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Assen, juli 2016
TOELICHTING RESULTATEN Mpyax-WORKSHOP

In maart van dit jaar kwamen in Amsterdam 36 deskundigen uit de hele wereld bij
elkaar voor een workshop om, op basis van alle aanwezige data uit de Groninger
ondergrond, van gedachten te wisselen over de maximale magnitude van
aardbevingen in Groningen. De workshop heeft geresulteerd in een kansverdeling
van mogelijke maximale magnitudes van geinduceerde en tektonische aardbevingen
in Groningen. De resultaten van de workshop zijn vastgelegd in het uitgebreide
Report on Mmax Expert Workshop, met daarin zowel de hoofdconclusies als alle
individuele bijdragen van de workshopdeelnemers.l De door de experts
overeengekomen kans op zwaardere aardbevingen, met een magnitude van 5.0 of
hoger, is ten opzichte van eerdere inschattingen significant afgenomen.

De verwachtingswaarde van de maximale magnitude bedraagt nu 5.0 op de schaal
van Richter. Dat is lager dan de inschatting van 5.75 die tot dusver in de
dreigingsberekeningen zijn gebruikt. Deze nieuwe verwachtingswaarde komt
overigens sterk overeen met eerdere inschattingen door kennisinstellingen TNO en
KNMI. De workshop past binnen het bredere onderzoeksprogramma naar de
dreiging van aardbevingen in het Groningen gasveld en de risico’s die daaruit
voortvloeien. Dit onderzoeksprogramma loopt sinds 2013.

Achtergrond van de workshop

In december 2015 heeft de Commissie Meijdam in haar advies Omgaan met risico’s van
geinduceerde aardbevingen2 om duidelijkheid gevraagd over de maximaal te verwachten
aardbevingsmagnitude. Deze duidelijkheid is onder meer nodig voor het opstellen van
aardbevingsbestendige bouwnormen voor zeeweringen, chemische installaties en andere
bouwwerken.

Op dit moment is er geen vanzelfsprekende partij die over de kennis beschikt om de
maximale aardbevingsmagnitude op gezaghebbende wijze vast te stellen. Daarom is
besloten om, bij wijze van alternatief, een speciale expert workshop te organiseren volgens
de wereldwijd geaccepteerde standaard van de Senior Seismic Hazard Analysis
Committee (SSHAC, zie onder voor details). Deze workshop vond plaats van 8 tot en met
10 maart 2016 in het World Trade Centre in Amsterdam (Schiphol). Onder leiding van Dr.
Kevin J. Coppersmith, een van de grondleggers van de SSHAC methode, heeft een
onafhankelijk, door hem geselecteerd, team van acht internationale deskundigen de
bijdragen van de verschillende aardbevingsexperts beoordeeld en op basis hiervan een
uiteindelijke inschatting gemaakt van de maximaal te verwachten aardbevingssterkte.® Het
team van Dr. Coppersmith werd in de workshop ondersteund door 19 aardbevingsexperts.
Daarnaast waren er negen waarnemers, namens het Staatstoezicht op de Mijnen, EBN,
ExxonMobil, NAM en TNO.

! Report on Mmax Expert Workshop, 8-10 March 2016, World Trade Centre, Schiphol Airport, the Netherlands.
2 Advies van de Commissie Meijdam:
https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2015/12/18/eindadvies-commissie-meijdam-bijlage-

7/eindadvies-commissie-meijdam-bijlage-7.pdf
% Het panel is door Dr. Copperwith samengesteld en bestond naast hemzelf uit de volgende personen: Dr. Jon P. Ake (US Nculear

Regulatory Commission), Dr. Hilmar Bungum (consultant, oud-NORSAR), Prof. dr. Torsten Dahm (GFZ, Potsdam), Prof. lan Main
(university of Edinburgh), Dr. Art McGarr (US Geological Survey), Dr. lvan Wong (AECOM) en Dr. Bob Youngs (EMEC Foster
Wheeler).
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De workshop volgde de Level 3-richtlijnen van de Senior Seismic Hazard Analysis
Committee (SSHAC). SSHAC geldt wereldwijd als de standaard voor het beoordelen van
de benodigde aardbevingsmaatregelen bij de bouw van stuwdammen en nucleaire
installaties.

De workshop en de bijbehorende rapportage zijn onderdeel van het lopende studiewerk
over de aardbevingen als gevolg van gaswinning in Groningen. De kansverdeling zoals
voorgesteld was nog geen onderdeel van bestaande dreigings- en risicoanalyse, zoals
opgenomen in het Winningsplan 2016 dat door NAM afgelopen april is ingediend bij de
minister van Economische Zaken. Op het moment dat de analyses voor het Winningsplan
2016 werden gedaan, waren de resultaten van de workshop nog niet beschikbaar. Bij een
volgende update van de risicoberekeningen zal de uitkomst, samen met de bijdrage uit de

andere studietrajecten, meegenomen worden.

Dreigingsanalyse en maximale magnitude
Het door NAM in 2013 ingediende Winningsplan ging vergezeld van een dreigingsanalyse,
welke op latere tijdstippen enkele malen is geactualiseerd.

Het berekende dreigingsniveau — en
daarmee de grondversnelling — rust
onder andere op (zie box) een
onderliggende kansverdeling van de
verwachte maximale magnitude van
aardbevingen. Tot dusver ontbrak
voor dit laatste een wetenschappelijk
onderbouwde beschrijving. In plaats
daarvan werd gerekend met een op
inhoudelijke gronden beredeneerde
verdeling. Dit was ook de procedure
voor het Winningsplan 2016.

Tot dusver is in de dreigingsanalyses
steeds gewerkt met een
onderliggende verdeling van de
maximale magnitude die loopt van 5.0
tot en met 6.5 op de schaal van
Richter, met een verwachtingswaarde
van 5.75. De verwachtingswaarde is
gedefinieerd als de waarde die de
maximale magnitude ‘gemiddeld
genomen’ zal aannemen.

De Gutenberg-Richterrelatie

De relatie tussen de magnitude (sterkte) van een
aardbeving en de kans dat deze daadwerkelijk optreedt
wordt de Gutenberg-Richter relatie genoemd. Deze relatie
houdt grofweg® in dat de kans op een aardbeving van een
bepaalde magnitude een factor 10 afneemt als de
aardbeving één eenheid op de schaal van Richter
toeneemt. Een aardbeving van 4 op de schaal van Richter
komt volgens die relatie 10 keer minder vaak voor dan een
aardbeving van 3 op de schaal van Richter.

Hoewel de kans op een aardbeving per eenheid hogere
magnitude steeds met een factor 10 afneemt, wordt deze
volgens de Gutenberg-Richterrelatie nooit helemaal nul —
de relatie is asymptotisch. Omdat het niet realistisch is om
te veronderstellen dat bepaalde extreem hoge magnitudes
daadwerkelijk kunnen plaatsvinden, wordt naast de
Gutenberg-Richterrelatie tevens gebruik gemaakt van de
maximale sterkte van aardbevingen. Dat betekent dat
aardbevingen met een nog grotere magnitude worden
uitgesloten, terwijl deze nog wel met een heel kleine kans
worden voorspeld op basis van de Gutenberg-Richter
relatie.

Y In de Gutenberg-Richterrelatie komt ook een b-waarde voor. Strikt
genomen heeft het bovenstaande betrekking op een b-waarde van 1.
Waarnemingen in Groningen ondersteunen een b-waarde rond 1.
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Uitkomst Mpax expert workshop

De workshopexperts hebben besloten om deze range zowel naar onder als naar boven op
te rekken, wat heeft geresulteerd in een aangepaste bandbreedte van 3.8 tot 7.25, met een
verwachtingswaarde van 5.0. De verlenging naar boven is een direct gevolg van het besluit
van de experts om ook tektonische aardbevingen in ogenschouw te nemen. Dit type
aardbevingen is potentieel zwaarder zijn dan geinduceerde aardbevingen. Zo kent de
krachtigste tektonische aardbeving die zich ooit in Nederland voordeed, die van 13 april
1992 in Roermond, een magnitude van 5.8.

De door de experts overeengekomen kans op zwaardere aardbevingen, met een
magnitude van 5.0 of hoger, is ten opzichte van eerdere inschattingen echter significant
afgenomen. De verwachtingswaarde van de maximale magnitude bedraagt nu 5.0 op de
schaal van Richter. Dat is lager dan de inschatting van 5.75 die tot dusver in de
dreigingsberekeningen zijn gebruikt. Deze nieuwe verwachtingswaarde komt overigens
sterk overeen met eerdere inschattingen door kennisinstellingen TNO en KNMI.

Onafhankelijke kennisontwikkeling

NAM onderkent het belang van onafhankelijke kennisontwikkeling en is groot voorstander
van de vorming van een nieuw kennisnetwerk, onder toezicht van een onafhankelijke
wetenschappelijke adviesraad. Wetenschappelijke workshops als deze zouden in de
toekomst onder regie van een dergelijke adviesraad kunnen plaatsvinden. NAM blijft, als
verantwoordelijke operator, ook zelf actief onderzoek doen naar de Groningse ondergrond
en de effecten van gaswinning.
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1. Introduction

In response to induced earthquakes caused by gas production in the Groningen field in the
northernmost region of the Netherlands, NAM is developing a probabilistic assessment of the
consequent seismic hazard and risk.

One of the key elements of this seismic hazard and risk, namely the largest earthquake that
could possibly occur, generally referred to as the maximum magnitude, or Mmax. In order to
address the estimation of Mmax for the Groningen field, NAM engaged a panel of external and
independent experts and convened an international workshop focused exclusively on this
issue. This report summarises the background to the exercise and the organization of the
workshop, as an introduction to the report by the expert panel on their conclusions regarding
the distribution of possible Mmax values for the Groningen gas field.

2. Induced Seismic Hazard and Risk Assessment for Groningen

NAM has been engaged in developing a seismic hazard and risk model for the Groningen gas
field, since the ML 3.6 Huizinge earthquake that occurred on 16 August 2012, the largest
induced event to date. The first stage of the model was to develop a seismological model to
explain the occurrence of induced earthquakes in response to the reservoir compaction
(Bourne et al., 2014). In order to correctly model the risk to the distributed exposure of close
to 250,000 buildings across the gas field and in a surrounding 5 km buffer zone, the hazard is
calculated using a Monte Carlo simulation approach (Bourne et al., 2015). A first version of
the hazard and risk model was issued in May 2015, the purpose of which was to demonstrate
the ability to produce useful and insightful hazard and risk estimates over the entire field. The
most recent version of the complete risk model, now calibrated more accurately to conditions
in the Groningen field, was released in November 2015 and includes a seismological model,
ground-motion prediction equations (GMPES), an exposure database with fragility functions
assigned to each building class, and casualty functions to estimate loss of life resulting from
building damage. The full documentation of this risk model is available for download from the
NAM platform at www.namplatform.nl.

Inevitably, several elements of such a risk model are associated with considerable epistemic
uncertainty, which prompts the deployment of a logic-tree formulation in order to capture the
influence of such uncertainties in the hazard and risk estimates. Logic trees were first
introduced for use in probabilistic seismic hazard analysis (PSHA) more than 30 years ago
(Kulkarni et al., 1984), and they have become a standard tool in seismic hazard assessment.
For each input to the hazard and risk model associated with epistemic uncertainty, a node is
established with branches that carry either alternative models or alternative parameter values.
Weights are assigned to each branch that reflect the relative degree-of-belief of the analyst in
each branch being the most likely representation of the physical phenomenon. These weights
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are subsequently treated as probabilities, as the hazard and risk is calculated using all possibly
branch combinations, the total probability associated to each hazard and risk estimate being
obtained from the product of the participating branch weights.

In view of the scale of the risk calculations to cover the entire study area (about 60 x 50 km)
and to obtain risk estimates to all building types down to low annual probabilities, the logic-
tree formulation to date has been kept rather simple in order to facilitate computations in the
short timescales required and to enable multiple sensitivity analyses to be performed. The
logic-tree established for the November 2015 risk model is shown in Figure 2.1, in which
branches were included only for the factors exerting greatest influence on the risk estimates,
namely Mmax, the choice of GMPE, the fragility functions and the consequences function that
defines the likelihood of fatal injuries to a building occupant as a function of the damage.

Seismicity GMPE Fragility Consequences
Max = 6.5 Upper Upper Upper
p=1/3 p=0.3 p=0.25 p=0.25
M. .,=5.75 Central Central Central
p=1/3 p=0.5 p=0.5 p=0.5
Mpax= 9 Lower Lower Lower
p=1/3 p=0.2 p=0.25 p=0.25

Figure 2.1. Logic-tree for the November 2015 (V2) risk model

The ranges of uncertainty on the GMPE, fragility and consequences, as expressed by the
combinations of branch models and weights, were determined by the members of the NAM
hazard and risk team. However, these decisions were subject to extensive review and
feedback by international panels of experts, who were convened to appraise the models at
workshops held in London in October 2015.

As can be seen from Figure 2.1, the V2 logic-tree included branches for Mmax, with equally
weighted values of 5, 5.75 and 6.5 for induced earthquakes. The value of 6.5 was used in
earlier versions of the hazard and risk model, the value being the result of all the reservoir
compaction at the end of production being released seismically in a single earthquake event.
The branches depicted in Figure 2.1 reflect the recognition of there being large uncertainty
associated with this parameter and at the same time the ignorance of the hazard and risk team
regarding what the distribution of possible values might be. The fullest expression of ignorance
would be a range from 3.6 to 6.5, since it is conceivable that the 2012 Huizinge event actually
represents the largest earthquake that could occur in the field. However, in view of the very
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strong influence that such a distribution would exert on the hazard and risk estimates, it was
decided to use a lower limit of 5—loosely inferred from analogy with other gas fields in
Europe—pending the outcome of the exercise reported herein. This choice was in line with
the strategy to be conservative while the hazard and risk assessment is being developed,
while seeking to remove uncertainty in the process to achieve a balanced assessment before
Winningsplan 2016.

3. The Issue of Maximum Magnitude

In the societal and regulatory response to the Huizinge earthquake, there was considerable
attention given to the question of the largest magnitude of event that could occur as a result
of gas production in the Groningen field. However, this question was posed primarily in the
context of deterministic—or scenario-based—approaches to hazard and risk assessment. In
the initial probabilistic analyses carried out by NAM’s hazard and risk team, it was found that
the Mmax of 6.5 had almost no impact on the results (Figure 3.1). However, subsequent
analyses—such as the site-specific seismic hazard assessment for the Groninger Forum? site
in the city of Groningen, a long-period structure that is required to comply with the stringent
performance targets in the new NPR seismic design code for the northern Netherlands (Figure
3.2)—showed that the influence of Mmax may be important and that careful consideration of
the upper limit on the magnitude-frequency distribution was warranted.

In PSHA studies for natural (tectonic) seismicity, Mmax is routinely included in the logic-tree
formulation but it generally exerts a relatively modest influence on the hazard estimates except
for very low annual exceedance frequencies—such as are applicable to critical facilities like
nuclear power plants—and longer response periods. However, for induced seismicity in the
Groningen field, it became apparent that the choice of Mmax was a critically important element
of the hazard and risk assessment. Faced with this realization, NAM opted to convene a panel
of suitably qualified and experienced panel of independent experts to evaluate the available
evidence and develop a logic-tree formulation to represent the distribution of possible Mmax
values in the Groningen field.

