (where there are no P arrivals detected due to the DAS
fibre broadside insensitivity) you start to see easily interpretable P arrivals.

The DAS system has sormpeo and cons compared to the conventional geophone arrays, which may play an
important role in its successful deployment ieeZijp-3A:

Pro:  full well coverage, large seismic aperture, permanent fixture, long life time.
Con: lower SNR, broadside insgtivity, one component only

Particularly the lower SNR (signal to noise ratio) of the system makes the currently available recording instruments
00t f SR WAYGSNNRIAI G2 NI dzy A (i & Qseignit) applicdtich& iHoweverS OfiaSerfde S &4 a4 & dz
QinetiQ company, in collaboration with Shell) has plans to bring a further improved version of their instrument (so

called &' generation) to the market, which is designed to be used in the wsefrsmic world. &erijp-3A well will be

an excellent oppdunity to test this new hardware. Because of the experimental nature of the DAS cable
deployment in 2erijp-3A, we will be closely working together with the fiber optics and DAS specialists in Shell

Rijswijk and Houston.

In the meantime, we will deployrainterrogator unit to simultaneously record the cheshots for the downhole
geophone array and the DAS cable. This will enable us to test the cable, and to calibrate it against the geophone
depth positions and geophone responses. Five clsbdits are planed around the ZRP and 3A wells, at 1250 m

radial distance from the downhole geophone positions. These ckkoks will, in effect, act like a VSP (Vertical
Seismic Profile) source for the DAS cable.
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Figure8.3 Five checkshots for the downhole geophamrays around the ZRP wells that will simultaneously act like a source
for the DAS VSP recordings.

Time frame of the planned work:
9 First half2016: Install interrogator unit from contractor and perform checkshots
I Mid 2016: interpret DAS signals and compavith geophone response
1 Late2016: Install interrogator unit from OptaSens@ §eneration(when and if it becomes actualbvailablg
and test suitability for micreseismics
I 2017: gain more experience in recording, processing and interpreting DASseigtnic dataln cooperation
with PTU/PTl and SCAN skt RI G YIy I 3SYSyid |yR LINRPOSaaAy3d g2NJ Ff 2
successful demonstration of DAS misgismic in the Marcellu8ppold case. Consideration must be given to
the broadside insesitivity of DAS which will make Groningen reservoir level events more difficult to locate but
may provide a useful additional depth discriminator when integrated witlocated geophone data.

Studies into Determination of Hypocentre and Magnitude
Using tke data fom deep geophones and from the extended geophone/accelerometer network

Deep geophone arrays

Since October 2013, NAM is deploying two deep geophone arrays, at Stedural{SDill Zeerijp (ZRB. These
arrays consist of 7 to 10 three componentogéones that cover the reservoir section. Data is captured
continuously, and stored on hamisks. To date (1 Feb 2016) during 790 measuring days, some 7.5 TB of raw data
has been recorded.

From this raw dataset, identified microseismic events are ektrdcR | YR aSyR 2@0SNJ (G2 al
BakerHughes/CGG company) office near Marseille for further analysis and storage. To date (1 Feb 2016) some 650

of these events were located by Magnitudeeaming their hypocentres havexay,z position assigned, as wadl a

magnitude (in the range2.5 to +2.8). The vast majority of these events are located in, or just above or below the
reservor. This is depicted in figui&4
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Figure8.4 Hypocentre locations of event cataloguepsfing almost all events are locat@uside the reservair

The location workflow that Magnitude has derived is based on first arrival picks of P, S and converted waves in the
seismograms. See the report dhe websitewww.nanplatform.nl. As all ray based and trav#ine pick based

methods, 1 suffers from erroneous picks when the waveforms are very complex and therefor difficult to interpret.
lfK2dzZ3K GKS 62N} Ff26 Aa 0aSYAUL Fdzi2YFGSRY Adinthei At f NB
report by Matt Pickering, who manugll picked and located some 30 events from the catalogue, a good
understanding of the waveforms and which phases to picks is essential. Guided by forward modelled full
waveforms, he was able to correctly determine the proper first arrival times to use iimtieesion for location. See

his report on thevww.namplatform.nl

This led us to pursue a method whereby not only the first arrival times of the waveforms are used, but rather the
whole waveform itself. This FWI (Full Waveform Inversion) method essgntialiches a recorded waveform with

a modelled one, drawn from a library filled with all possible modelled seismograms, calculated for all possible
locations within a 3D cube around the geophones. Since we have detailed knowledge of the P wave and S wave
velocities and the densities of the geological layers around the downhole positions of the geophones, we can
create synthetic seismograms to fill our library. This is a one time, computer very intensive exercise, but once done,
we only need to compare new aé measured events against this datababefact, this comparison is done by
minimizing a misfit function with several (up to 4) terms, derived from attributes of the modelled and observed
waveforms, which gives lower values as progressively better mmgcéynthetics are foundThis workflow was

derived some time ago and tested on 7 events, see figure below:
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Match elastic forward modeled data
with actual measured data

Event location and source mechanism of 7 events

Figure8.5 Frst results of FWI method to locate hypocentres and derive source mechanisms

Now the workflow is being productionized to be able tankle the whole 650 ent catalogue, using the
computinginfrastructure of Shell Houston. For the data recorded by the two new deep geophone arrays-at ZRP
and ZRB, we will use the workflow of Magnitude as a base case. We anticipate that the FWI workillo
produceimproved results, also with source mechanism determined.