The reasons NAM opted this approach of charging an independent expert panel with the task
of estimating Mmax are as follows:

¢ The maximum magnitude has previously been estimated by other bodies, and these
estimates have since then been questioned and revised. This has made the topic of
the maximum magnitude controversial.

e The estimation of the maximum magnitude requires bringing together knowledge from
different areas of knowledge, various disciplines and areas of expertise, and weighting

1 The Groninger Forum is a large building under construction in the centre of the city of Groningen. with a planned
completion in 2019. The building will be a cultural centre with libraries and museums.
3



up the results from these areas of expertise. An expert panel is the best way to achieve
this given the absence of specific expertise on those topic within the NAM hazard and
risk assessment team.

e Placing the assessment of the maximum magnitude in the hands of an international
team of experts separate from NAM, should increase acceptance of the resulting
hazard assessment by the local community.

Once it was resolved to engage such a panel of experts for the assessment of Mmax, two key
decisions needed to be taken: who to appoint to the panel and how to organise the work of
the panel most effectively and transparently within the limited timeframe available. The
membership of the expert panel is discussed below in Section 5. In order to facilitate the
assessment by the expert panel, it was decided to follow the principles of the so-called SSHAC
process, which is explained in the following section.

(a) 1 10 10
10! 10' | 10' |
% 10° N% 10° % 10°
107" 107! 10°!
3 3 3
10°? 1072 1072
3 L 3 L ! i 3
" 5 6 0 20 30 40 50 60 70 1© 2 0 2
Magnitude Distance [km] GMPE variability [e]
| — ] | — ] | — ]
10! 10~ 1072 107! 10° 107" 107° 107? 107 10° 10" 107° 107? 107! 10°
Rate [per catalogue] Rate [per catalogue] Rate [per catalogue]
( )1o° - ; - . - 10° - . . - 10°
— =001 A
§  [|— r-oe 5 5
s - P=0.50 s s
£ 107 2 107 {4 £10?
. e -
c c [
S S S
2 B B
I 2 . N -2 N -2
j- 10 s 10 : 10
< < <
) : U U]
a a a
3 3 A . A . 3 s g ; MR
W 3 1075 5 10 15 20 =B W.E§ 4 =2 0 2 4 ¢
Magnitude Distance [km] GMPE variability [e]

Figure 3.1. (a) Occurrence rates for PGA as a function of magnitude, distance and GMPE epsilon
(the number of standard deviations relative to the mean prediction) for a single surface location
directly above the region of maximum reservoir compact. (b) The fractional contribution to the ground
motion with a probability of exceedance of 0.01, 0.02 and 0.5 from 2013 to 2023. These results
correspond to the 2013 version of the hazard model (Bourne et al., 2015).
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Figure 3.2. Disaggregation of the seismic hazard at the baserock horizon for the Groninger Forum
site for a return period of 8,500 years in terms of fractional contributions by magnitude, distance and
GMPE epsilon.

4. The SSHAC Process for Hazard Assessments

The SSHAC process was originally developed for the conduct of multiple-expert assessments
of seismic hazard for safety-critical and locally-controversial infrastructure projects (e.g.,
nuclear facilities), and it is now widely viewed as the gold standard for performing such studies.
Although the time available for the conduct of the Mmax assessment to be included in the
2016 Winningsplan was insufficient to allow the full Level 3 process to be applied, the intention
was to comply with as many of the specifications and requirements as possible. This section
briefly describes the SSHAC process and notes the features adopted for the Groningen Mmax
assessment.

4.1. History and development of the SSHAC process

Epistemic uncertainty in seismic hazard analyses reflects lack of knowledge in earthquake
processes and ground-motion generation both in general and in the specific region under
consideration. By definition, the quantification of epistemic uncertainty requires expert
judgement and it is widely accepted that an adequate characterisation of epistemic uncertainty
if the logic-tree reflects the judgements of multiple experts. This view was behind two major
PSHA projects performed in the 1980s for nuclear power plant sites in central and eastern
United States, conducted by EPRI (Electric Power Research Institute) and LLNL (Lawrence
Livermore National Laboratory). The results from the two projects for individual sites were in
many cases markedly different and there were also significant differences in the expert-to-
expert variations in two projects. This prompted EPRI, the US Department of Energy (DOE)
and the US Nuclear Regulatory Commission (USNRC) to form the Senior Seismic Hazard
Analysis Committee, or SSHAC. This august group of experts in seismic hazard analysis, risk
assessment and decision analysis were charged with investigating—and, if possible,
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resolving—the large differences between the two PSHA studies. In their final report, the
SSHAC stated the following important finding from their work: “In the course of our review, we
concluded that many of the major potential pitfalls in executing a successful PSHA are
procedural rather than technical in character. ..... This conclusion, in turn, explains our heavy
emphasis on procedural guidance” (Budnitz et al., 1997). Although the second volume of the
1997 SSHAC report does include numerous appendices discussing technical details of
executing a PSHA, the main focus of the report is defining procedures for the conduct of
multiple-expert hazard assessments. The guidelines defined four levels at which such studies
could be conducted, increasing in complexity, duration and cost as one progresses from Level
1 to Level 4.

The purpose of the higher study levels, and in particular Level 4, was to provide greater
likelihood of regulatory assurance in studies performed for critical facilities such as nuclear
power plants. The SSHAC Level 4 framework has only been used twice for full PSHA studies,
for the Yucca Mountain waste repository in Nevada (Stepp et al., 2001) and in the PEGASOS
Project for the assessment of seismic hazard at NPP sites in Switzerland (Abrahamson et al.,
2002). A review of the lessons learned from 15 years of experience in implementation of the
original SSHAC guidelines (Hanks et al., 2009) prompted the drafting of more detailed
guidelines for both Level 3 and 4 studies, especially since the former was given relatively
attention in Budnitz et al. (1997). These guidelines were issued as NUREG-2117 (USNRC,
2012) and provide clear specification of the steps required to execute SSHAC Level 3 and 4
studies. Significantly, in NUREG-2117 USNRC makes no distinction between the two study
levels in terms of regulatory assurance, viewing them as simply alternative rather than
approaches to achieving the same goals. This was reflected in the requirement that all US
nuclear power plant operators re-assess the seismic hazard at their sites through SSHAC
Level 3 PSHAs as the first stage of the USNRC'’s response to the 2011 Fukushima accident.

The SSHAC Level 3 process has also been adopted in countries other than the United States,
and has been applied to nuclear sites in South Africa, Spain, Taiwan and Turkey, and now
also in Japan. A SSHAC Level 3 PSHA was also carried out for hydroelectric dams in British
Columbia, Canada.

4.2. Essential elements of the SSHAC process

The basic objective of a SSHAC study, at any level, is to develop a distribution for each
element of the hazard model that represents the best estimate, the uncertainty around this
estimate in terms of alternative models, and the limits on the distribution. This is expressed in
NUREG-2117 as the centre, the body and the range of technically-defensible interpretations
of the available data, methods and models that may be applicable to the site and region under
study. More succinctly, this is referred to as the CBR of the TDI.
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This objective is met through a two-stage process of evaluation and integration. Those
responsible for the assessment first assemble all available data, methods and models that are
potentially applicable to the issue under consideration; this should include compilation of
existing data and where feasible and appropriate the collection of new data. These data,
together with existing models, are evaluated in terms of their general quality and specifically
their applicability to the region and site being studied. Informed by this evaluation phase, those
responsible for the assessment then enter the integration phase in which a distribution that
captures the CBR of the TDI is developed. The final stage of the process is then to document
the technical bases for all of the decisions taken and justification for how the final logic-tree
represents the CBD of the TDI. For SSHAC Level 3 studies, the process is built around three
formal workshops, as illustrated in Figure 4.1.

The execution of the complete process shown in Figure 4.1 for a PSHA would generally be
between two and three years. In this application, however, the focus was not on the full inputs
a PSHA but rather to a single component of the PSHA input. This is not inconsistent with the
original intentions of the SSHAC process: Budnitz et al. (1997) noted that the higher study
levels might be invoked to address individual topics—such as, for example, the activity of a
particular geological fault—characterised by high uncertainty and/or considerable controversy.
Even if applied to a single topic, however, to qualify as a SSHAC Level 3 process all of the
steps illustrated in Figure 4.1 would still need to be followed, and in the available timeframe
this was clearly not feasible for the estimation of Mmax for the Groningen gas field.
Nonetheless, the intention was to follow the spirit of the SSHAC process as far as possible.

In addition to access to a common and comprehensive database for the participants, and the
sequence of activities illustrated in Figure 4.1, another key element of the SSHAC process is
clearly defined roles, each has specific attributes and responsibilities. The key roles are
discussed in the next section.

4.3. Roles and responsibilities in a SSHAC process

The process of evaluation and integration is undertaken by a group referred to as the Technical
Integration (T1) Team, which is generally coordinated by a nominated Tl Lead. The Tl Team
must have appropriate subject matter expertise and be willing to put aside individual views on
a topic in order to act as impartial evaluators. The Tl Lead, at least, should have direct
experience of the SSHAC process and the Tl Team collectively should have a good
appreciation of the workings of PSHA. The Tl Team assumes exclusive and total intellectual
ownership of the resulting distribution.

In order to inform the evaluations of the TI Team, Resource Experts are invited to present
information, models, methods or data sets of which they have particular knowledge. The



presentation by a Resource Expert should be impartial and explain the technical bases for any
models presented and also clearly expound on assumptions, caveats and limitations.

Another group of invited individuals are Proponent Experts, being individuals who advocate
the use of a particular method or model. There is no requirement for a Proponent Expert to be
impartial since they are expected to follow the standard scientific approach of presenting a
model and subjecting it to the usual process of technical challenge and defence. A Proponent
Expert must be willing to explain the technical bases for their model when questioned by the
Tl Team.

A vitally important role in the SSHAC process is independent peer review and in SSHAC Level
3 and 4 studies this role is assigned to a Participatory Peer Review Panel (PPRP). The name
implies that this panel is engaged throughout the process—as indicated in Figure 4.1—rather
than only conducting late-stage review, so that concerns and questions can be raised at an
early stage and addressed before the model is complete. The PPRP is charged with both
process and technical review, to ensure that the requirements of the SSHAC process were
complied with in the project, and the adequate justification is provided for all technical
decisions. The issue of a final concurrence letter by the PPRP is considered to be the mark of
success for a SSHAC Level 3 or 4 project.

5. Expert Panel for Mmax in Groningen

In order to apply the key principles of a SSHAC Level 3 process to the evaluation of Mmax in
the Groningen gas field, the first step was to appoint a TI Team. The first step was to identify
and engage a suitably-qualified Tl Lead and then to charge that individual with the task of
identifying suitable candidates for the Tl Team.

5.1. Tl Lead

The role of the Technical Integration Lead was assigned to Dr Kevin J Coppersmith, who is
eminently qualified for this role. Dr Coppersmith was a member of the original SSHAC and a
co-author of the Budnitz et al. (1997) report and the Hanks et al. (2009) review report, as well
as being a major contributor to NUREG-2117. He also has unparalleled experience in terms
of practical application of the SSHAC process, having led the Level 4 probabilistic assessment
of volcanic hazard for the Yucca Mountain nuclear waste repository in Nevada and the seismic
source characterisation (SSC) component of the Level 4 PSHA for the same facility. Dr
Coppersmith was also SSC lead on the Level 4 PEGASOS project for PSHA at nuclear power
plant sites in Switzerland. He was Tl Lead on the regional SSC project for nuclear sites in
central and eastern United States (CEUS-SSC) and both overall lead and TI Lead for SSC on
SSHAC Level 3 PSHA studies for the US Department of Energy Hanford site in Washington
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state and for nuclear power plants throughout Spain. He also served as SSC Tl Lead in the
SSHAC Level 3 PSHA for the Thyspunt nuclear site in South Africa. Dr Coppersmith has also
served on the PPRP for the SSHAC Level 3 PSHA for hydroelectric dams in British Columbia
and he chaired the PPRP for the SSHAC Level 3 SSC study for the Diablo Canyon nuclear
power plant in California. He is currently advising on the application of the SSHAC Level 3
process to a PSHA for a nuclear power plant site in Japan and he is also engaged in the
updating of NUREG-2117.

In addition to these impeccable credentials in terms of the SSHAC process, Dr Coppersmith
has extensive experience in addressing the question of defining Mmax for PSHA, including in
several of the projects listed above. Additionally, he was a co-author on the major EPRI-
sponsored report devoted to the issue of Mmax in stable continental regions (Johnston et al.,
1994).

5.2. Tl Team

Once appointed as Tl Lead, Dr Coppersmith was invited to propose candidates for
membership of the Tl Team, who were then invited to join the expert panel. Dr Coppersmith
specifically sought a mixture of individuals from different backgrounds and regions who would
collectively bring experience of the SSHAC process, PSHA and the estimation of Mmax, as
well as specific expertise in the field of induced seismicity. In all cases, these had to be
individuals willing to forego any proponent position and assume the role of an independent
and impartial evaluator, in accordance with the SSHAC requirements. Following these
selection criteria, seven individuals were added to the Tl Team:

1. Dr Jon P Ake (US Nuclear Regulatory Commission). A co-author of NUREG-2117 and
coordinating the updating of these guidelines for SSHAC processes. Dr Ake served as
an expert panel member in the Level 4 PSHA for Yucca Mountain and as a PPRP
member in the CEUS-SSC and NGA-East SSHAC Level 3 projects. Dr Ake has multiple
publications on injection-induced seismicity and on mining-induced seismicity including,
for the latter, the estimation of Mmax. He also served as a reviewer for US National
Academy of Sciences report on Induced Seismicity.

2. Dr Hilmar Bungum (consultant, formerly at NORSAR). Dr Bungum has very extensive
experience in seismic hazard assessment worldwide and has published extensively on
topics related to this field. Dr Bungum was an expert panel member in the SSHAC Level
4 PEGASOS project. He served as chairman of the PPRP in the SSHAC Level 3 PSHA
for Thyspunt and currently fulfils the same role for the SSHAC Level 3 for Spanish
nuclear power plant sites. He serves as an advisor to regulatory authorities in Sweden
and Finland on issues related to permanent underground storage of nuclear waste. For
the Groningen project, Dr Bungum has also served as a peer reviewer for the GMPE
development work.
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. Professor Torsten Dahm (GFZ, Potsdam). Distinguished academic in the field of
earthquake seismology, fluid-filled fractures, induced seismicity and seismic
discrimination. Former editor of Geophysical Journal International and Editor-in-Chief
of Journal of Seismology. Professor Dahm is the chair of the German FKPE advisory
group on the induced seismicity discrimination and has also served as an independent
reviewer for induced seismicity in gas storage projects in The Netherlands and Spain.

. Professor lan Main (University of Edinburgh, UK). Another distinguished academic
with extensive experience in statistical seismology, earthquake population dynamics,
natural and induced seismicity and hazard, and the underpinning rock physics. In 2014
Professor Main was awarded the Louis Neel medal of the European Union of
Geosciences for “sustained and exceptional contributions” in seismology and rock
physics “including earthquake scaling, hazard and fluid movements in hydrocarbon
reservoirs”. He has previously served as an independent reviewer on NAM'’s
seismological model and for the Dutch State Supervision of Mines (SodM) on statistical
analyses of the Groningen seismicity. He has recently been appointed to the Expert
Panel on Seismic Hazard of the UK Office for Nuclear Regulations.

. Dr Art McGarr (US Geological Survey). Dr McGarr is widely considered one of the
foremost pioneers in the study of induced seismicity and has published extensively on
earthquakes caused by mining, hydrocarbon production and waste water injection.
Specific engagements by Dr McGatrr in the field of induced seismicity have included the
development of ground-motion prediction equations for coal-mining induced
earthquakes in central Utah, which were used in the risk assessment for Joe’s Valley
Dam. He also developed a seismic hazard assessment for the Sudbury Neutrino
Observatory where there was concerns regarding ground motions from events indiuced
in the nearby Creighton Mine. For the Groningen field, Dr McGarr also serves as an
advisor to SodM, together with USGS colleagues Dr Bill Ellsworth.