Time frame of the planned work:

9 April2016: stop recording at temporary arrays at ZR&d SDML and switch to permanent arrays of ZRP
and ZRF3

1 Mid 2016: adapt Magnitude workflofor hypocenter location to ZRP2/3

1 Late2016: evaluate results of FWI workflow

Surface array

The extended KNMI shallow borehole network (69 additional stations) has become on line in 2015. With the
previous network (5 geophone arrays and 17 surface acmeleters) KNMI was able to detect and locate
earthquakes with a magnitude of 1.5 with a 500 m lateral accuracy over the Groningen field. Because of the poor
vertical resolution of the limited network, all located earthquakes were placedt&x®Bm depth, tle average depth

of the gas reservoirWith the extended network in place and with the availability of a detailed elastic velocity
model over Groningen field, it is now possible to detect and locate earthquakes with a magnitude of 0.5 with a
much higher aaaracy, both lateral and, most importantly, vertical.

To make full use of the new network, KNMI is developing alternative location workflows, of which the first results
look promising. Particularly the ability to determine the vertical position is mostéstang. However, this is still
work in progress. At NAM, Shell and ExxonMataly workflowsare assessd based on arrival time picking and ray
based inversion methodsThe need for ongoing QC and selectivéhanise processing of the geophone data,
particularly when reviewing new workflows, remains.

At Rijswijk and Houston, we are also engaging in FWI (Full Waveform Inversion) methods for event location,
magnitude estimation and source mechanisfnsoment tensor inversion). In line with what is describadthe
WRSSL) 3S2LK2ySa INNreaQ aSOGAz2y 02083 | tAONFNE 27
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velocity model. Actual recorded earthquakes can then be compared to the modelled ones to determine their
parameters (location, magnitude drsource mechanism).

For the shallow borehole network, including the accelerometers, the understanding of the geology and the
velocities (particularly for the S waves) of the near surface is important. Therefor more effort will be needed to
delineate an acurate velocity model, from reservoir level all the way to the surface. The work that Deltares has
done constructing a near surface velocity model for the GMPE work, together with available and new geophysical
measurements can help achieving this goal.

Time frame of the planned work:
1 Near surface model updatevith DeltaresQ3, 2016

1 Near surface S velocity model basedambient noise interferometrywith Stanford: 201€018
1 Ray based travdlme methods review@3, 2016
1

FWI methods for location and mamnt tensor inversion, with MIT: 2015018

Core Measurements and Models for Rupture Processes

As in the caséor compaction laboratory work on the rupturing processA f f O2y Ay dzS Adan SEA&GA )
fault (re)activation dynamic friction and féire behaviar, which runs until the end of 2018. Here wecapthe
progress to date andome potential revisionand new objectives for the periagd N1 m T Tamerdigcgssed

Current project and progress to date
The original aims ahe laboratory work with respectto the rupture procesare still valid and can be summarized
as followed:
a)li2z RS@St2L) YSOKIyArAaYynolaSR O2yadGAiidziia @S Yzberdioar RS & ONXR
2F FldzZ Gas o6l aSR 2y SE LIS NaRksYOS grininge eoge $natériahd inchdiz slip y ma A ( dz
distance, slip rate and fault state effects.
b) to develop upscaling relationships to extend the fault strength models obtained at the laborstaky to the
MnY YR manannmnannnyY f Sifehinkerical ®bdelBigmeshisizes. OK I NI OG SNJ
¢) to incorporate the models developed into (quasi)dynamic fault rupture simulator platforms, andlidate
GKSasS arYdzZ FG2NA 3FAyad tFo2NF i2NEmaldl S NHzLIG dzZNB S E L
d) to apply tre validated rupture models/simulators to evaluate conditions favouring seismogenicafetivation
and to model associated rupture and earthquake statistics at the reservoir scale.
t NBaINBaa (G2 RIGS AyOfdzRRS& SELIS Nk dépghdentt (RSRYyBtibrSINIE Koy | (A 2 v
simulated fault rocks derived from all of the main reservoir, overburden &ddrboniferous) underburden
lithologies present in the Groningen field. These were determined udidsdzS Ay maAdGdz t m¢ | yR LJ2 N
at low fault slip (rupture nucleation) velocities. The resiity RA OF S (G KS LR GSYGAlf F2N dzya
slip and associated seismogenesis only in Hasal Zechstein immediately above the reservoir, with other
formations exhibiting stable efocity strengthening behaviour. Field studies of faults in UK analogues of the
Groningen field have confirmetthat slip is highly localized into persistently weak zones with thicknesses similar to
those explored in theexperiments. Dynamic rupture model§ at the reservoir scale performed using the Diana
code hasncorporated the first friction data from the lab experiments. This has shown that rupture is favoaezd
the top of the depleting reservoir and has explored the conditions under which seisiogigcould propagate
into the Carboniferous underburden. First steps towards experimental validationppéire modelling has been
undertaken using the large biaxial shear machine at the China Earthcdikénistration (CEA)Laloratory in
Beijing.
Plans up to end 2018
¢CKS 2NAIAYIFE LINRB2SO0G FAYa gAff O2ylGAydzS (G2 06S LlzNBEdzSSR |

1) Experiments on
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1t the time dependent restrengthening and subsequent slip weakening behaviour of stativedigd
Groningen fault gouge compositis, and

miKS ReylFrYAO FTNRAOGAZ2YIE O0SKI@GA2dzNJ 2F YAESR Tl dzZ G NBO

2) Microphysical underpinning of the constitutive laws obtained to promote extrapolation to kaading times
and low loading rates.

3) Development ofdzLJA O t Ay3 NBf Il GA2ya F2NJ REYIYAO FTNARAOGAZY (I ga
This work started in Feb 2016 and will focus until end 2018 on applying shatiagenization theory and
YdzYSNAOFE YSOUK2R&X | & ¢ Sdcdle ahddracdicafing Metto@satEexploehitvdde G & f Sy
multiscale compositional heterogeneity and geometric irregulasiégn in natural faults determines dynamic
frictional behaviour at mesh scales for geomechamicatielling. Upscaled friction models Wik tested against
primnn OY &l YLX S coadhdtetl i§ th&largaddishaMeSyhd machine at CEA Beijing. Discussions
are in progress to make use¥ima OF € S al YLX S GSadAy3a FILOAtAGASE | LAt
Earth Scienceand5 A & a0 SNJ t NEB@SyiGAz2y oO0bL950 Ay WIHLIY FyR LRGSy
Details omewly emerging plans for this work are presented below.

no hym3a2Ay3 oljdzZ aA0REYIYAO Y2RSttAy3a 2 FureNdBaséshigig, A NJ RS LIt
AYyO2NLENYGAy3d GKS fFOomRSNAGSR | yR dzldma Ol rhofefs used y I YA O
F3FAyad fIFNBSmal YLX S FldzZ G aft ALl SELISNAYSyiGa O2yRdzOGSR

Newly identified questions and aims

Though imficitly covered in our original aims, a number of important questipresented itseltluring 2015which
are crucial to address explicitly in the period up to 2019.

Direct experimental simulation of induced seismic slip

Motivation

Geomechanical modellingf dynamic rupture at the reservoir scale, conducted at NAM, TNO andhafishown

that rupture of normal faults offsetting the reservoir tends to occur near the top ofréservoir interval, for purely
mechanical forcing reasons. However, rupture siteess drop, seismipotential and potential for downward
propagation into the Carboniferous underburden, are higgysitive to the dynamic evolution of friction during

the slip event. This has so far been simulated usitativelya A Y LI S feakehiid laws, duhell taffrigtion

data for the relevant Groningen lithologies ignorisiip rate dependence. While the rate dependent (RSF) friction
data obtained in the UU experiments ttate are fully relevant to low, slip nucleation velocities, they adnve

directly extrapolated to the m/svelocities that occur for milliseconds periods during induced seismic rupture,
where slip mechanisms ardéikely to be different and where processes such as slip weakening due to
microstructural evolutionfrictional heating and thermal pressurization of pore fluid may influence fault strength in

a complexdynamic manner. Numerical modelling of frictional heating during an induced seismic slip event
performed at UU has shown that frictional heating will be insuffictentause direct frictional meltingr fault rock
weakening effects. However, dynamic weakening due to thermal pressurization oflpmreannot be excluded.

High velocity frictions experiments used to date to study naturakeiemicupture are notabb G2 aA Ydzt | G S
AAlGdz tme YR O6FftdzA RO OKS YA anorhdn théyzaal thé dradngtia ac@eferatibns RndzOS R S
decelerations required to simulate induced seismlip displacements of the order of 1 cm and slip velocities of 1

m/&  o0w3.5 aarthquake). In addition, nstudy thus farsuccessfullyf Ay 1 a f2¢ @St20AG& NI
behaviour with the strong dynamigeakening observed at high velocity.

w
—

On this basis, the UU team concludes that while some insights into dgnfaiction evolutionduring induced
seismic slip can likely be gained from conventional high velocity friction experir@fermed in collaboration
with colleagues at the earthquake dynamics labs at CEA and INGV Roregarigple) the only way to obtain
reliable friction laws that can describe dynamic friction evolution dumiigiced rupture reaching seismic velocities
is to directly measure frictional evolution in lab experimestmulating realistic, induced seismic slip eveqgts
under true in situ coditions.
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Proposed experiments: Induced Earthquake Simulator

To achieve direct laboratory measurement of dynamic friction during simulated induced seigents, the UU

team proposes a novel methodology. We will perform fault shear experiments usingddied version of our

a0 yRFNR RANBOGMAKSEN aSidmndzd f 2 O NISIRNRAR/MzOMA v @ NN IKESA | Afy TiiE S
temperature and fluid chemistry conditions of the faults in tBeoningen reservoir. In contrast to the traditional

approach of applying a constant displacement ratette loading piston to investigate friction, we will apply a

(near) constant shear stress to the simulatéd- dzf G dzy GAf FIF Af dzZNE 200dz2NAX (G Kdza &,
control the stress and availablenergy input into the system using calibrated spring elements with variable

stiffness, placed in line with thivading axis. Upon failure of the loaded fault, slip motion will evolve naturally,

reaching peak slipelocities that can approach seismic slglocities with accelerations of larger than 10 g (~100

m/s2) anddisplacements up to 5 mm (cf. awM3 earthquake in terms of total displacement reached). During slip,

GKS ReylFIrYAO S@2ftdziAz2zy 2F Fldzf G &id NBy 3prdssure wifba didect§d 0 S | y R
measured to develop the necessary dynamic friction laws. Preliminary work already dohétes demonstrated

that this is a feasible experimental technique provided that data acquisition is(festused 20 kHz in the
preliminarywork). Expected results include a measure of true dynamic fridbora short duration seismic event,

including quantification of the earthquake energy budget. Reswilisbe compared with numerical modelling work

2F Ydz GANYSOKI y A & yoBductetldcOlaboratifr vith DS ®@d DziDanthey from the Houston

laboratory. In addition to exploring dynamic failure resulting fraime dependent failure triggered by static

loading, applied shear stress can potentially be varied lineariyp anoscillatory fashion to investigate the failure

stress as a function of time as well as potengiffiécts of stress changes induced by e.g. tidal loading.

In addition we propose as well to conduct high velocity measurements using a more traditional fegarydgvice.

With the core material made available from the Zeeflify well, there is an opportunity to perform high velocity
experiments using this technique on the range of lithologies: upper Slochteren sandstone, lower Slochteren
sandstone, Ten Boer glstone, Carboniferous shale, and the Ameland heterolithic interval. These high velocity
tests will complement the frictional studies that are being performed by the University of Utrecht at lower,
nucleation velocities, on the same lithologies. Simitathte Utrecht studies, tests will likely be performed on a
simulated gouge material but for high velocity testing, the analysis will be performed on a rotary shear apparatus
and the gouge will be confined to the sample area by surrounding the sample Wwéfian sleeve.