. Ivan Wong (AECOM). lvan Wong is seismologist with several decades of experiences
in seismic hazard studies for critical facilities around the world. He was project manager
for the SSHAC Level 4 PSHA at Yucca Mountain and a member of the SSC Tl Team
in the SSHAC Level 3 PSHA for hydroelectric dams in British Columbia. In recent years,
Ivan Wong has been extensively involved in projects related to induced seismicity and
is co-author of the US DOE protocol and best practices for geothermal-induced
seismicity. He is also co-author of StatesFirst primer on induced seismicity associated
with oil and gas activities. Mr Wong is currently engaged in seismic hazard
assessments for induced earthquakes in the United States and Canada. For the
Groningen project, Mr Wong has also served as a peer reviewer for the GMPE
development work.

. Dr Bob Youngs (AMEC Foster Wheeler). Dr Youngs has several decades of
experience in the field of seismic hazard assessments, including a role in the SSC
Team for the EPRI study conducted in the 1980s for nuclear power plant sites in CEUS.
He was a contributor to the Johnston et al. (1994) EPRI study on Mmax and developed
updated Mmax approaches as part of the Tl Team for the SSHAC Level 3 CEUS-SSC
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project. Dr Youngs was part of the Technical Facilitation Integration (TFI) teams for the
SSC components of the SSHAC Level 4 Yucca Mountain and PEGASOS PSHA
projects. He contributed to the SSHAC Level 3 PSHA for Thyspunt, South Africam, as
a Resource Expert on Mmax. For the Groningen project, Dr Youngs has also served as
a peer reviewer for the GMPE development work.

6. Workshop on Groningen Mmax

As noted previously, the timescale of the current phase of the Groningen hazard and risk
assessment for the 2016 Winningsplan (license application for gas production) prohibited the
adoption of the complete SSHAC Level 3 process to address the Mmax issue. In effect, the
process was reduced to a single workshop, which would most closely correspond to Workshop
2 in the normal Level 3 project as depicted in Figure 4.1. As can be appreciated from that
diagram, there are four groups of participants in such a workshop, namely the Tl Team, the
Resource and Proponent Experts, and the peer review panel (as well as observers). The full
list of workshop participants and their roles are presented in Appendix 1.

The purpose of the workshop was to provide the TI Team (expert panel) with as much
information as possible regarding the geology and history of the Groningen field, and the
patterns of production and induced seismicity to date, with the opportunity to ask questions
regarding details on any of these topics. Similarly, the workshop was design to provide the TI
Team with an opportunity to listen to various proposals for Mmax values or distributions, and
to be able to interrogate the authors of these proposals. In summary, the objective was to
facilitate in the most efficient and effective manner possible, the process of evaluation by the
expert panel.

6.1. Resource experts

Several presentations were scheduled to provide the expert panel with background
information, both on the Groningen field and also on key topics related to the brief of the panel.
The topics covered included the geology of the Groningen field, the history and future
perspectives for gas production, and an overview of geomechanical studies of the field,
particularly with regards to the reservoir compaction. All these topics were presented by
speakers from NAM. Dr Bernard Dost from KNMI presented the history of seismic
instrumentation and observed seismicity in the region. Within this presentation, Dr Dost also
presented very recent work on the relationship between local and moment magnitudes in the
Groningen field. Summarising a report that had been completed and circulated to the expert
panel and all Resource and Proponent Experts shortly before the workshop, Dr Dost presented
the conclusion that for local magnitudes of 2.5 and greater, moment magnitudes (M) are on
average 0.2 units smaller than local magnitude (ML) reported by KNMI (Dost et al., 2016).
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Two other presentations not directly related to the Groningen field given by resource experts
to provide background and contextual information. The first of these was an overview of the
different approaches that are used in PSHA practice to estimate Mmax for natural (tectonic)
seismicity. This presentation was given by Dr Bob Youngs, a member of expert panel who
adopted the role of Resource Expert for the presentation, which is entirely consistent with the
SSHAC process (it would be less likely for a member of the TI Team to assume a Proponent
Expert role, but it is common that evaluator experts serve as Resource Experts during the
workshops). The second presentation was given by Professor Gillian Foulger, who gave an
overview of largest earthquakes known or believed to have been caused by anthropogenic
activities, including those related to hydrocarbon production. This was based on an update
and extension of the database presented by Davies et al. (2013).

6.2. Proponent experts

Several individuals and teams were invited to present their models for estimating Mmax in the
Groningen field. Some of these Proponent Experts were from NAM, Shell and ExxonMobil,
who have been working on the problem for some time, and others were external experts invited
because of their work and publications in this area. All the external Proponent Experts were
provided with a common data package—assembled in response to identifying their individual
data requirements but ensuring that the same information was provided to all modellers—
regarding the gas field, production history, pressure depletion, compaction and subsidence,
and observed seismicity. The explanatory notes provided to the Proponent Experts with this
data package are reproduced in Appendix Il.

Researchers from TNO have issued a number of reports that address the question of Mmax
for the Groningen field and in adherence to the principles and requirements of the SSHAC
process, it was essential that these were also presented to the Tl Team. Regrettably, a
decision was taken within TNO not to participate actively in the workshop (although two TNO
researchers did attend as observers), for which reason Dr Steve Oates from Shell provided
an overview and summary of the TNO models. Dr Oates therefore served as a Resource
Expert in presenting models to the expert panel on behalf of Proponent Experts from TNO.

6.3. Workshop format
The workshop was conducted at the World Trade Centre in Schiphol airport over a period of
two-and-a-half days from 8™ to 10" March 2016. The meeting agenda is reproduced in

Appendix Ill. The expert panel held a closed meeting on the morning of 8" March in order to
discuss their objectives and modus operandi.
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The meeting begun with a general welcome and a round of presentations, followed by a brief
presentation given by Jan van Elk from NAM that provided an overview of the history of the
Groningen field and the response—by NAM, the Dutch government and society—to the
induced seismicity, particularly following the ML 3.6 Huizinge earthquake in August 2012. Mr
van Elk’s presentation also reminded the workshop participants that for this activity NAM had
made no confidentiality requirements. This was followed by a presentation given by Dr Julian
Bommer on the SSHAC process and the way it was being applied to the estimation of Mmax
for the Groningen hazard and risk assessment through the workshop and subsequent
deliberations of the expert panel.

The main body of the workshop was then initiated with a presentation by Dr Coppersmith on
the objectives and scope of the Tl Team, including clarification regarding the definition and
interpretation of Mmax in the context of the Groningen field. This was followed by the Resource
Expert presentations through to the middle of the second day, after which the remaining day-
and-a-half were devoted to Proponent Expert presentations, There were extensive
discussions prompted by questions from both the TI Team and other Proponent and Resource
Experts present, giving rise to lively debates. In order to provide a continuous narrative, the
second and third days of the workshop both began with brief presentations by Dr Coppersmith
giving an overview of the presentations and discussions up to that point, and the questions
and issues that had arisen for the expert panel’s consideration.

As was explained in Section 4.3, independent peer review is an indispensable element of the
SSHAC process. In a SSHAC Level 3 study, the PPRP is charged with both process and
technical review. In view of the relatively short timescale available for the Mmax assessment,
coupled with the fact that a large portion of the appropriate technical communities had already
been engaged either to serve on the expert panel or to participate as Resource and Proponent
Experts, it was decided not to additionally engage a formal review panel for workshop. In terms
of process review, the main criteria are that the expert panel act independently and impatrtially,
and that they duly consider a wide range of models in their evaluation. NAM assumed that this
role could be informally fulfilled by observers from both SodM and from the Scientific Advisory
Committee (SAC) who were invited to attend the workshop as observers. Regrettably, the
SAC declined the invitation and was not represented at the workshop. SodM initially also
declined the invitation but did request that Dr Dirk Kraaijpoel from TNO attend on behalf of the
regulator. Dr Rafael Steenbergen from TNO also attended as an observer, as did Marc
Hettema and Bastiaan Jaarsma from the Dutch state oil company EBN. Therefore, there were
independent observers present at the workshop and in the introductory presentation on the
SSHAC, Dr Bommer explained the expectation that these individuals would effectively play
the role of process peer reviewers for the conduct of the workshop, which was accepted by
the observers.

Immediately following the closure of the workshop, the expert panel spent a full day on Friday
11t March in a closed meeting to discuss the outcomes of the workshop. In effect, this meeting
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represented the final stage of the expert panel’s evaluation of the available data, methods and
models, and the start of their integration of the CBR of the TDI.

7. Concluding Remarks

NAM has appointed an independent panel of highly-qualified experts to estimate the
distribution of Mmax values to be used in induced seismic hazard and risk assessments for
the Groningen gas field. Since this is an issue with appreciable associated uncertainty, and
also one that has become controversial, NAM decided that the most appropriate course of
action was to engage such a panel and to charge them with making their assessment following
the guidelines for a SSHAC Level 3 process. This approach is widely viewed as the gold
standard for multiple-expert assessments of natural hazards. Within the timeframe of the
Groningen hazard and risk assessment, it was not possible to conform with all of the
requirements of a SSHAC Level 3 process and it is important to emphasise that no claim is
being made by NAM that this assessment was conducted as a SSHAC Level 3 project.
However, there was a clear commitment to benefit from as many features of such a process
as possible and in this regard the Mmax assessment project did conform with the following
requirements of a SSHAC Level 3 process:

e A Technical Integration (TlI) Team composed of suitably qualified and experienced
subject matter experts led by an individual with extensive first-hand experience of the
SSHAC process

e Agreement by the TI Team members, collectively and individually, to forsake any
proponent positions and to undertake the assessment as impartial evaluators

e Exposure of the TI Team to a comprehensive database related to the issue under
consideration and to a wide range of proponent models

e A formal workshop in which the TI Team members were able to question both the
Resource and the Proponent Experts and engage in open discussion of the issues in
an atmosphere of scientific challenge and defence

e Independent observers present at the workshop to observe the conduct of the
discussions and the nature of the interactions

e A final output in terms of a fully documented logic-tree intended to capture the centre,
the body, and the range of technically-defensible interpretations, for which the Tl Team
take complete responsibility in terms of intellectual ownership

The workshop was judged to be a success by all participants in terms of a series of clear
presentations covering a very wide range of directly relevant topics, followed by question and
answer sessions conducted in an open and constructive atmosphere.

This report has summarised the reasons behind the organisation of the Groningen Mmax
workshop and also documented the main features of the workshop. The independent report
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from the expert panel is attached as an Annex to this report. An important point to stress in
closing is that NAM openly committed to be bound to the proposed logic-tree presented by the
expert panel and this distribution of Mmax values will be deployed in future hazard and risk
assessments.
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List of Workshop Participants
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No. Name Affiliation Workshop Role
1 Jon Ake US Nuclear Regulatory Commission Tl Team
2 Julian Bommer Consultant to NAM Facilitator
3 Stephen Bourne Shell Proponent Expert
4 Emily Brodsky University of California Santa Cruz Proponent Expert
5 Hilmar Bungum NORSAR (retired) Tl Team
6 Kevin Coppersmith Coppersmith Consulting Inc. Tl Lead
7 Helen Crowley Consultant to NAM Observer
8 Torsten Dahm GFZ Potsdam Tl Team
9 Nora Dedontney ExxonMobil Proponent Expert
10 Carsten Dinske Free University Berlin Proponent Expert
11 Dirk Doornhof NAM Observer
12 Bernard Dost KNMI Resource Expert
13 Gillian Foulger Durham University Resource Expert
14 Leendert Geurtsen?! NAM Resource Expert
15 Chris Harris? Shell Proponent Expert
16 Marc Hettema EBN Observer
17 Matthias Holschneider Potsdam University Proponent Expert
18 Bastiaan Jaarsma EBN Observer
19 Dirk Kraaijpoel TNO Observer
20 lan Main University of Edinburgh Tl Team
21 Art McGarr USGS Tl Team
22 Steve Oates Shell Resource Expert
23 Rui Pinho Consultant to NAM Observer
24 Pablo Sanz-Reherman ExxonMobil Proponent Expert
25 Serge Shapiro Free University Berlin Proponent Expert
26 Raphael Steenbergen? TNO Observer
27 Jenny Suckale?® Stanford University Proponent Expert
28 Martin J Terrell ExxonMobil Observer
29 Peter van den Bogert Shell Proponent Expert
30 Rob van Eijs NAM Resource Expert
31 Jan van Elk NAM Observer
32 Clemens Visser NAM Resource Expert
33 Rick Wentinck NAM Proponent Expert
34 lvan Wong AECOM Tl Team
35 Bob Youngs AMEC Foster Wheeler Tl Team / Resource Expert
36 Gert Zoller Potsdam University Proponent Expert

Notes: 1 — attended only 8" March; 2 — only 9" and 10" March; 3 — only 10" March
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Appendix 2

Data Package Provided to Proponent Experts

Almost 1 GB of data related to the Groningen field was provided to all of the external
participants invited as Proponent Experts; the accompanying data sheet was prepared by Dr
Steve Oates to explain the datasets
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Summary and brief description of the content of the NAM Groningen data
package for analysis in preparation for the Mmax workshop

Overview

A data package has been prepared as input to the various data analysis workflows which will generate input
to the Groningen Mmax Workshop on 9% and 10" March 2016. The scope and content of this data package,
summarised in the table below, reflects the specific requests made by the invited experts and the need for
background information to support these requested items.

The data falls into the following main categories: general background information; seismological data;
reservoir engineering output and production data; geomechanical data. Data files should be self-explanatory
but in some cases read-me files have been bundled with the data where it was felt to be of use or necessary.
The two greyed out items in the table correspond to specific requests made but for which the data has not yet
been obtained.

The figure below shows an approximate overlay of the earthquake and monitoring station locations on a
GoogleMaps display of the region — it is important to be aware that this map has been produced for the
purpose of summarizing some of the data discussed here, it is not a topographically precise composite map.
An interactive map, showing earthquake locations and monitoring stations and supported by NAM, is
available at http://feitenencijfers.namplatform.nl/geotool/nam.html|?layer=beving.

Other notes

For spatial coordinates NAM uses the standard system for The Netherlands — RDS, the Rijksdriehoekstelsel
(see definition at https://nl.wikipedia.org/wiki/Rijksdriechoeksco%C3%B6rdinaten ). Locations of the KNMI
seismic stations have been converted from latitude and longitude to RDS by NAM Geodetics.

Note that the KNMI earthquake monitoring network is currently undergoing a major upgrade, bringing on-line
a factor of 10 more stations over the Groningen Field than previously. The event locations in the catalogue
provided have however been obtained with the earlier sparse network as described in Dost et al (2012).

Earthquake catalogue magnitude of completeness (Mc) is considered to be 1.5, since 1995. Epicentral
locations have been determined by KNMI using conventional arrival time inversion techniques. In almost all
cases, a depth of 3km (approximate average reservoir depth) has been assumed as the array was too sparse
to enable depths to be reliably determined. Recent deep borehole monitoring data supports this assumption.

Further background information concerning KNMI’s monitoring activities can be found at
http://www.knmi.nl/nederland-nu/seismologie/aardbevingen.
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Figure 1: approximate overlay of earthquake and monitoring station locations on map display from GoogleMaps. It is important to
be aware that this map has been produced for the purpose of summarizing some of the data discussed here, it is not a
topographically precise composite map. An interactive composite map supported by NAM is available on-line at
http://feitenencijfers.namplatform.nl/geotool/nam.html?layer=beving.
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Dataset name

Dataset description

General

Geological summary

Report Groningen Field Review 2012 details geology of the field
including characteristics of faults

Field outline and major cities

ASClII files give field outline and major cities in RDS coordinates

Hazard and Risk report 7®" Nov

2015

Hazard and Risk Assessment for Induced Seismicity Groningen —
Interim Update 7" November 2015. Provides useful background
including details of production scenarios

Seismology

Earthquake catalogue

Event origin times, epicentral coordinates in RDS, focal depths and
magnitudes. Some details of methods used for location and
magnitude determination are given in KNMI monitoring report.

Network configuration

Coordinates and types of seismometers (surface and boreholes).
Downloaded from KNMI website & converted to RDS

Magnitude of completeness

Mc is taken as 1.5 since 1995. See KNMI monitoring report

KNMI monitoring report

Dost et al (2012) Monitoring induced seismicity in the North of the
Netherlands: status report 2010

Stress drops

Stress drop estimates are given in Figure 4 of Bommer et al (2015)
Developing an Application-Specific Ground-Motion Model for
Induced Seismicity

Reservoir Engineering

Gas production

Gas production volume per cluster per month for production
scenarios described on pages 41-46 of the Hazard and Risk report.
Overview of production by month/year; history (1956 up to Aug
2015) and forecast (Sep 2015 up to 1/1/2025).

Reservoir pressures

3D extract of simulator pressures by grid block, at the end of each
year, for History Match (HM) and Forecast (FC). 2D extract of
simulator pressures averaged over the Z-direction gives single
averaged pressure per X,Y-location at the end of each year

Well locations

Surface locations of production wells/clusters (reasonable proxy for
subsurface location)

Geomechanics

Subsidence INSAR, GPS and levelling data
Compaction Reservoir compaction derived from subsidence data - forecasts for
33, 27 & 21bcm scenarios.
Reservoir pressure (in bar) used in deriving compaction for 33, 27 &
Pressure 21bcm scenarios. Equivalent to the pressure data described above

under Reservoir Engineering but given on the compaction grid.
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Appendix 3

Workshop Agenda

23



Workshop on Maximum Magnitude Estimates for Probabilistic
Seismic Hazard and Risk Modelling in Groningen Gas Field

8-10 March 2016
World Trade Centre, Schiphol Airport, Amsterdam, NL

Purpose and Outline

A two-day workshop, conducted following the guidelines for a SSHAC Level 3 process, in which an
expert panel will evaluate the distribution of Mmax values for the Groningen field to best represent the
current state of knowledge and uncertainty. During the two-day workshop, in presence of invited
observers, the panel will listen to presentations on geological, geophysical, seismological and
production data for the Groningen field, as well as proponent model for the estimation of Mmax and
specific values of this parameter for Groningen. The panel will address questions to all presenters to
obtain greater insights into the information and models put forward.

Following the two-day workshop, the panel will conduct a closed meeting to discuss their impressions
and evaluations, and then to formulate their proposal for an Mmax distribution (to be documented after
the workshop).

Panel Members and Invited Participants and Observers

The workshop will be hosted by the NAM hazard and risk team led by Jan van Elk and consisting of
Dirk Doornhof, Julian Bommer, Stephen Bourne, Helen Crowley, Steve Oates and Rui Pinho.

The expert evaluation panel consists of the following members:

Dr Kevin Coppersmith (chair)
Dr Jon Ake

Dr Hilmar Bungum

Professor Torsten Dahm

Dr Art McGarr

Professor lan Main

Dr Ilvan Wong

Dr Bob Youngs

Dr Coppersmith will facilitate the workshop following a brief introduction by the NAM hazard and risk
team. Representatives of SSM (SodM) and the SAC have been invited to attend as observers. Other
individuals are invited in their capacity as resource or proponent experts, as indicated in the draft
agenda below. The purpose of the presentations is to provide the panel with a full overview of the
available data and models, and to be able to interrogate the presenters regarding the assumptions,
limitations and caveats related to the information put forward. Each presentation will therefore be
followed by a Q&A period; the times indicated in the agenda for each topic include both the presentation
and its discussion by the panel. Members of NAM hazard and risk team, as well as members of the
SodM and SAC delegations, may also make presentations, as either resource or proponent experts,
suspending their observer status for the period of their presentation and its discussion by the panel.
Before closing the sessions each day, the floor will be opened to provide an opportunity for observers
to ask questions and make comments on the proceedings and the discussions.

Agenda: Day 1 (Tuesday 8" March 2016)
10:00-11:30 am: Closed meeting of Expert Panel, Room G3.02
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Start End Topic Speaker

11:45 | 13:00 | Lunch and coffee

13:00 | 13:30 | Welcome. Overview of Groningen hazard & risk project | Jan van EIk

13:00 | 14:00 | The SSHAC process and application to this project Julian Bommer

14:00 | 14:30 | Objectives of the workshop: definition of Mmax Kevin Coppersmith

14:30 | 15:15 | Geology of the Groningen field Clemens Visser

15:15 | 15:30 | Coffee

15:30 | 16:00 | History and future perspective of gas production Leendert Geurtsen

16:00 | 16:45 | History of geomechanics for the Groningen field Rob van Eijs

16:45 | 17:30 | History of earthquakes in the Groningen field Bernard Dost

17:30 | 18:00 | Comments from observers SAC /SodM

18:00 | 18:30 | Closing comments from expert panel Kevin Coppersmith
Agenda: Day 2 (Wednesday 9" March 2016)

Start | End Topic Speaker

08:30 | 09:00 | Coffee

09:00 | 09:30 | Re-cap of Day 1 Kevin Coppersmith

09:30 10:30 | Overview of Mmax estimation for natural earthquakes | Bob Youngs

10:30 | 10:45 | Coffee

10:45 11:15 | History of KNMI Mmax estimates for Groningen Bernard Dost

11:15 | 12:15 | Overview of triggering large EQs Emily Brodsky

12:15 13:15 | Lunch

13:15 | 14:15 | Overview of largest induced/triggered events Gillian Foulger

14:15 | 15:15 | Mmax distribution for Groningen Dinske, Shapiro

15:15 15:30 | Coffee

15:30 | 17:30 | Mmax distribution for Groningen Nora Dedontney/

Pablo Sainz

17:30 | 18:00 | Comments from observers SAC /SodM

18:00 | 18:30 | Closing comments from expert panel Kevin Coppersmith
Agenda: Day 3 (Thursday 10" March 2016)

Start | End Topic Speaker

08:30 | 09:00 | Coffee

09:00 | 10:00 | Re-cap of Days 1 and 2 Kevin Coppersmith

10:00 11:00 | Mmax distribution for Groningen Stephen Bourne

11:00 11:15 | Coffee

11:15 | 12:15 | Mmax distribution for Groningen Gert Zoller / M. Holschneider

12:15 13:15 | Lunch

13:15 | 14:15 | TNO Mmax models for Groningen Steve Oates*

14:15 | 15:15 | Mmax distribution for Groningen Jenny Suckale

15:15 15:30 | Coffee

15:30 | 16:30 | Mmax distribution for Groningen Rick Wentinck / Peter van den B.

16:30 | 17:30 | General discussion All participants

17:30 | 18:00 | Comments from observers SAC /SodM

18:00 | 18:30 | Closing comments from expert panel Kevin Coppersmith

* The TNO reports will be summarised by Dr Steve Oates because authors of TNO report declined to present

Closed meeting of Expert Panel (all day) at Sheraton Hotel (Mercury boardroom),

Agenda: Friday 11" March: All Day

Schiphol Airport
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Report from the Expert Panel on Maximum Magnitude Estimates for
Probabilistic Seismic Hazard and Risk Modelling in Groningen Gas Field

25 April 2016

Framework for the Assessment

The Groningen Mmax Panel is charged with developing a distribution of the
maximum magnitude (Mmax) for the Groningen natural gas field that is appropriate
for use in a probabilistic seismic hazard analysis (PSHA) and subsequent
probabilistic risk analyses (PRA). The definition of Mmax is in the context of its
common use in seismic source characterization for PSHA (probabilistic seismic
hazard analysis). For example, as defined in USNRC (2012a, Chapter 11): Mmax is
“the largest earthquake that a seismic source is assessed to be capable of
generating. The maximum magnitude is the upper bound to recurrence curves.”
Mmayx, as it is defined for PSHA and used here, is a time-independent upper bound.
In general, it cannot be defined from an earthquake catalogue alone or statistical
analyses of the catalogue. This is a well-known observation and has been
documented for decades. In some cases where a large number of earthquakes have
been recorded, it has been suggested that point estimates of Mmax can be made
from the catalogue data (e.g. Kijko, 2004). However, assessment of the uncertainty
distribution for Mmax from the catalogue data remains problematic without imposing
some additional constraints (USNRC, 2012a). As a result, the assessment of Mmax
requires expert judgment and the application of physical principles beyond just the
earthquake catalogue. The assessment of Mmax is a common assessment and is a
required part of all PSHAs. Such assessments are done routinely for purposes of
engineering hazard analyses, risk analyses, and safety assessments. For example,
regulatory agencies worldwide for nuclear facilities and other critical facilities require
PSHAs and deterministic seismic hazard analyses, and they all require Mmax
assessments.

This assessment of Mmax for the Groningen field is intended to capture the center,
body, and range of technically defensible interpretations (see Section 3.1 of USNRC
2012b for explanation of this concept). This means that the Panel has focused on
developing an Mmax distribution that includes epistemic uncertainties and is based
on a consideration of factors relating to the Groningen field, earthquake physics,
analogues, and experience in developing Mmax for PSHAS in other studies. We view
our charge as not requiring statistical proof that our Mmax distribution is correct;
rather, we are providing a technically-defensible distribution whose shape and limits
reflect the Panel’s knowledge and our assessment of the uncertainties after due
consideration of the pertinent information. Following the SSHAC process of
providing assessments that are based on expert-judgments, the Panel has
considered the Groningen field-specific data, analogies to other induced seismicity
cases, analogies to cases of triggered seismicity, models of physics of earthquake
generation processes, and experience in the Mmax estimation process.
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The Panel assumes that this analysis is related to earthquakes that are either
induced by withdrawal activities associated with the Groningen field or triggered by
such activities. In turn, the hazard associated with earthquakes induced or triggered
by the field production is assumed to occur in addition to a “background” hazard from
tectonic earthquakes defined by regional hazard mapping or assessments.
Therefore, the Mmax distribution relates to events purely induced by the field and
possible triggered seismicity that is related to the activities in the field™.

The assessment made for this study is the Mmax that can be used for PSHA and
risk assessment at the Groningen field. The assessment is specific to the Groningen
source of seismicity and is not applicable to any other location or seismic source.
This is because the characteristics of earthquake sources for PSHA are always
based on as much source-specific information as possible. Further, it is apparent to
the Panel that the characteristics of sources of induced seismicity differ significantly
from place to place, such that drawing analogies among induced seismicity case
histories must be done with care. Further, the incorporation of site-specific
information—particularly when it is available in abundance as it is at Groningen—
means that conclusions drawn for the Groningen field do not necessarily apply to
any other gas field, even those within the Netherlands.

As is the case for most assessments of Mmax, the epistemic uncertainties include
both conceptual model as well as parametric uncertainties. Logic trees are
particularly well-suited to incorporating both conceptual model and parametric
uncertainties and have been used in the Groningen Mmax assessment. In particular
the assessment includes uncertainties in alternative approaches to assessing Mmax
at Groningen and uncertainties in whether or not ruptures will nucleate or propagate
significantly outside of the reservoir. The structure of the logic tree allows for the
assessment of Mmax to be a function of the alternative models in the tree. These
“conditional” Mmax assessments are more readily made by the Expert Panel, and
they are then combined according to the relative weights provided by the Panel for
the alternative conceptual models.

Process followed by the Mmax Panel

Because the assessments of Mmax for Groningen are difficult, require expert
judgement, and are associated with large uncertainties, they are suited to using the
SSHAC process (see process implementation in USNRC, 2012b). This Mmax
assessment process is not a full SSHAC Level 3 process. Such a process requires
that all pertinent data, models, and methods be assembled and distributed to the
Technical Integration (T1) Team (in this case the “Panel”), and that a minimum of
three workshops be conducted. The first two are devoted to the discussion of the
data, models, and methods, and the third to feedback associated with the

! The Panel adopts the terminology given in McGarr et al. (2002): “As used here, the adjective
"induced" describes seismicity resulting from an activity that causes a stress change that is
comparable in magnitude to the ambient shear stress acting on a fault to cause slip, whereas
"triggered" is used if the stress change is only a small fraction of the ambient level (e.g., Bossu, 1996;
McGarr and Simpson, 1997).”
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assessments of models developed by the Tl Team. In essence, the Mmax workshop
was conducted in the spirit of the typical SSHAC Level 3 Workshop #2, which is
devoted to presentations by Proponent Experts who advocate their particular models
and methods. The workshop provides an opportunity for the TI Team to understand
alternative models and methods, their technical bases, and their uncertainties. The
discussions that occur at the workshop put the TI Team in a strong position to
subsequently make their assessments and build their models.

This is the case for the Groningen Mmax assessment. The “database” provided to
the Panel included a suite of papers on the topic and presentations made during the
workshop. As in all SSHAC processes, the assessments made by the Panel do not
come merely from the data provided, they require the exercise of judgment by the
evaluator experts. The Panel is required not only to define the central or favoured
parts of the distribution of Mmax, but also to define the body or shape of the
distribution as well as the range. The SSHAC process assists in developing this
product, which was the focus and aim of the Mmax Panel.

Information Considered by the Panel

Although a sampling of publications and reports were provided to the panel before
the workshop related to induced seismicity at the Groningen field and elsewhere, the
fundamental information considered by the Panel was provided in the presentations
made by the Resource and Proponent Experts at the workshop. PowerPoint
presentations were provided to the Panel each day after their oral presentation by
the presenters, including materials assembled at the request of the Panel. For
example, the Panel requested that the presenters summarize any evidence for the
location and extent of faults beneath the reservoir, and Quaternary faults within or
near the reservoir. The presenters assembled applicable data related to these topics
and provided a summary to the Panel the following day. The Panel is particularly
appreciative of the extra effort and responsiveness by all presenters to focus their
presentations on the topics of interest and for assembling additional pertinent
information on short notice. In addition to the materials provided to the panel, the
panel relied on their own experience and a wealth of comparable studies related to
induced seismicity and to assessments of Mmax.