New plans regarding upscaling

Recent work by a group of Japanese scientists (Yamashita Biatlre, 2015) at the NationaResearch Institute

for Earth Science and Disaster Prevention (NIED) in Tskuba has demonstrated fhiatitimal behaviour of faults
RSLISYyRa 2y (GKS aAl S 2F (GKS &l YL Sl Sk yidzaa OELINBRS® 2FA¥H
rock blocks over simulated fault surfaces, it was shown thatstiting friction decreases at work rates (i.e. energ

input rate) one order of magnitude smaller than@hY ma O £ S SELISNAYSyGaod LG 61 a Ay¥FS
stress heterogeneities on the faulthich are characterized by locally higher work rates. This observation provides
important hints intopotential solutions for the problem of spatial upscaling from laboratory data to the field scale.
However,the experiments were done by sliding bare rock surfaces over each other, whereas most if not all faults

O2y il Ay FAYSTINIAYSR 3I2dAS YIGSNALf o

As planed since the initiation of the UU programme, we propose to investigate the evolutioiniadion in

experiments on realistic Groningen fault gouge material covering a wide range of saniplef Sa> F¥NRY (KS
G2 GKS Ymnaol t Sz (upszile ldiNRadd deserip&friction @tk S AASHESOKEF yA Ol f YSa
mamMmananmann Y &0l fS0® ¢KS Sl offars dhSryportand appditeniy SR sliding G KS v
SELISNAYSyiGa 2y YmnaOl t S iavesrdaieddia discéingiwitti kidy collBrat@s/iniapan. 6 SA y 3
Possibilities to use the large scale we#itingmachines at Rijswijk are also being investigated. In the meantime, the

UU team proposes thJN2 OSSR A iGK OYym &0+t S SELISNRAYSY (atitheddBMy3I (KS
laboratory,i KNR dzZ3K (KS RYmaoOl S dzaAy3a GKS o6AFEALFE | LILJI NF Gdza |
GAGK S5SNI /2ftSGGAYAO YR FAYylLfte (G2 G§KS adzopotetalydl f S dza
the biaxial apparatus in Japan. In addition to investigating gouge friction and effects of sat#ion in gouge

composition, we aim to test how the roughness and nature of the wall rocks dfietibnal behaviour, using a

dedicated piston set designed tmuse different rock materials such as fostance the Slochteren sandstone.

(
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In-situ Stress measurement

Objective

Determine the state of stress in the reservoir and in the Carboniferous. There will be variation throughout the field
so multiple measumments will need to be made to capture the heterogeneity. This data can be used to better
calibrate models to the current stress state of the field and to provide insight into the possibility of rupture out of
the reservoir zoneThe objective of the studis

1 perform a feasibility study of new stress measurements in existing wells targeting RO and DC units and
2 in case of identified candidate welltart executing a stress measurement campaign.

Description

The information on principal stress values arnigections is key to any geomechanical study. Several finite element
models are built for the Groningen field with the aim to model stress based fault reactivation. With constraints
these modelscanbe used to derive new seismological models or to provideeninsight in a possible maximum
magnitude.

The geomechanical models assume in most cases a regional stress field where equilibrium between rock stress and
gravity load is obtained via the elastic rock properties and the boundary conditions of the mibdse models can

help us to formulate hypothesis for stress evolution in and around the reservoir. E.g. numerical modeling results
suggest that besides the low overall level of shear loading in the Carboniferous, there may be an additional
reduction in lading of the fault at the top of the Carboniferous. This local reduction is the result of depletion
around the geometry of prexisting fault offset. This additional reduction in stress could act as an additional
barrier to fault propagation into the Caoniferous. Confirmation of such a feature would require that a well be
drilled sufficiently close to a fault, and that measurements be taken at a close enough spacing to resolve this
signature (~every Hb5 meters). Also the observed stress variationhia inodel may be used to guide locations for

stress measurement to capture the field heterogeneity.

In parallel an overview study by NAM (van Eijs, 2016) on available stress information in the Groningen field has
been finished recently. The study providdsess information that can be used as calibration points for these
models. The two main conclusions of this study are:

1. The amount of stress data in the Groningen field is very limited
2. The data that is available indicate that both stress values and directioe variable over the field

A larger variability of values and directions of the stress implies a more complex stress pattern that conflicts with
the assumption of a simple regional stress field in the models.

To be able to verify this first indicatiarf stress variability it is proposed to study the feasibility of a measurement
campaign to obtain multiple values for the minimum principal stress at various locations in the field and in various
stratigraphical units. Possible measurements (ph2sesquire a rock strength tesand will be executed in cased
holes and are therefore dependent on existing perforations. These perforations will be used for the execution of
rockstrengthtests. Packers and/or plugs are required to constrain the zone thatiig peessurized. The feasibility

of new perforations will be investigated as wellphase 1In phase 1 aanking of well candidates is proposed
based on indicators like location of the well, the availability of perforations, penetration length of thénteethe
Carboniferous, cement integrity, accessibility of the well etc.

Therock strength testwill provide an estimate of the minimum principal stress value. This value is dependent on
the depletion level and therefore the measurement of the pore puesss a requirement as well for each test.

Deliverable

Report on possible well candidates and corresponding possible stratigraphical units. Overview of existing
perforations per well and opportunities for new perforations. Description of tools, plugspaiciers for stress
measurements. Estimate of the costs and delivering a proposal for phase II: execution of the stress measurements.
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Improvements and enhancements to the faulted 3D geomechanical
model

Objective

To improve correlation between geomechanicabdel attributes and depletion associated seismicity by updating
current 3D geomechanical models (global and-sudels with explicit faults) based on new field and laboratory
data.