Assessments Leading to Mmax

This section of the report provides a summary of the elements of the Mmax
assessment, including the values and weights given in the logic tree. Also given is a
brief summary of the technical justification for the assessments made. In many
cases, this summary draws upon the information provided to the Panel by making
reference to particular presentations from the workshop. Although the Panel has
drawn heavily on the work presented during the workshop, it should be emphasized
that the assessed Mmax distribution is owned intellectually solely by the Panel. They
are the only group who was responsible for its construction and they are the group
that will defend it.
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The assessment of Mmax for the Groningen field is summarized in the logic tree
shown in Figure 1. The first node of the logic tree captures the uncertainty in
approaches to assessing Mmax at Groningen. The first approach is to consider the
field-specific information related to observed seismicity and physical properties to
assess Mmax. The second approach is to consider analogues to other locations of
known or suspected induced seismicity to help constrain the Mmax at Groningen.
Unlike most other gas extraction fields, the amount and quality of data of potential
use in assessing Mmax at Groningen is exemplary. In particular, the seismicity
record has been carefully compiled and a host of geomechanical models have been
developed and exercised with the specific purpose of evaluating issues related to the
seismic potential of the field. This suggests that the field-specific approach is one
that is well-supported. Additionally, the Panel also looked closely into the use of
analogues to assist in the assessment of the largest earthquakes that might be
possible at Groningen. The current state of compilations of case histories of induced
seismicity is uneven in terms of their quality and reliability. In particular, instances of
induced seismicity for gas extraction fields do not always provide a justification for
their categorization of earthquakes as being induced or a full reporting of whether or
not injection activities were conducted during field operations

Propagate Significantly Out of Reservair
Appraach Or Trigger Local Faults 4.0
N [0.1]
@ |.'- 4.5
[0.75} [0.6]
Field Specific / 5
‘ [0.3]
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\ /T [0.4]
Yes ‘_,- 6
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Figure 1. Logic tree showing the major elements of the assessment of Mmax for the Groningen
field. Alternative branches are identified at each node and weights are assigned to each
branch. The end point for each branch is the estimated maximum magnitude to the nearest
half unit and its probability (in brackets).

Given the scope and timeframe of this study, the Panel concluded that it was not
possible or appropriate to review in detail each case history of gas extraction given in
the dataset provided by Gillian Foulger (updated database of Davies et al. [2013],
including now 389 examples, 190 papers), so we have considered all of the cases
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identified as related to gas extraction to be appropriate analogues for consideration.
We have also considered the cases noted in the database of oil extraction, but only if
no injection activities were reported as having been conducted at any time during the
life of the operation. The Panel also considered the possibility of developing a formal
Bayesian consideration of the analogues for use in this assessment. It was
concluded that the number of case studies for gas extraction was not of sufficient
quality without further analysis and not of sufficient number to provide a confident
basis in the timeframe of this study for establishing a Bayesian estimate of Mmax for
Groningen.

Based on a consideration of the field-specific data, which are high-quality but limited
for the purpose of providing an estimate of a rare event such as Mmax, and the
analogue database, it was concluded by the Panel that the field-specific approach is
preferred by a three-to-one margin. Therefore, the weight assigned to the field-
specific approach is 0.75 and the weight of 0.25 is assigned to the analogue
approach (Figure 1).

The next node of the logic tree is a conditional assessment assuming that the field-
specific approach is exercised. A key uncertainty identified by the Panel as important
to the assessment is whether or not it is assumed that the induced stresses in the
reservoir are capable of generating fault ruptures that propagate significantly out of
the reservoir or that might trigger rupture on nearby faults outside of the reservoir.
“Significant” propagation out of the reservoir, which might occur downward beneath
the reservoir or laterally, is defined by the Panel as having dimensions of more than
one reservoir thickness, or more than about 0.5 km. Based on the presentations and
discussions at the workshops, it is clear that the uncertainty of whether or not such
propagation or triggering can occur is not resolved based on the available data and
geomechanical modelling. A key observation though is that the vast majority of well-
located seismicity appears to be confined to the reservoir (see, for example,
DeDontney presentation Day 2). After due consideration of the information, the
Panel assigns a higher weight by a ratio of three to one (weights of 0.75 and 0.25) to
the logic tree branch signifying no significant rupture out of the reservoir will occur.
Nearly all of the modelling results presented for the field concluded that the induced
compaction stresses were not sufficient for significant rupture propagation out of the
field. A significant uncertainty in these models is the state of tectonic stresses and
how tectonic stresses might assist in the propagation of ruptures or allow for the
relatively small induced stresses to trigger tectonic stress release along faults in the
vicinity of the reservoir, such as the faults that are mapped beneath the reservoir as
being present to depths of at least 6 km.

As shown in the logic tree, the assessed Mmax is dependent on the conceptual
model shown along the particular branch. Thus, the Mmax distributions shown are
“conditional” distributions that are based on the assumption that the weight on the
particular branch is 1.0. The conditional Mmax distribution assuming that no
significant propagation out of the reservoir occurs is the following: moment
magnitude (M) 4 (0.1), 4.5 (0.6), 5 (0.3), where conditional probabilities are given in
brackets in Figure 1. The largest observed magnitude within the field to date is
approximately M 3.4, but this is assessed to not provide a meaningful constraint on
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Mmax, other than to provide a lower bound. Very few of the field-specific analyses
presented at the workshop provided expected maximum magnitude estimates as low
as M 4, but Suckale’s numerical simulations resulted in magnitudes of M 3.8 to 4.6,
depending on various assumptions, and Shapiro reported an M 4.2 from a bounded
frequency-magnitude distribution. The Panel assigns a low weight of 0.1 to the
Mmax value of M 4 (Figure 1). The Mmax value of M 4.5 is consistent with several of
the field-specific assessments discussed by researchers at the workshop. For
example, DeDontney (Exxon) concluded that ruptures lying entirely within the
reservoir could result in a magnitude as high as M 4.5. TNO researchers reported an
M 4.7, based on a maximum length of 12 km for those faults that have cumulative
displacements of 200m or more. A similar magnitude was reported by Van d. Bogen
based on dynamic rupture models using the faults with the largest offsets. Zoller
reported a range of M 3.6 — 4.7 when the 90% confidence level is used to constrain
the uncertainties in b-value. Dost estimated a maximum magnitude of M 5 based on
a rupture having length of 20km and width of 1 km, which assumes a small amount
of rupture outside of the reservoir. The Panel’s evaluation considered the field-
specific results (particularly the fault lengths and reservoir thickness) and was
informed by consideration of empirical relationships (Wells and Coppersmith, 1994;
Leonard, 2014; Somerville, 2014; etc.) to arrive at the magnitude values cited in the
logic tree. The Panel also notes that length-to-width aspect ratios of 20:1 to 50:1 for
dip-slip fault implied by the rupture scenarios presented at the workshop are
considered to be very unusual, based on consideration of observed earthquake
ruptures. After due consideration of the field-specific results and assuming no
significant rupture propagation out of the reservoir, the Panel assigns a weight of 0.6
to M 4.5 and a weight of 0.3 to M 5 (Figure 1).

Following the logic branch specifying that ruptures propagate out of the reservoir, the
conditional probability distribution for Mmax is the following: M 5.5 (0.4), 6 (0.3), 6.5
(0.2), 7 (0.1) (Figure 1). Field-specific analyses presented at the workshop provided
the Panel with insights into the magnitudes that would be associated with various
scenarios. For example, Dost indicated that a magnitude of about M 5.8 results from
a fault having dimensions of length 60 km and width of 3 km, which would require
significant rupture propagation outside of the reservoir. DeDontney (Exxon-Mobil)
reported that magnitudes in the range of M 5.5 to 6.5 could result from rupture
downdip into the Carboniferous rocks and assuming realistic rupture geometries.
Bourne reported that a M 6.5 would result from applying a cumulative strain model to
the reservoir assuming all strain is released in a single event and that the strain
partitioning factor is assumed to be 1.0, meaning that all strain energy is released
seismically. This is considered to be a highly unlikely bounding assumption. Brodsky
reported that earthquakes in the range of M 6.5 to 7 have occurred due to triggering
faults from induced seismicity. In a model where the induced seismicity at the field is
assumed to be capable of triggering tectonic faults, it is noted that the maximum
magnitude for the seismic source zone that contains all of the Netherlands in the
SHARE (Woessner et al. 2013) hazard model is M 6.5 to 7.1.

Following the logic tree branch for the analogue approach, the assessment was
informed by a consideration of the case histories for induced seismicity due to gas
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extraction and from oil extraction (with no injection). No other analogues were
considered to be appropriate, such as those due to dam impoundment, fluid
injection, or mining. Therefore, the single branch of the logic tree that represents gas
and oil extraction (without injection) is assigned a weight of 1.0. The dataset
provided by Foulger during the workshop, which has very recently been updated
from the dataset given in Davies et al. (2013), was used without additional
refinement or review due to the time constraints of the project. The earthquake
occurrences identified as being related to “Gas Extraction” were considered to be
analogous to Groningen, as were three earthquake case histories identified as
related to “Oil Extraction” without reported injection. This is based on the discussion
during the workshop indicating that injection has not occurred within the Groningen
field and that there are no plans for injection during the remaining lifetime of the field.
The Panel also considered the presentation by Brodsky drawing analogy to the Gazli
earthquakes, which reached M 7 and have been interpreted to be associated with
gas extraction. The maximum observed magnitudes for the selected data set are
shown in Figure 2. The conditional Mmax distribution assessed using the analogue
approach is the following: M 4 (0.12), 4.5 (0.25), 5 (0.3), 5.5 (0.15), 6 (0.09), 6.5
(0.06), 7 (0.03).
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Figure 2. Histograms showing the Mmax maximum observed earthquakes within the analogue
database (orange) and the assessed Mmax distribution conditional on using the analogue
approach to Mmax estimation.

The approach used to develop the Mmax distribution for the analogue branch is very
similar to the approach used to develop Mmax distributions for the U.S. National
Seismic Hazard Maps (Wheeler, 2009), which is based on a direct expert
assessment and unlike a more formalized Bayesian approach conducted for regional
seismic hazard studies (Johnston et al., 1994; USNRC 2012a). The direct
assessment is made by considering the maximum observed magnitudes associated
with the case histories (Figure 2) and considering subjectively the range of
magnitudes that should define the Mmax for Groningen in light of the observations.
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The lower magnitudes are either eliminated or given low weight as being
representative of the Mmax for Groningen, the magnitudes in the range of M 4.5 to
5.5 are judged to be the central part of the Mmax distribution and the upper tail
extends to M 7 reflect the very low probability that such magnitudes could occur in
association with the Groningen field as they have been interpreted at the Gazli field.

Unconditional Mmax Distribution

The unconditional Mmax distribution for the Groningen field is assessed by
multiplying the weights associated with the branches leading to the conditional Mmax
distributions (Figure 1). The distribution is shown in Figure 3 and is listed in Table 1.
As can be seen, it extends from M 4 to 7. The weighted mean of the distribution is
about M 5. For reference, the Mmax distribution is plotted with the observed
maximum magnitudes for the analogue dataset.
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Figure 3. PMF of the assessed discrete Mmax distribution.

Table 1 Assessed discrete Mmax distribution shown in Figure 3.

Moment Magnitude Weight
4 0.08625
4.5 0.4
5 0.24375
5.5 0.1125
6 0.07875
6.5 0.0525
7 0.02625

The assessed Mmax distribution is represented discretely by the probability mass
function (PMF) shown above with values centred in 0.5 magnitude unit bins. In
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addition, a continuous cumulative distribution function (CDF) is provided in Table 2.
The CDF is constructed by assigning the probability mass in each discrete
magnitude bin uniformly over the 0.5 magnitude unit bin width centred on the
magnitudes shown in Figure 3 and listed in Table 1. The resulting CDF is shown in
Figure 4.

Table 2. CDF of Mmax distribution shown in Figure .

Moment Magnitude Cumulative
Probability
3.75 0.0
4.25 0.08625
4.75 0.48625
5.25 0.73
5.75 0.8425
6.25 0.92125
6.75 0.97375
7.25 1.0
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Figure 4. Assessed Mmax CDF.
Comments on the Use of the Mmax Distribution for Groningen

As it was presented and discussed during the workshop, induced seismicity and
observed maximum magnitudes in Groningen are time-dependent and controlled by
the production and compaction history. However, the Groningen Mmax distribution
given above is judged by the Panel to be appropriate for use in a PSHA that
considers the next ten years or the entire lifetime of the conventional gas recovery in
the field which is estimated to extend to about 2060. In other words, the distribution
is not judged to have a significant time dependency. The reasons for this are twofold.
First, the only potentially time-dependent constraints on Mmax are those related to
the compaction process associated with the gas extraction process. As discussed in
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the work by Bourne and his colleagues, compaction volume would be expected to
increase with time and releases more gravitational energy. However, as reported to
the Panel, the field is about % produced and an additional ¥4 volume would be
expected to increase the moment magnitude by a relatively small fraction. Second,
most of the constraints on Mmax are associated with the maximum dimensions of
fault ruptures, either those that would be essentially confined to the reservoir or
those that could propagate significantly out of the reservoir, including the triggering
of tectonic faults. Those physical constraints on rupture dimensions are time-
independent in the sense that the distribution of Mmax is considered to be stationary
for tectonic faults in a PSHA. For these reasons, the Panel concludes that the Mmax
distribution for the Groningen field provided in this document is essentially the same
for hazard assessment conducted currently, ten years from now, or at the conclusion
of production activities in 2060. However, as is true for all gas field case histories,
the distribution is subject to updating in the future if significant new findings occur,
such as the occurrence of larger earthquakes at the field, or a change in production
or operation mode.

It is suggested that the use of this Mmax distribution in the PSHA be carefully done,
given the plans to attach it to the recurrence distributions presented by Bourne. In
particular, it is suggested that the development of the earthquake recurrence
distributions takes into account that a value of Mmax exists (i.e. the size of the
largest event is not unbounded), and that the uncertainty distribution for Mmax is
defined by the distribution developed in this document. For purposes of the ground
motion model for the PSHA, the Panel notes that the magnitudes at M 5 and smaller
should be assumed to nucleate at the reservoir depth; magnitudes larger than M 5
can nucleate at any depth within the seismogenic crust. This reflects the assessment
that a triggered earthquake can also nucleate outside, e.g below, the reservoir layer.
The stress perturbation from depletion also affects the region outside the depleted
layer.

Recommendations for Reducing Uncertainties

With permission from the project, we offer our suggestions for activities that we
conclude would reduce uncertainties in Mmax for the Groningen field. The activities
identified are either part of the existing studies being conducted for the field, or utilize
the information that is being developed from those studies.

1. Review and analyse the analogue case histories of induced seismicity associated
with gas extraction, especially the earthquakes that are given in the database
presented by Gillian Foulger. The case history of the Gazli earthquake region and
gas extraction should be given high priority, given the large magnitude
earthquakes that have been observed. The case histories should be examined
using all available information in the literature and production information that can
be identified. Potentially important information includes the history of seismicity
prior to, during, and following field operations; the production history and
associated characteristics could be helpful. Any information related to injection at
the site should be identified.
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2. Itis apparent that a high quality seismic network has recently been installed in
the Groningen field and that this network will provide valuable information
including high-resolution hypocentral locations, focal mechanisms, moment
tensors, stress drops, and ground motion parameters. Incorporation of detailed
crustal velocity structure into the analysis of seismicity should be encouraged, as
well as inversions based on combined use of data from surface and borehole
instruments. Attention should be given to obtaining accurate estimates of
moment magnitudes for all events.

3. Conduct in situ stress measurements to characterize the magnitudes and
orientations of the principal stresses in the region of the reservoir with particular
emphasis in the Carboniferous. Such measurements can provide input
information to rock-mechanical (2D or 3D) modelling studies (at different scales)
regarding the propagation of ruptures into the rocks beneath the reservoir and/or
triggering of events that nucleate outside the producing horizon.

4. Compile and analyse all regional geodetic data that can serve to better define the
large-scale crustal deformation as well as to provide longer baselines for more
local measurements. Regional deformation rates can help to provide regional
constraints on seismic moment rates and place limits on the moment balance that
is possible across the reservaoir.

5. If not already done, encourage studies aimed at confirming (or not) the
dominance of normal faulting within the reservoir, as well as larger-scale studies
aimed at resolving the stress field in the Carboniferous, and in deeper strata.