Description

As part of the orgoing Groningen study, new laboratory aridld data will be collected. New laboratory data
includeg (i) variable friction, (ii) stresstrain behavior of reservoir rocks and constitutive models, and (iii) reservoir
rock creep. New field measurements inclugi€) in-situ stress state, and (ii)eld INSAR ground displacements. It is
likely that there will also be updates to the pressures within the reservoir due to revised rock properties as well as
due to new production scenarios. Updating the current 3D geomechanical models (both global amdbdeib)

with new information, calibration with stress states measured after decades of production, will help to improve
correlation between geomechanical model attributes and depletion induced seismicity.

Deliverable
An updated 3D geomechanical model amqbeopriate output attributes to determine the relative impact of several
production scenarios, and evaluate alternatives for optimizing production.

Geomechanical modelling

Static modelling

In the period 20122015 a large efforby ExxonMobibn static georechanical modelling resulted in a calibrated
geomechanical model for the Groningen field. Several sub models that comprise areas within the Groningen field
were defined that explicitly models the frictional behaviour of the faults where the geologicat®tise honoured

as well.As part of the orgoing Groningen study, new laboratory and field data will be collected. New laboratory
data includeg (i) variable friction, (ii) stresstrain behavior of reservoir rocks and constitutive models, and (iii)
resewvoir rock creems described in other parts of this da&nd acquisition planNew field measurements include

¢ (i) in-situ stress state, and (ii) field INSAR ground displacements. It is likely that there will also be updates to the
pressures within theaservoir due to revised rock properties as well as due to new production scenarios. Updating
the current 3D geomechanical models (both global andmalels) with new information, calibration with stress
states measured after decades of production, willpghéo improve correlation between geomechanical model
attributes and depletion induced seismicity.

Dynamic modelling

There are a variety of modeling techniques applied by the earthquake community to examine earthquake rupture
behavior. Geomechanical modighg of dynamicupture at the reservoir scale so faas shown that rupture of
normal faults offsetting the reservoir tends to occur near the topd baseof the reservoir interval, for purely
mechanical forcing reasons. However, rupture size, stress, dejsmicpotential and potential for downward
propagation into the Carboniferous underburden, are higsgysitive to the dynamic evolution of friction during

the slip eventModels have limited contribution to the understanding of earthquakes if nobratied to the data.

First comparisons between 2D model and observed corner frequencies are promising. More specifically it is
attempted to correlate simulated seismic slip area with moment tensor inversion results and corner frequency, and
to relate simulaéed particle velocity and acceleration with the measured data in the dbale geophone wells.

We consideiin a next phase to extend the 2D models into the 3D domain. The existing 3D of ExxonMobil presents

itself as an ideal candidate bthe mesh requirenents are very different for the quastatic geomechanical model

and the fully dynamic explicit model so it is not possible to simulate earthquakes in the existimgodels. A
A0NHzZOGdzNT ff & WNBFEtAAGAOQ 05 Tl dzf {anMd 2 monirNdels)Sas BeN] Y2 RS
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constructed that allows u compare 324D location of seismic event data collected frdmasedown-hole gaiges;
modelled seismic events; and realistic geometry of geialal faults and stratigraphic.

In parallel some assurnipns that were incorporated in 2D models so far need to be further investigated in the 2D
models before incorporating them in the 3D domain:

1 Assessment of the energy partitioning before, during and after seismidsstiply partly addressedo far
Further analysis should obtain insight into the partitioning of energy into compaction strain, fault slip, and
kinetic (radiated wave) energy, and how it depends on subsurface parameters.

1 So far, reservoir and nereservoir formations assumed linear elastic belour, while linear slip weakening
behaviour has been assumed for the fault. It is suspected that other energy dissipation mechanisms can lead to
different rupture mechanisms. Energy dissipated by plastic shear or creep in (reservoir) formations is not
awailable as kinetic energy during the rupture process. Undrained behaviour of both shale and sandstone
formations during a fast rupture process may locally reduce the effective stress and shear stress carrying
capacity, thereby introducing a rate dependassponse. Furthermore, part of the formation strain energy may
be converted into frictional heat along the fault plane. These processes, and other, are suspected to influence
the simulated dynamic slip response. The following physical processes are cedsmée analysed in the next
phase: Undrained formation behaviour during the rupture process, salt creep during depletion (and injection),
formation plasticity, rate and state fault friction (or velocity dependence), heat generation during the rupture
process and the impact of inelastic reservoir strain in the fault reactivation process.

Quasi dynamic modelling

Quastdynamic earthquake simulatomssill augment the current analysis methods and allow for additional physics
to be incorporated when addressimifficult technical problems.

Quasidynamic models allow for earthquake cycles to be simulated. These models generally implemerarsdrate
state friction representation of the fault fictional behavior and do not explicitly capture the wave propagation
though the offfault material. To capture the wave propagation in a fully dynamic model, very smalttapse are
required, so often these models are only used to capture the behavior of a single earthquake eventdyQaasc
models, on the other handreat the material as if it has an infinite wave speed and all stress changes that result
from slip on one area of a fault are instantaneously transferred to all other portions of the fault. Smaditépse

are used during the coseismic rupture propdgatphase but much larger tirmgteps can be used to capture the
deformation during the interseismic phase. This allows for fault healing and additional loading to occur between
earthquake events.

Alternative Seismological Models

As part of the studies to induced seismicity several seismological models have been developed. The strain
partitioning model was the basis for the hazard assessment in winningsplan 2013. This was later replaced by the
activity rate model. Additionally, hazard models based @ongechanical modelling of large sections of the
reservoir have been developed in paralléhis model wadfirst presentedin winningsplan 2013 and has been
further developed since then.