6. Continue analyses that address the issue of propagation of ruptures out of the
field, including dynamic modelling and geomechanical analyses. Incorporate
information developed on stress state and magnitudes from in situ
measurements.
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Respectfully submitted,

Members of the Expert Panel on Maximum Magnitude Estimates for Probabilistic
Seismic Hazard and Risk Modelling in Groningen Gas Field

AT = U P A

Kevin Coppersmith, Chair Jon Ake
Hilmar Bungum Torsten Dahm
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Groningen Induced Seismic Hazard and Risk Assessment Project

Workshop on Maximum Magnitudes for the Groningen Field

Time: 8t to 10t March 2016
Location: World Trade Centre, Schiphol Airport, Amsterdam
Agenda: Day 1 (Tuesday 8™ March 2016)
10:00-11:30 am: Closed meeting of Expert Panel, Room G3.02

Start End Topic Speaker
11:45 13:00 | Lunch and coffee
13:00 13:30 | Welcome. Overview of Groningen hazard & risk project | Jan van Elk
13:00 14:00 | The SSHAC process and application to this project Julian Bommer
14:00 14:30 | Objectives of the workshop: definition of Mmax Kevin Coppersmith
14:30 15:15 | Geology of the Groningen field Clemens Visser
15:15 15:30 | Coffee
15:30 16:00 | History and future perspective of gas production Leendert Geurtsen
16:00 16:45 | History of geomechanics for the Groningen field Rob van Eijs
16:45 17:30 | History of earthquakes in the Groningen field Bernard Dost
17:30 18:00 | Comments from observers SAC /SodM
18:00 18:30 | Closing comments from expert panel Kevin Coppersmith
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Introduction
Workshop on Maximum Magnitude

Earthquakes in Groningen

BRON VAN ONZE ENERGIE

Workshopon M, Groningen

Gronlngen Gas Field

|Locaucn map of Groningen production c\usms[
e 4 2 . !

The Groningen gas field is the 7™ largest gasfield in the
world, based on initial reserves. Some 70% of the gas has
already been produced, but based on current reserves it is
still 13t in the world ranking,

= The field was discovered in 1959 and taken into production
in 1963,

= The field is located in rural the north-eastern part of the

country (Groningen province), close to the city of
Groningen,

= The gas contains 14% nitrogen and has a lower calorific
content than gas from other fields,

= The field is operated by NAM (a joint venture of Shell and
Exxonmobil),

= Some 93% of the gross revenue of gas sales is paid in
taxes to the Dutch state. If the tax income had been put into
a bank account, it would now contain some 1 trillion Euro.
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Societal Events

Several Debates in
House of Commons

Reimbursement
Declining House Prices

FORUM and other
infra-structure project
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NA

#9 Koninklijk Nederlands
Meteorologisch Instituut
Ministerie van Infrastructuur en Milieu

3} Commissie Meijdam

Stuurgroep NEN-NPR

Staatstoezicht op de Mijnen
Ministerie van Economische Zaken [g

Action Plan Nationaal Coérdinator Groningen

Requirement for Production license

Responsibility for Safe Operation
- Earthquake Studies & Data Acquisition

March 2016

%

Study and Data Acquisition Plan

m Scientific research into the risks and measures.

m Commenced in 2012. Current program runs until 2016 (new
Winningsplan).

m Scope is some 100 million euros over three year period.
m Cooperation with some 25 universities and research institutions.

) f :z;: - = Supervision by an independent scientific committee.
1o . ‘B

I
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Study and Data Acquisition Plan

SCOPE OF THE RESEARCH

\ 884
LAY
GAS PRODUCTION COMPACTION SEISMOLOGIC GROUND EXPOSURE BUILDING RISK/SAFETY
MODEL 3 MOTION 5 ) sweneH G
PREDICTION
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B 5 Subsidence: 11 Soil measurements:
Satelli Various measurements
tellite of soil properties

8 Structural survey:
inspections

1 Volume & gas pressure 4 Ground movement:
Metres in gas field 60 extra accelerometers n ﬂ

6 Subsidence:

3 Earthquakes:
10 GPS stations Analysis of frends

70 extra geophones

7 Building tremors: 10 Gravity:

2 Earthquakes:
2 deep geophones

200 building sensors 92 locations
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Study and Data Acquisition Plan

COOPERATION AND ASSURANCE
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Assurance and Supervision of Studies:

1. Voluntary: by independent international experts and publication in scientific journals

2. Government: Scientific Advisory Committee, SodM, KNMI en Tcbb
3. Public Review: Sharing reports on
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Confidentiality

= No Confidentiality Arrangement in Place for the
M,ax Workshop.

= Panel will prepare report with their conclusions.

March 2016
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Workshop on Maximum Magnitudes for the Groningen Field

The SSHAC Process and its
Application to the Estimation
of Maximum Magnitude in the

Groningen Gas Field

Julian J Bommer

Overview of Presentation

Epistemic uncertainty in seismic hazard analysis
Expert judgements and logic-trees

The origin of the SSHAC guidelines

Elements of the SSHAC process

Mmax in Groningen: An epistemic uncertainty
Applying the SSHAC process to the Mmax issue



+ Epistemic uncertainty in seismic hazard analysis

Seismic Hazard Curve

Annual Frequency of Exceedance
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Best model for
locations of future

Log of No. of Esrthquakes >M

. Best model for
: rates of future
> earthquakes?

earthquakes? S—
T s Largest EQ?
Best model for ;
predicting ground Accurate hazard
motion levels § estimation of
- fundamental

from future
earthquakes?

importance

Step 4
PROBABILITY OF
EXCEEDANCE

Models generally not uniquely defined because:

e Scenarios considered in PSHA calculations include
events not represented in the data

* The data are usually of such quality and completeness
that there will be multiple interpretations (all defensible)

Epistemic Uncertainty

EPISTEMIC uncertainty
reflects our lack of knowledge
regarding earthquake source
processes and seismic wave
propagation in general and in
the region under study

R M g v 1N

]

(From epistémé Greek for
“knowledge”) P ——
Celsus Library, Ephesus




Divergent views on appropriate
source zonation models among
seismologists and hazard analysts

are not uncommon

Six source zonation models for
the Sannio-Matese region of
Italy proposed by six eminent

groups of experts

Median spectra
for strike-slip
earthquakes

recorded on rock
sites at 10 km,

from NGA models
for California

Abrahamson et al. (2008)
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Epistemic Uncertainty Larger in Low Seismicity Regions
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Overview of Presentation

« Epistemic uncertainty in seismic hazard analysis
+ Expert judgements and logic-trees

« The origin of the SSHAC guidelines

* Elements of the SSHAC process

« Mmax in Groningen: An epistemic uncertainty

* Applying the SSHAC process to the Mmax issue
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Epistemic Uncertainty and Logic-Trees

The existence of epistemic uncertainty means that for
nearly every model and parameter value thereis a
range of alternatives that warrant consideration

A LOGIC-TREE allows all of the alternative options to
be considered and assigned a weight that reflect the
relative confidence of the analyst in each model or
parameter value being the most appropriate

Whereas aleatory variability influences the shape of
the seismic hazard curve, epistemic uncertainty leads
to multiple hazard curves

Style
Fault

°
(0.8)

Y

Ground
H Motion 1
Logic-Tree Eoweton gy Multiple Hazard Curves
Maximum Firob.
Magnitude yomi 0.168 1000
oE 0.168 — 5, 95 fractile
Magnitude 05 = Median

Distribution M 0072

—— 15, 85 fractile

10000 -

0.072

0.048

of
ing

0.048
100000

Return Period (years)

0.112

One hazard curve for
every path through

0.112
00144 1000000 F
0.0096
0.0096 Total range of
ooos4 10000000 F uncertainty

0.048 -
0.032
100000000 : :

0.048
Logic Tree Node 0 5 10 Mea n 15
Weight Assigned to Branch 0.4) 0.032 ACCG|eratIOn haza rd
McGuire (2004) Total = 1.0000 Abrahamson & Bommer (2005)



Identification, quantification and incorporation of epistemic
uncertainties is fundamental to regulatory assurance

Annual Frequency of Exceedance
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in PSHA studies
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* The origin of the SSHAC guidelines

Why was SSHAC formed?

In the 1980s, two major
PSHA studies were
conducted (by LLNL and
EPRI) for nuclear power
plant sites in Central and
Eastern USA

Because of the high degree
of uncertainty regarding
seismicity and ground
motions in CEUS both
projects employed multiple
experts (to obtain multiple
expert judgements)
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Source models from C157A
multiple-expert N
PSHA study by for e
NPPs in Central and g
Eastern USA

EXPERT 12 EXPERT 13

Bernreuter et al. (1989)

Large systematic differences between the mean
hazard estimates from the two projects
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This prompted US Department of Energy, EPRI and the
US Nuclear Regulatory Commission to form the Senior
Seismic Hazard Analysis Committee (SSHAC)



The SSHAC Report was issued
in 1997, after an extensive
review of the EPRI and LLNL
seismic hazard studies

Prepared by
Senior Seismic Hazard Analysis Committee (SSHAC)
R. 1. Budnitz (Chairman), G. Apostolakis, D. M. Boore, L.

NUREG/CR-6372
UCRL-ID-122160
Vol. 1

Recommendations for
Probabilistic Seismic Hazard
Analysis: Guidance on
Uncertainty and Use of Experts

Main Report

S. Cluff, K. J. Coppersmith, C. A. Cornell, B A. Morris

Lawrence Livermore National Laboratory

“In the course of our review, we concluded that many
of the major potential pitfalls in executing a successful
PSHA are procedural rather than technical in character.

..... This conclusion, in turn, explains our heavy
emphasis on procedural guidance.”

* Elements of the SSHAC process

23/04/2016
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Fundamental Features of the SSHAC Process

« Comprehensive databases available to all participants
* Clearly defined roles and responsibilities

* Ownership of hazard model by evaluator/integrator

» Structured interactions among participants

* Clear sequence of tasks and events

* Peer review (preferably continuous not late-stage)
 Complete documentation

The basic objective is to identify the centre, the body and
the range of technically-defensible interpretations (CBR of
the TDI) of the available data, methods and models
relevant to the assessment of seismic hazard at the site

Beyond the
Data

Alternative h HIGHER

UPPER BOUNDS

Interpretations VALUES
# BEST The | The | The
ESTIMATE || Centre | Body [Range

Alternative LOWER
Interpretations VALUES

_—

U

Beyond the
Data

[ -

LOWER BOUNDS

23/04/2016
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Protecting I

Level 3 and 4

® USNRC

Yople and the Encironment

Practical Implementation
Guidelines for SSHAC

Hazard Studies

Office of Nuclear Regulatory Research

3
A

NUREG-2117 (NRC, 2012)

Roles in a SSHAC Level 3 Process

EVALUATOR EXPERT

Tl Team

INTEGRATOR

RESOURCE EXPERT

SPECIALTY CONTRACTOR

PROPONENT EXPERT

PARTICIPATORY REVIEWER

Impartial and objective assessor of
potentially applicable models

Ensures that the logic-tree captures
the full range of legitimate models

Has particular knowledge of a relevant
data set, method or models

Retrieves new data or undertakes new
analyses to inform evaluators

Advocates a particular hypothesis or
technical position; will often promote
a model that they have developed

Provides procedural and technical review;
ensures capture of full range of views and

robust technical justifications of logic-tree

23/04/2016
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The Two-stage SSHAC Process

1. Evaluation

The T1 Team examines all available data, methods and
models in order to impatrtially assess their rigour and
reliability, and their potential applicability to the situation
under study

2. Integration

Informed by the process of evaluation, the Tl Team
develops a logic-tree representing the distribution of
their best estimate and its associated uncertainty,
representing the centre, the body and the range of the
technically-defensible interpretations (CBR of the TDI)

Technical Staff TI
& Contractors Team || PPRP
Hazard sensitivity
——>| Preliminary database | calculations %’I -
o ! v s 3
S| | Resource WORKSHOP 1: Hazard Sensitive S o
5 Experts Issues and Data Needs g =~
@ S o =
2 L 15| 18] IS
o —>| Additional data collection & analysis | o o
3 @ 1) w
T [ v Z [ -+
5 | Resource Experts |"> WORKSHOP 2: Review of Database S 3 2
S | and Discussion of Alternative Models jo:l ) g
| Proponent Experts I 1 3 ‘::’T =4
Preliminarysscand | | S| |5 |2
— GM models 3 ol L.
J al 2] |8
WORKSHOP 3: Presentation of Models and 5] ‘ED o
Hazard Sensitivity Feedback < g
7 -
Final SSC and GM models, then final hazard calculations, | &
Documentation of all technical bases S \/
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*+ Mmax in Groningen: An epistemic uncertainty

Initial responses to the
Huizinge earthquake of
August 2012 focused on
the maximum magnitude
but from the perspective
of scenario-based analysis
of hazard and risk

Reassessment of the probability of higher
magnitude earthquakes in the Groningen gas field

Including a position statement by KNMI
by

Mevr. Dr. A.G. Muntendam-Bos and Dr. J A de Waal

16 January 2013
State Supervision of Mines

23/04/2016
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PGA hazard contribution
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Bulletin of the Seismological Society of America, Vol. 105, No. 3, pp. —, June 2015, doi: 10.1785/0120140302

A Monte Carlo Method for Probabilistic Hazard Assessment of Induced

Seismicity due to Conventional Natural Gas Production

by S. J. Bourne. S. J. Oates. I. J. Bommer, B. Dost, J. van EIk, and D. Doomhof
“An alternative estimate of the maximum
magnitude based on releasing all induced strain
Wlthm a smgle event ylelds a value of 6. 5 7

Cr=a :b Early dlsaggregatlons of
a e g hazard (and risk) at
I {rieGon short return periods
surem - and high-frequency

ol {2emee accelerations indicated

voswd - ralative insensitivity to
ol Jm  the choice of Mmax

Magnitude

Subsequent analyses have shown that the choice of
Mmax is important

For the current hazard and risk analyses, a holding
position was adopted reflecting a broad interval of
uncertainty (but erring on the conservative side*)

* 5.00

Equal
*5.75 weighting
* 6.50

* Qur current state of knowledge (ignorance) is a value
in the interval from 3.6 to 6.5 for induced earthquakes

[All values based on assumption M = M, ]

15



23/04/2016

* Applying the SSHAC process to the Mmax issue

Roles in a SSHAC Level 3 Process

EVALUATOR EXPERT
Expert Panel chaired by
Tl Team " Dr Kevin Coppersmith
INTEGRATOR

RESOURCE EXPERT

PROPONENT EXPERT

PARTICIPATORY REVIEWER

16
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Dr. Kevin J Coppersmith

Coppersmith Consulting, Inc., California, USA

Member of the original Senior Seismic Hazard Analysis Committee
(SSHAC) and co-author of SSHAC guidelines

Co-author of EPRI 1994 study on Mmax estimation in stable
continental regions

Seismic Source Characterisation Technical Integration (TI) I Lead in
SSHAC Level 3 PSHA studies for nuclear sites at Thyspunt (South
Africa), Hanford (Washington, USA) and throughout Spain

Project Technical Integrator (PTI) on SSHAC Level 3 PSHA studies
in USA and Spain

TFI for Level 4 studies in Switzerland and at Yucca Mountain
Chair of PPRP in Diablo Canyon SSHAC Level 3 PSHA
Member of PPRP in BC Hydro SSHAC Level 3 PSHA

SSHAC Adviser to NRRC at CRIEPI, Japan

Contributor to NUREG-2117 SSHAC implementation guidelines

Suggested Selection Criteria for SSHAC Participants

Knowledge Technical Objective | Experience
of PSHA | expertisein | &impartial [ of SSHAC
SSC / GMC | evaluation | processes

Tl Leads
Tl Teams

PPRP

Specialty contractors

Resource experts

Proponent experts

Hazard analysts

Bommer, J.J. and Coppersmith, K.J., 2013, SMiRT-22, Lessons Learned from Application of the NUREG-2117
Guidelines for SSHAC Level 3 Probabilistic Seismic Hazard Studies for Nuclear Sites
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Dr. Jon P Ake

US Nuclear Regulatory Commission, USA

Publications on fluid injection-induced seismicity
Publications on mining-induced seismicity (including Mmax)

Co-Author of NUREG-2117 practical implementation guidelines for
SSHAC Level 3 and 4 hazard studies

Expert Panel Member for Yucca Mountain SSHAC Level 4 study

Member of PPRP for the Central and Eastern United States
Seismic Source Characterization (CEUS-SSC) Project

Member of PPRP for the Next-Generation Attenuation-Central and
Eastern North America (NGA-East) Project

Peer reviewer for U.S. National Academy of Sciences report on
Induced Seismicity

Seismic hazard assessments (including Mmax) for critical
facilities throughout U.S.