In our studies NAM attempts to develop a diverse set of seismmbgnodels. Two models are currently in
development:

A Based on faulted 3D geomechanicabdel
Slider BlociModel
Model basedn Eshelbyriclusion

>

>
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Alternative seismological model based on faulted 3D geomechanical model

Objective

Continue to develop and adwnce the fault based seismological model developed by EMURC. Additional statistical
methods should be applied to determine which model provides the best fit to the observed seismicity and new
approaches should be taken to determine the physical motivat@ndetermining the form of the seismological
model

Description

A methodology has been developed to generate an earthquake activity model (seismological model) based on the
results of a faulted, 3D geomechanical model. The current version of thetyactioidel makes a correlation
between a geomechanical quantity (fault slip or dissipated fault energy) and observed past seismicity. Different
production scenarios result in varying amounts of additional fault slip or dissipated energy that should carcur ov
the next 5 years. Using the correlation that was developed a forecast can be made for the expected number of
earthquakes that may occur over the next 5 years.

The current version of the fault based seismological model considers multiple forms fopittedation between

the geomechanical quantity and the observed number of earthquakes. Different orders of polynomials or
exponential forms can be considered as well as the relative weighting of the yearly incremental change vs. the
cumulative change. HE loglikelihood value is used to assess the goodrdd# of one activity model versus
another but additional metrics can be applied to determine which model provides a statistically better fit to the
data. Currently, additional simplified metrics aneuse but this needs to be broadened to help determine the best
seismological model and therefore what should be used to forecast the hazard in the Probabilistic Seismic Hazard
Assessment (PSHA) analysis.

In addition to determining which form of undgihg activity model is best, these statistical methods can also
determine the input geomechanical quantity that will provide the best fit to the observed seismicity. In the case of
the 3D faulted geomechanical model, fault slip and dissipated fault erfeaigg been considered, but additional
quantities should also be considered and their goodrEdfit assessed. Rather than a fault based quantity,
compaction (or effectivestrainthickness) is currently used as the geomechanical quantity for the PSHySsianal
Fault based and compaction based metrics need to be compared to determine the best seismological model.

In addition to a statistical determination of the best seismological model, a physical understanding of why the
earthquake activity should bef@ certain form is crucial. Currently an exponential form is considered in the PSHA
analysis and there are some theories to provide a physical explanation for why this form should be considered.
However, there are additional methods to consider that nsggest that a different form for the underlying
activity model should be considered. Continued effort is needed in this area of research to determine what the
underlying physical mechanism is for the accelerating rate of seismicity that has been abseef it will
continue to accelerate in the future.

Deliverable
A seismological model based on the faulted 3D geomechanical model and an assessment of the relative -goodness
of-fit for various seismological models.

Slider-block systems as a simplelpysical model of Groningen seismicity

There is an extensive literature on the statistical mechanics of failure, including the application obklaer
systems to natural seismicity. The key aspect of these systems is that the evolution of failuras setsmicity, is
primarily governed by property fluctuations and not average values. In its simplest form a slider block system is a
rectilinear array of rigid blocks, resting on rigid plate, connected to nearest neighbouring blocks and a second
parallelrigid plate by elastic springs (F&6). An essential feature of this system is that the initial stresses, failure
stresses or stress drops during motion at the base of each block are not all identical, but rather at least one of these
properties is draw from a distribution. As one plate is increasingly displaced relative to the other, shear tractions
increase at the base of each block. Once this traction equals the frictional resistance for one block it slides to
reduce its basal shear stress whilstriséerring stress to its neighbours via the connecting springs. This may trigger
additional blocks to slides and this process repeats until a new equilibrium state is establish8d’\Fig.
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| Sample initial stresses |

| SamplefaH\IJre stresses |

Increase v url'nti\ first failure
Identify failled blocks

| Sample failur:e stress drops |

Slide failnlad blocks

Any failed
blocks
remaining?

(b)

Figure8.6 Schematic illustration of a simple slidgdock model of seismicity on a single fault; adapted flRamdle (2003)
(b) Example of simple physical rules that govern the evolution of a-Blmtge system.

For slidesblock systems with a sufficiently large number obdks the emergent phenomena possess many
similarities to induced seismicity observed within the Groningen feelgl,

Earthquakes: Transient finite slip events

Event attributes: hypocenter, origin time, magnitude, rupture geometry
Powerlaw distribution ¢ magnitudes

Maximum magnitude

Exponentialike increase in activity rates with displacement
Exponentialike increase in seismic moment rates with displacement
Recognizable-values insensitive to initial conditions

Inverse poweilaw like decrease ih-values with displacement
Temporal aftershock triggeringpnsistent with an inverse powaw

10. Spatial aftershock triggeringpnsistent with an inverse powdaw

11. Recognizable finiteupture scaling with magnitude

12. Potential for slip triggering of basement f&l

©oNoGOk~wWNE

These statistical properties are reproducible despite the role of randomised sampling, but of course the exact
location, timing and magnitude of each event differ from simulation to simulation. The particular statistical
properties that emerge such dsvalues, exponential trends and the maximum magnitude are critically sensitive to
the choice of the ratio of spring constants/() which represents the force interaction lengscale, the stress

drop, and the spread of strength variations about its meadue. However, appropriate choices of these
parameters do yield simulated seismicity trends that resemble the same trends observed in the induced Groningen
seismicity.
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Figure8.7 Example results obtained from a simple sklllck system with a physicextent of 6km by 600m comprising
10° blocks each about 20 by 20 m in size. (a) Frequeragnitude distribution of slip events as it evolves with
increasing relative displacement, of the plates with an upper bound influenced by the finite sizeeogystem.
(b) The trend of decreasingvalues with increasing initial relative displacement of the platebefore reaching
some steadystate value. (c, d) The cumulative event numbers and the rate of event numbers show an
exponentiallike increase wh increasing relative displacement of the plates until reaching some sttatdy
(e,f) The total seismic moment and fraction of the total strain accommodated by slip (strain partitioning fraction)
show an initial exponentidike increase with increasj relative displacement of the plates.