Dr. Hilmar Bungum

Consultant (Retired NORSAR), Norway

Formerly Adjunct Professor of Geophysics, Universities of
Bergen and Oslo, Norway

Publications: Thomson Reuter’s Web of Knowledge h-index = 27

Ground-motion panel member in SSHAC Level 4 PSHA studies in
Switzerland (Pegasos and Pegasos Refinement)

Chairman of the PPRP in SSHAC Level 3 PSHA studies of nuclear
power plant sites in South Africa and Spain

Chair of Independent Review Panel for two nuclear power plant
PSHA studies in the UK

Adviser to regulatory authorities in Sweden and Finland on issues
related to permanent underground storage of nuclear waste

18
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Professor Dr. Torsten Dahm

GFZ, Potsdam, Germany

Extensive experience in earthquake seismology, fluid-filled
fractures, induced seismicity and seismic discrimination

Former editor of Geophysical Journal International and Editor-in-
Chief of Journal of Seismology

Independent reviewer for induced seismicity in gas storage
projects in The Netherlands and Spain

Member of international the commission on the Volcano
programme 2007-2009 in Italy for DPC/INGV

Chair of german (FKPE) advisory group on the induced seismicity
discrimination problem

Topic speaker for Natural Hazard and Risk within the Earth and
Environment POFIIl programme of Helmholtz

Professor lan Main FRSE

University of Edinburgh, UK

Extensive experience in statistical seismology, earthquake population
dynamics, natural and induced seismicity and hazard, and underpinning
rock physics

Moderator of the 1999 Nature debate on Earthquake Prediction

Member of the International Commission on Operational Earthquake
Forecasting for Civil Protection, 2009-10.

Awarded the 2014 Louis Neel medal of the European Union of
Geosciences for ‘Sustained and exceptional contributions’ in seismology
and rock physics ‘including earthquake scaling, hazard and fluid
movements in hydrocarbons reservoirs’

Member of the Independent Review Group for decommissioning of the
Brent oilfield 2013-2015, reporting to DECC and Shell UK

Independent reviewer for Shell and SodM on induced seismicity in the
Groningen field, 2012-present
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Dr. Art McGarr

US Geological Survey

Internationally recognized expert on induced seismicity with
numerous publications on earthquakes induced by mining, oil
production and waste water injection

Developed ground motion prediction equations for coal-mining
induced earthquakes in central Utah that were key to assessing
the seismic risk to the Joe’s Valley Dam, which is in close
proximity to extensive coal mining.

Developed a seismic hazard assessment for the Sudbury Neutrino
Observatory, which was at an early stage of development in 1990.
There was concern that ground motion from earthquakes induced
in the Creighton Mine might damage the neutrino detection
facility. The hazard assessment provided the design engineers
with the information they needed to proceed.

Mr. lvan Wong

AECOM (for now), California, USA

Extensive experience in seismic hazard studies for critical
facilities around the world

Project Manager for the SSHAC Level 4 Yucca Mountain PSHA
and PFDHA

Member of SSC Tl Team in SSHAC Level 3 PSHA for hydroelectric
dams in British Columbia, Canada

Currently engaged in seismic hazard assessments related to
induced earthquakes in the U.S. and Canada

Coauthor of the U.S. Department of Energy Protocol and Best
Practices for geothermal-induced seismicity

Coauthor of the StatesFirst (U.S.) primer on induced seismicity
associated with oil and gas activities
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Dr Robert R Youngs

AMEC Foster Wheeler (Geomatrix)

23/04/2016

Pre SSHAC SSC TIF Team member for EPRI-SOG CEUS PSHA
Contributor to EPRI 1994 study on Mmax estimation in stable

continental regions

Updated Mmax estimation approaches as part of Tl Team for

SSHAC Level 3 CEUS-SSC project

SSC TFI Team member for Level 4 studies in Switzerland and at

Yucca Mountain

Resource Expert on Mmax for SSHAC Level 3 PSHA study for
nuclear site at Thyspunt (South Africa)

Jesuit Seismological Association Award for Observational
Seismology from the Eastern Section of Seismological Society of

America

Roles in a SSHAC Level 3 Process

EVALUATOR EXPERT

Tl Team

INTEGRATOR

RESOURCE EXPERT

PROPONENT EXPERT

PARTICIPATORY REVIEWER

Expert Panel chaired by
Dr Kevin Coppersmith

Presentations to follow
in the next three days
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Agenda: Day 1 (Tuesday 8" March 2016)

10:00-11:30 am: Closed meeting of Expert Panel, Room G3.02

Start End Topic Speaker

11:45 13:00 | Lunch and coffee

13:00 | 13:30 | Welcome. Overview of Groningen hazard & risk project | Jan van Elk

13:00 | 14:00 | The SSHAC process and application to this project Julian Bommer

14:00 | 14:30 | Objectives of the workshop: definition of Mmax Kevin Coppersmith

14:30 | 15:15 | Geology of the Groningen field Clemens Visser

15:15 15:30 | Coffee

15:30 16:00 | History and future perspective of gas production Leendert Geurtsen

16:00 | 16:45 | History of geomechanics for the Groningen field Rob van Eijs

16:45 17:30 | History of earthquakes in the Groningen field Bernard Dost

17:30 18:00 | Comments from observers SAC /SodM

18:00 18:30 | Closing comments from expert panel Kevin Coppersmith

Agenda: Day 2 (Wednesday 9" March 2016)

Start | End Topic Speaker

08:30 | 09:00 | Coffee

09:00 | 09:30 | Re-cap of Day 1 Kevin Coppersmith

09:30 | 10:30 | Overview of Mmax estimation for natural earthquakes | Bob Youngs

10:30 10:45 | Coffee

10:45 11:15 | History of KNMI Mmax estimates for Groningen Bernard Dost

11:15 | 12:15 | Overview of triggering large EQs Emily Brodsky

12:15 13:15 | Lunch

13:15 | 14:15 | Overview of largest induced/triggered events Gillian Foulger

14:15 | 15:15 | Mmax distribution for Groningen Dinske, Shapiro

15:15 15:30 | Coffee

15:30 17:30 | Mmax distribution for Groningen Nora Dedontney/
Pablo Sainz

17:30 18:00 | Comments from observers SAC /SodM

18:00 18:30 | Closing comments from expert panel Kevin Coppersmith

23/04/2016
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Agenda: Day 3 (Thursday 10" March 2016)

Start | End Topic

Speaker

08:30 09:00 | Coffee

09:00 10:00 | Re-cap of Days 1 and 2

Kevin Coppersmith

10:00 11:00 | Mmax distribution for Groningen

Stephen Bourne

11:00 11:15 | Coffee

11:15 12:15 | Mmax distribution for Groningen

Gert Zéller / M. Holschneider

12:15 13:15 | Lunch

13:15 | 14:15 | TNO Mmax models for Greningen
14:15 15:15 | Mmax distribution for Groningen

Steve Oates”
Jenny Suckale

15:15 | 15:30 | Coffee

15:30 16:30 | Mmax distribution for Groningen

Rick Wentinck / Peter van den B.

16:30 17:30 | General discussion

All participants

17:30 18:00 | Comments from observers

SAC /SodM

18:00 | 18:30 | Closing comments from expert panel

Kevin Coppersmith

* The TNO reports will be summarised by Dr Steve Oates because authors of TNO report declined to present

Roles in a SSHAC Level 3 Process

EVALUATOR EXPERT

Tl Team

INTEGRATOR

RESOURCE EXPERT

PROPONENT EXPERT

PARTICIPATORY REVIEWER

Expert Panel chaired by
Dr Kevin Coppersmith

Presentations to follow
in the next three days

SAC and SodM plus
expert advisors, EBN

23/04/2016
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\ 4

Minister of Economic Affairs <

Scientific AdViSOfy Production License State Supervision
Committee (SAC) (Winningsplan) of Mines (SodM)
A . A A

Dr Lucia van Geuns, KNGMG ADVISORS:
Prof. Rune Holt, NTNU & SINTEF
Dr Stefan Baisch, QCON Dr Bill Ellsworth, USGS/Stanford
Dr Hein Haak, Algemene Bestuursdient Dr Art McGarr, USGS
Prof. Jan Dirk Jansen, TU Delft Prof. Dr. Stefan Wiemer, SED-ETHZ
Prof. lunio Ivervolino, Uni. Naples v

Dr Dirk Kraaijpoel, TNO
Observers: NAM

SodM, TNO, KNMI
Hazard & Risk
Modelling

H&RT

Wishing you all an enjoyable
and interesting workshop!
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Objectives of the Workshop
Definition of Mmax

Kevin J. Coppersmith

Workshop on Maximum Magnitude
Estimates for Probabilistic Seismic Hazard
and Risk Modelling in Groningen Gas Field

8-10 March 2016
World Trade Centre, Schiphol Airport, Amsterdam,

Objective of Workshop

* To develop an estimate of Mmax for the
Groningen field that can be used in a PSHA

— Based on the evaluation of applicable data,
models, and methods by the Mmax Panel

— Captures the center, body, and range of technically
defensible interpretations

— Seismic source-specific estimate
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Probabilistic Seismic Hazard Analysis (PSHA)
For Reference Rock

Seismic Source T
Characterization: SSC
Model

akes 2N,

Log of No. of Earthqu:

Magnitude M

Step 1 Step 2

Source SOURCES RECURRENCE Earthquake
Geometry Recurrence
4
5 \
Ground Motion ¢ \ _—
Characterization: Seismic Hazard
GMC Model cns L Curves
GROUND MOTION PROBABILITY OF

EXCEEDANCE

Modified from Reiter (1990)

Definition of Mmax

* Largest earthquake that a seismic source can
generate within the present tectonic regime

— Upper bound to the magnitude-frequency
relationship

— Seismic source-specific

— Independent of time as long as within present
tectonic regime

— Commonly associated with considerable epistemic
uncertainty
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Ergodicity

The concepts of ergodicity and the ergodic hypothesis: The
underlying idea is that for certain systems the time average
of their properties is equal to the average over the entire
space.

Space-for-time substitution: increase the length of the
record at one location by considering other, analogous,
locations

Common application in assessing rare events such as large
earthquakes, large ground motions

Plus: Often provides more statistically significant numbers
of events

Minus: Often glosses over differences to increase the
sample size

Short History of Mmax for
Tectonic Seismic Sources

* First Mmax assessments were for source zones
* Max observed (if large)
* M, + increment
* Source-specific recurrence, arbitrary return period

* Ergodicity imposed: Consider the largest magnitude in
tectonically analogous regions
* What are tectonic analogues?
* Listings of largest earthquakes globally: up to ~“M8
* Attempts to subdivide: ACR, intraplate, SCR

* Make source-specific: types and ages of structures,
correlations with magnitude

* Because few things are statistically correlated with
magnitude, Mmax distributions remain wide



Stable Continental Regions: Analogues to CEUS for
Assessing Mmax

Mesozoic-Cenozoic
- Extended Crust
- Paleozoic Extended | |

Crust

Cumulative Rate

0.001

JDF

0.01 4

3 4 5 6 7
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e
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o

o
(=]
=

0.0001

1E-056

ZONE D

4 5
Magnitude
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— Mean

— Median

..... 15™ and 85" percentiles

= = = 5™ and 95" percentiles
Observed data [10-90% CI]

Cumulative Frequency

L] R H
5 6 7 8

Magnitude

Short History of Mmax for
Tectonic Seismic Sources s

* Fault sources

* Paleoseismic recurrence not statistically significant (just
like observed catalogue) for Mmax

* Never fully ergodic: largest fault-related earthquake
defines Mmax for a given fault

* Partially ergodic:

.

Rupture dimensions relate to magnitude

Estimates of dimensions for large magnitudes come from
analogues

Uncertainties in rupture dimensions associated with a fault-
specific Mmax

Logic trees and fault-specific Mmax distributions
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Figure 2. General form and parameters of the Youngs and Coppersmith (1985) MFD.

Youngs & Coppersmith, 1985

Wooddell et al. 2014

Subsurface Rupture Length (km)

Wells & Coppersmith 1994

Fault-Specific Constraints

* Slip rate/seismic moment
rate

* Observed seismicity

* COV of repeated
displacements

ude PDI

L -
0.25 Niigtim

Figure 3. General form and parameters of the WAACY model,
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Assessing Mmax for Sources of
Induced Seismicity

* McGarr and Simpson (1997): “induced” events are
those where man-made stress changes account for
most of the stress perturbation and “triggered” events
are those where the man-made stress changes are
minor

* Implies different Mmax
* Distinction is difficult to make for most sources

* Ergodicity: assemble all (potentially) triggered and
induced earthquakes as analogues
* Subdivide: Mechanism for stress perturbation (injection,
withdrawal, hydraulic frac, reservoir)

* Results in large uncertainty in Mmax up to largest analogous
earthquakes

Assessing Mmax for Sources of
Induced Seismicity o

* Physical approaches: partially ergodic

* Consider physical mechanisms for stress perturbations
at analogous fields
* Progressively more field specific:
* Total injected volumes; time dependence
* Field production history
* Presence of faults, fault density, dimensions
* Pre-production seismicity
* Spatial extent of seismicity relative to the field
* Seismic moment rate and cumulative moment
* Timing of observed magnitudes relative to production
* Ambient stress state (tectonic stresses)
« Strain partitioning/ seismic efficiency
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Implications to Groningen Mmax
Assessment

* Mmax definition is still valid and a distribution can
be used in PSHA

* Assessment should be as source-specific as possible

* Ergodic estimates should be used with caution

* Provide collections of earthquakes deemed to be analogous,
but glosses over distinctions

* Can provide insights into physical processes

* Use to develop models, approaches that then use source-
specific information

* Use of the assessed Mmax will be source-specific

Implications to Groningen Mmax
Assessment o,

* Uncertainties in Mmax are important

* Treated as an epistemic uncertainty: there is a true Mmax for
the field and we don’t know what it is

* Will include both conceptual model and parameter
uncertainties; logic trees handle this well

* If have different alternative models or methods, can have
alternative branches
* SSHAC process is well-suited to this assessment
* Will hear from Resource and Proponent Experts
* We are acting as a Tl Team, responsible for the assessment

* We will capture the center, body, and range of technically
defensible interpretations
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Center, Body and Range - lllustrated

| Center of the Distribution |
0.3 |_|
The Shape of the
o 025 || Distribution is the Body || Alternative Parameter Estimates
I E— That Are Not Technically Defensible
o2 e
g -----
2015 | e
z
3 o1
E Range of the Distribution
i1Rl0AAF
0

Alternative Parameter Estimates

Center, Body, and Range of Technically Defensible Interpretations = CBR-TDI
USNRC, 2014

4/23/2016 Wanapum SSHAC Seismic Fragility Project 17

Our Deliverables

* A Groningen field-specific Mmax distribution for
use in PSHA

* Summary of technical justification for distribution

* We are not attempting to address other sources,
source types, mechanisms, etc.