The slider block model will later in 2016 be further developed and documented. The development of the slider
block model has started and will be further developed and documented.

Eshelby inclusionModel

Segall andritzgerald (19983uggestedan induced seismicity mechanismwherethat horizontal poroelastic stress
changes are extensional and vertical stress changes are negliffildganalysed this productioinduced seismicity
model using the concept of an Eshglinclision (Eshelby, 1957; see Fig.)8Bhese models assume that pressure
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change in the reservoir can be described by an ellipsoidal volume of constant pressure change, embedded in an
elastic medium in which pressure is unchanged. Stress changes &ewimiside the inclusion.

| —

'nclukian
oficlusion,
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Figure 8.8  Schematic of stress changes in and around a contracting reservoir in an Eshelby inclusion model. From Segall and
Fitzgerald (1998).

In cooperation with Jenny Suckale (Stanford University) and David Dempsey (Meesityniof Auckland) a
seismological model based @m Eshelby inclusigriater extended to more comprehensive model of stress tensor
evolution, will be developedStress tensors that result from the model can be projected on the Groningen fault
systems ad tested for a MohiCoulomb strength criterium. In the proposed workflow the faults exhibit a
heterogeneous shear stress profila combinationwith a triggering mecanismthe rupturing processs mimicked

The analytical model allows for fast calculasoand is therefore suitable for a stochastic approacdi willin a

later stagebe calibrated with the event catalogue. Calibrated models can subsequently be used forrfurthe
seismicityforecasts

Assessment of hazard changes due to swing production

Objective

Augment previous studies on the effects of swing production on the total aggregate seismicity as well as the
changes in seismicity rate throughout the year. This will be achieved via additional modeling investigations and
identifying spatietemporal associations between gas production / production rate and seismic activity / activity
rate.

Description

There are various methods of investigatiomo the change in the total number of earthquakes observed as a result
of swing production. If the samenél stress state is reached, then the same stress should be released and the
same number of earthquakes should occur. Ideer, swing production maghift the occurrence of these
earthquakes into the times of high depletion rate.

By incorporating additioal physics into the methods of investigation, it is possible that swing production could
have an effect on the total seismicity or a change #ahie. A thorough dathased investigation into the
observations of earthquake occurrence will also allowtésting of these models and their validity.
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The objectives of this project are to:

1. Investigate not only daily and seasonal production variations but also large and sudden changes in the baseline
production rate. In particular, how do changes in the aarproduction target affect seismicity?

2. Extend the analysis using dadaven and/or physichased models to analyze the impact of swing production
on themagnitudesof the seismic events.

3.5SUSNXAYS AT GKSNB I NB (K Saity katg that thijhibe ghservabjeibéforeSHE T S O G &
new steady state seismicity is reached?

4. Determine what is necessary for statistical significance. How long must we wait before the observed seismicity
gives a statistically significant indication that sacbhange has actually occurred? Is the data sufficient to
determine a lag time between the change in production rates and the change in seismicity?

5. If possible, perform more fingrained analyses to determine if there are local variations to the-fiétte
associations between swing production and seismic activity. For example, it may be the case that certain parts
of the field are more sensitive to swing production than others.

6. Test model conclusions via a statistical analysis of historical producttbseismicity data.

Deliverable
A report detailing the new analysis.
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Summary

The table below shows which studies make a contribution the research question:
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What is the response of seismicity |
changes in production rate?

What is the future spatialemporal
distribution of earthquake bvalues?

What is the future character of spatia
temporal correlations betweer
earthquakes?

What is the maximum possibl
magnitude?(also addressed by Structur
modelling)

What is the future development of thq
current exponential trend of increasin|
seismicity?
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Are there alternative
models that perform better
prospective testing?

seismologici
undel

How does stress drop scale wi
earthquake magnitude?

Table8.1

Research table linkintpe research questions to the study activities.

* TheFlexible Seismic Monitoring Systalso aims to address some of the research question on Ground Motion.
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9 Further Studies and Data Acquisition Projects 7
Ground Motion

The main research questiobhs be addressed in the studies of compaction and subsidence are:

A How does the noi#linear nearsurface responsto earthquakescale with magnitude?

A What is the role of finite rupture geometries, including possible basement rupture?

A What is the spatiatorrelation in the surface ground motion?

A What is the local ground motion response on Wierden?

A What is the local ground motion response near sloping surfeambankments and ditche®)

Measuring Ground Motion
Measurement of ground motion has expandeahsiderable over the last years with:

A Installation of accelerometers at all new geophone stations of the KNMI network and installation some
additional accelerometerperiphery of the field,
A Installation of accelerometers in some 300 buildings,

A Installaton of accelerometers at selected objects like NAM production locations.

In the previous section we described the plan for a Flex@@smic Monitoring SystemAlso studies into ground
motion will benefit from data collected by this system. In this sective introduce additional data gathering of
projects for ground motion.

Using a Shear Wave Generator

Until the late ninetiesthe seismic data acquisition industry used heavy shear wave generasoes source for
creating their Svaves. The so called pilseweep of shear vibrators allows for the generation of controlled ground
waves; amplitude and frequencies are programmable independently and a sweep can run from a few till tenth of
seconds. In principle it is also possible to program an (earlier rechretdhquake, however using a frequency
below 2Hz will damage the machine. One of the last existigprators is parked in the south of France and
specialists currently (spring 2016) verify on behalf of the owner if the condition of the main elemertisasbase
plate/controller/reaction mass) justify full restoration, before the unit can be tested for use in Groningen as active
source in for testing in combination with the earlier mentioned Seismic Monitoring and Data Acquisition System.

87



Study and Data Acquisition Rlnduced Seismicity in GroningekVinningsplan 2016

Figure 9.1  One of the last existing-8brators in the south of FranceCurrently investigation whether this vibrator can be
restored focus in Groningen are in progress.

In addition to the French-@brator a number of alternatives are availabke.g. large vibratrs are used by the
University of Texas, Austin for thdiWetwork for Earthquake Engineering Simulati@search program (NEES)
These vibrators caareate R or (wide band) high energy\#aves and are available for experimental (also non US)
research. InGermany a smaller sized shear wave vibrator is available at LIAG, das-Insititoizfir Angewandte
GeophysikUnder certain circumstances tienalkr scalemakes this machine moreasy to deploy in the fielthan

the heavy ones. Also this unit is avhlfor research projectsThe applicability for Groningen of the here above
listed shear vibrators will be evaluated and compared before deciding which one(s) should be considered fit and
preferred for mobilization to the Groningen area.

Using sheawavwe vibrators as seismic source is expected to be helpful during the parameterization campaign of the
Groningen subsurface despite of the fact that frequency range of these units is not fully coinciding with (expected)
earthquakes. (Earthquakes are not ideai anyhow.) NAM plans nevertheless looking into possible ways for
improvement of Svave generators if results show the need for that.

Measuring Ground Motion

¢KS OdzNNByild Dat 9Qa [valEity pibfieg thad wete l[dériGeR frofh yfield @&aSduined with
active sources. The sheaave velocities to the reference rock at 350 m (the base of the Upper North Sea
formation) were derived from 3 sources:

1 Vsvalues assigned to vertical sections through the GEOTOP model,
2 Ground roll inversion redts from the active data acquired in the area during the 80s and 90s,
3 An empirical relation between the existingWRve model.

Recently reference rock waso moved the to 800 m depththe base of the North Sea Supergroup Formatidm)

orderto capturethe most important site response effects (such as resonances that may play a role in amplification),
and below which there is limited lateral structural variabilittyis desirable to directly capture the shear velocity

profile down to the reference rockt 800 m depth. Active seismic sources (saes the Svibrator) typically excite

energy in the frequency range > ~ 2 Hz. As a result, the depth sensitivity of the active measurermeder is

certain geological circumstances sometimigited to about 100~ 150 m.In that casepassive seismic
measurements are a good alternative. Surface waves excited by various natural mechanisms such as microseisms
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(not to be confused with microseismic) dominate seismic noise below 1 Hz. In the recent past data prdwessing
been developed to extract shear wave velocities from ambient seismic noise. THeetpvency content of the
seismic noise means that the surface waves are sensitive to greater depths than surface waves excited by active
sources. In fact, there is patéal for sensing shear wave velocities down to the reservoir level and below provided
the array is wide enough. This, however, comes at the cost of resolution if the sampling is too sparse.

NAM currently designs an active and passive seismic acquiséimpaign for about 70 locations and/or a grid of 8

- 12 lines, each of 10 km length, where possible near the KNMI boreholes, by using tkertongontracted
flexible data acquisition system. The goal of these surveys is to determine Vs profiles oyeh aashge of 800
meters. Based on the results, the observed spatial variations, further infill may be required. A similar campaign will

060S &aSG dzLJ F2NJ F OljdzZANARY 3 Y2NB RSGIFIAEtSR & RFEGF F2NJ GKS

batch d 150 - 200 sites by end 2016, review the results and modify/extend the acquisition plan if and where
required.

Instrumented Geophone WelkGeotechnical Test Site

To better constrain the response of the shallow suvface a geophone well will be consttad with dense
instrumentation. The well would be designed similar to the wells of the geophone network and be4200n
deep. Studies into the feasibility of drilling such a well will determined the depth of the Wélé instrumentation
of the wellwould include:

A 3C gophones will be placedt leastevery 10 meters,

A Pressure sensoftiydrophonesyith each geophongeffectively providing a domponent geophong
A Optional fore optic cable for strainsesmic and temperatureneasurements (DAS),

A At surfface an accelerometer and tilt meter will be placed.

The dense geophone string would allow assessment of the absorption of energy in the shallow subsurface and
detailed comparison with simulations. In the immediate area around this well geotechnicalireepés will be
done and serve as an experimentation site where new techniques and improvements céealdxb tr

On the test site a number of monitoring techniques should be validated and/or applied. In collaboration with
Deltares experts from the USGSrtBquake Hazard Program will be consulted. In the USGS program several
monitoring tools are used and reviewed which could also be relevant for the Groningen site.

Further development Ground Motion Prediction

In this section activities to further develognt of the model for ground motion prediction will be addressed.
Focus is on activities

Expansion of the groundmotion database

With the expansion of the seismic monitoring networkyyasignificant earthquakeM x H ®p 0 A& Yy 26
generate an appraable number of recordings: in addition to the 18 permanent accelerograph staff@rsewly-
installed accelerographs (ctocated with 206m boreholes instrumented with geophones) asreaming data to

KNMIL Since November 2015, additional 10recordingshave been retrieved from three earlier earthquakes with
magnitudes of M2.6,2.8 and 3.0, and a further 44 recordings were obtained during the Helluth IVearthquake

that occurred to the south of the centre of the field on 30 September 2015; the reguitagnitudedistance
distribution of the expanded database is shown in Fiduge
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Figure 9.2 Magnitudedistance distribution resulting from combining the V2 database with moreent
acquisitions

The impact of the expanded networks in terms of higly@lds of recordings is well illustratday the Hellum
earthquake (Figur®.3). Any earthquake of similar magnitude close to ttentre of the field can be expected to
yield similar numbers of recordings. While thisdoubtedly provides considerable enriokent of the ground
motion database, it is also thease that to make optimal use of these recordingsn®asurements will ultimately
berequired at all of the recording locations.

Figure 9.3 Location of accelerograph stations (red triangles) that rdedrthe Hellum earthquake, the epicentre of which is
shown by the black star; station codes starting with B are part of the KNMI permanent network, those with G are
newlyinstalled instruments ctocated with the 200 m geophone boreholes
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