* Our results apply to the Groningen field only and
they are a snapshot of our current knowledge and
uncertainties
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% INTRODUCTION TO THE GEOLOGY OF
w THE GRONINGEN FIELD

Mmax WORKSHOP
March 2016

BRON VAN ONZE ENERGIE

PRESENTATION OUTLINE

* Introduction to Groningen

* Tectonic setting

* Structural model framework
* Depositional setting

* Property models

* Earthquakes in Groningen
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GENERAL INTRODUCTION

Groningen
area

Discovery well Slochteren-1, 1959




Field Characteristics

Area
Discovered
Wells drilled
Producing wells
Observ. wells
Water inj. Wells
GlIP

862 km?
1959
333
253
32
2
~2900 mrd Nm?*

Main Reservoir Properties

Net / Gross
Porosity

Permeability

Gas Saturation

0.88 -0.98

0.11 -0.18

11000 mD
0-083

NAM PRODUCTION LOCATIONS
GRONINGEN GAS FIELD

@ Groningen ges fied [l Production locations with [l Other production locatons
constrained production

@ saciie = Pipelines
production location

A FEW NUMBERS (as per January 1st 2015)*

* Total cumulative production in the Netherlands 3345 x 10° m3
gas

* Remaining proven reserves 883 x 10° m3

* 95% contained in Rotliegend reservoirs

* 3/4 contained in the Groningen field alone (671 x 10° m? gas)

* 255 producing fields

* Total production in 2014 was 66 x 10° m3 gas (42.4 from

Groningen)

* Yearly Dutch consumption ~42 x 10° m3 gas

* Data Ministry of Economic Affairs

23-4-2016



Rotliegend play - seismic line
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TECTONIC SETTING

Late Carboniferous Pangea
Supercontinent

~ Southern Permian
Basin

0




. Depositiona Tectoni Salt Plate
I cycles c motio tectonics/
m ‘orogenies

Mostly tectoni

Cenozoic

Mesozoic

hases
c gmescence .

[ swoste e

Eoe g B

Main tectonic phases

Late Cretaceous to Cenozoic:
Multiple pulses of intra-plate compression related to
the Alpine Orogeny. Widespread basin inversion.

L. Permian to Early Cretaceous: progressive rifting
Basin development associated with breakup of the
Pangea Supercontinent. Multiple phases of crustal
extension, subsidence, uplift.

Zechstein:
Decoupling of deformation above and below...

Late Carboniferous:
Formation of the Pangea Supercontinent

L A= 1
Ou)

o , 1
5 [l=
T L8, |
=

Mid North Sea High

Silver Pit Basin

nsis s
[ Mapssmmeran [ wain basoment nigns

Intermadiate highs,
platfarms

Minor Kimmarian
basins.

Main structural elements

Rhenish Massif
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Regional geological overview

SW Cleaver Bank Step Graben Central Graben NE
High

SW Winterton Broad Fourteens Basin TexeldJsselmeer  NE
High

NE

[ cancaoke London-Brabant West Netherlands Central Netherlands  Texel-lsselmeer  Friesland Lauwerszee  Groningen
] ppor Craceous . Massif High Platform Trough High .
[ Lower Cretacaous.
[ Upper Jurassic 5 2
] Lowor and Middio Jurassie
B T 24 4
[ uspsr Permian (Zecnsisin)
[ Vickle and Upger Permian (Ralliegend © | 6
[[7] Carbanitersus ard older 20 km

B ¢)  — 8

Regional Top_Rotliegend semblance map
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Top_Rotliegend structural map

Zechstein isochores >1000m

Detailed fault interpretation
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Groningen Fault throw points (m)

\\ \ h"inl
\

LU
1\ N F
QRN
T “\’\”&
-,\ A“l “ SE\ Y
\\ < . \\, \
EN e

<A N7
|='-_=_’-§:a‘i_"'ll0l

v
T

Newly reprocessed seismic now available

b — 7

NS ——— o =
Front = greater_groningen_2012 - R3136_15UnrPrOMKD_Full_D_Rzn_RMO_Shp_vG, SelsTT =
s =ST—— S
=N —
e L e~

Pre-Saalian Post- — - e
Pre-Saalian reactivated Rotliegend R - “'f S

Sl P
_ o e | B Lacicoess p—
. b | OPRIE zuuu ,: SAALA tave] i
swaan e, foeyip hoc O — T S0 2.
or o - =
e awey 2 o cattouirenn| o ot |- S — T 5
2 -3 - [ 2000 m|
T e —

Groningen fault throw map

23-4-2016



23-4-2016

Newly reprocessed seismic now available

3000m

4000m

5000m

MODEL FRAMEWORK

20
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Groningen fault model

1700 faults interpreted
1100 faults in Petrel model
700 faults used for gridding
Hand-picked inclined faults

100 x 100 m grid

23-4-2016
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N-S section through saturation model

<>

E-W section through saturation model
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DEPOSITIONAL SETTING

25

Late Carboniferous Pangea
Supercontinent

~ Southern Permian
Basin

0
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Depth (m)
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150

200+

250

300+

Rotliegend thickness map

N-S section through Groningen field

N S
| Groningen field | | Annerveen field
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350~
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Depositional setting

. Alluvial fan
Aeolian dune

Dry sandflat

Damp sandflat

29

Recent analogue - Chott_el'Djerid area, . Tunisia

15
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Ephemeral fluvial facies

MC392-1

Photos courtesy Erin Smerek

Sandflat facies

Permian Organ Rock Fm

Fluvial——————>
Dry Sheet——-->
AEOlian P s e e S

. Dry Sheet

Photos courtesy Erin Smerelt'
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Rotliegend core samples

= medium-fine grained, well-sorted = adhesion ripples, fluvial and/or aeolian reworking
= dune slip-face dipping laminae = muddy to silty to fine sandy;

= porosity 20 - 25 %
= Kh 300 - 1000 mD

= porosity in sandy beds 3 - 8%;
= permeability 0.01 - 1 mD

Rotliegend microscope samples

23-4-2016
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PROPERTY MODELS

35

Seismically constrained porosity modelling

Relation between
inversion porosity and
log porosity

Convert inversion
porosity to
pseudoporosity

4 - de-trending

pseudoporosity

Apply resultin

property
: modelling Use pseudoporosity to
algorithm de-trend log data

36
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]
EARTHQUAKES IN GRONINGEN

37

Property shown is net
hydrocarbon thickness,
calculated as:

POR * Sg * Thickness

19



23-4-2016

Property shown is net
hydrocarbon thickness,
calculated as:

POR * Sg * Thickness

Property shown is net
hydrocarbon thickness,
calculated as:

POR * Sg * Thickness

Magnitude
® >3

@ 25-3
@® 2-25
® 15-2
® 1-15
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Property shown is net
hydrocarbon thickness,
calculated as:

POR * Sg * Thickness

Magnitude
® >3
® 25-3
@ 2-25
® 15-2
® 1-15

Property shown is net
hydrocarbon thickness,
calculated as:

POR * Sg * Thickness

Magnitude
® >3
@ 25-3
@® 2-25
® 15-2
® 1-15
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Property shown is net
hydrocarbon thickness,
calculated as:

POR * Sg * Thickness

Magnitude
® >3
® 25-3
@ 2-25
® 15-2
® 1-15

Property shown is net
hydrocarbon thickness,
calculated as:

POR * Sg * Thickness

Magnitude
® >3
@ 25-3
@® 2-25
® 15-2
® 1-15
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Porosity > 20% only

=

'
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NAM
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Ephemeral fluvial facies

Permian Cutler Fm

Channel cut

Photos courtesy Erin Smerek

Faults, depletion, compaction (1)

Depletion causes volume reduction - compaction

I I
v v

Virgin (V) — ], Depleted (D) -«

4 4
I [

Differential depletion across faults

48
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Faults, depletion, compaction (2)

Effect of fault throw

Effect of pore content

49

Detailed kinematics of tectonic phases
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Fault relative ages & kin’s
e Abutting relations

* 3D offset relations

e Characteristic fault styles

Other constraints e.g.

e Regional tectonic framework

e Scale (e.g. 'old’ basement trends)

. Analogues (e.g. Germany, sandbox)
¢ Overburden deformation, halokinesis

Triassic to E.
Cretaceous

L. Cretaceous-Paleogene activity

M
It
v
7
2
. \ { ‘
Eemskanaal-Ten Boer block: Interpreted / Lo BT e '.& ‘;)‘ J“
as a restraining bend during inversion. 1 | T 3o N ‘#vﬂ
y‘ b :
- F A t
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L. Cretaceous-Paleogene activity

Grey base map:
RO SOF-semblance

Blue shades:
Zechstein isochore
(>1000 m)

Fault sticks in
various colours:
Quick overburden fault
interpreted by J.
Steenbrink

Red lines:

I. van der Molen
Base Rijnland fault
mapping 2001 (i.e.
Lower Cretaceous)

Key:
=== Normal fault (known, probable,
— = ipdssible)
S == i34 Right-lateral transtensional fault (....)
—_—

Left-lateral transtensional fault (....)
Secondary (normal) splay faults

b lated transpr.
— fault
— Inversion-related pop-up structure
Generic fault

o Narrow (‘skinny) graben

(?,2 2 (younger) abuts against 1 (older)

4 Structurally analogous areas

® Relay structure

R(?), P(?) Riedel- and P-shear (suspected)

? Chaotic Ants domain — low confidence

27
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SD: Area with a
similar stress and
strain history,
typically bounded
by long-lived
basement
structures

251570
Y,573400 P

= Relatively simple system of normal Y
faults 2

= More wrenching through time along its
margins
2km B

r - ; ——
B Fromk = R2115R220507PIOM_FlT an.Howta1 34s, URGRADE ——
? S ) — e e

Top Zechstein

i
S

op Rotliegend
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Carboniferous — Previous structuiais

mapp in
i'.-aﬁ = % RO field 1\ S8 DC fault

outline ! & age/ re-
X . .
8 activation

Pre-Saalian
Pre-Saalian reactivated

-

— Lt
oreser, p
_Wwwm s Sadii
s
W%; - i
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<00 1

R(?), P(?)

Normal fault (known, probable,
=—— = ipessible)

Right-lateral transtensional fault (....)
Left-lateral transtensional fault (....)
Secondary (normal) splay faults

Inversion-related transpr./compress.

Inversion-related pop-up structure

2 (younger) abuts against 1 (older)

Structurally analogous areas

Riedel- and P-shear (suspected)
Chaotic Ants domain — low confidence

S (fropd
\—29114!, GFR

RO leak
windows,

N

1

\

6. Mid-Tertiary

—

N
K 2 l

Possible rlfacti‘vation along
some of the Iaréia:.ko faults in
areas with late salt movement
(poorly constrained which ones)

R

"".v-". l

.
=

23-4-2016
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Example line NW- SE through merged dataset

GFR

2007 suggestion base case scenario

N,y & ©

Within the EKL-TBR
| inverted block overall

Base case scenario: Inverted transpressional-compressional structures

TRF’S: e~
s ! experienced reduction of fault K's (additional cataclasites formed under high

0.25:0.95 eff. stresses; burial depths >1-1.5 km)
— 0.05-0.25
— (0.05-0.01 . ) . .
0.01-0.0001 An alternative scenario(?) could be a preferential increase in across-fault

communication along —especially N-trending?— inverted structures through
increased fracturing and/or late-stage re-opening

23-4-2016
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250km
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History and future perspective of gas
production

08/03/2016

Leendert Geurtsen

Groningen Development Team

1959 : Well test Slochteren-1

w

NAM

-

4/23/2016
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m Thickness: 25m (Base not
penetrated)

Top structure:  2.25km?
Base structure: 6.45km?
70%

== SEISMISCH GESCHOTEN LIJN
1948 <1999 ; 195/ -1954
1956

T

.

:/ Lt Slechteren r “:
i i s,
AN .r
M i L% Sty pr
R
Loy . :
? +t
3 -
~
- &
3 !
Y 2
5 g
;o
——— SEISMISCH GESCHOTEN LIJN Loy ¥
1960~ 1961 ‘f
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1966: ~1850 Bcm

Northern and Southeastern Appraisal
1st Southern clusters
New seismic (2 x 3km grid, 430km)

Full petrophysical review

GRONINGEN —rt
=~
f/ S
\~
LEGEND 1 \Winschoten
@D ooy .
Fe3 Apprassol well g
\.
0 5 10km ¢
™

2016:~3000 Bcm

m 300 well penetrations
m 30 observation wells

4/23/2016



2016: ~3000 Bcm

m 300 well penetrations

m 30 observation wells

Development 1963-1970

1
)

e W
7 : A

v,
%
\
.

B 0% e bewig
(22 Sty motetmerng
s s w

S 1

4/23/2016
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Development 1963-1970

m Standard Size clusters
(8 wells)

Development 1963-1970

m Standard Size clusters
(8 wells)
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Development 1970+

m King size clusters
(12 wells)
m 26 production clusters

(incl. 3 double clusters)

Development 1970+

/
7%" productioncasing
originally 5%" tubing, later 5% B -
1980s infill wells with 9%" casing and 7%

Well heads

= (X-mastrees)
Control

building

Gas treatment uriits

m King size clusters
(12 wells)

m 26 production clusters
(incl. 3 double clusters)



Development 1997-2009: Groningen Long Term

m All clusters on 1st stage
compression, except:
—EKL
—SCB (2 stage)

Current overview

m 300 well penetrations
m 22 production clusters
(incl. 3 double clusters)

(excl. 4 mothballed
clusters)

4/23/2016



Groningen gas field

m 20 production clusters, 2 satellites

m gas pipeline grid consists of 136 valves and 59 different sections of pipeline (total 162
km)

m 7 custody transfer stations (Overslagen) to Gasunie network

™= Standard size cluster

= King size cluster

= UGS

=

S~

‘Grijpskerk

Groni

o et
‘Norg s

Groningen gas field

m Groningen is one of largest gas fields in the world (top 20)
m Crucial role in Dutch and European security of gas supply: balancing supply from
small fields and market demand
—97% of Dutch domestic households use natural gas
—Natural gas supplies 45% of the Dutch energy demand
—Some 56% of the total European Union Gas Reserves are in the Netherlands

/| ™ Standard size cluster
= King size cluster
= UGS

Gasunie network

4/23/2016
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Small fields policy

“Gasgebouw” :

m Priority for the exploration and
development of small fields

m Conservation of the Groningen field as
national strategic gas reserve

Oil crisis 1973: No-car Sundays

B
-]

Netherlands natural gas production
Groningen and the small fields

| Netto export
53%

o
s
| ]

-

© Aardgas-inrNederland

@
k=]

Gas Production (Bcml/y)

N
=)

70 72 74 78 T8 BO 82 B84 B85 88 90 92 04 ©6 98 00 02 04 08 08
jasr

mmKieine velden op zee Kieine velden op land veld A Nederand

Gas seasonal demand

Interruptibles

LNG peakshaver

Underground Gas Storage

Gas Production

Groningen

Storage in

Non-Groningen (small fields)




Gas seasonal demand

Gas Production

ningen (small fields)

F

J

Interruptibles

Underground Gas Storage

Groningen

M

LNG peakshaver

A M J

Reservoir pressure

1959

1963-1970

A

S o

1970-PRESENT

Discovery well
Slochteren-1

..'.c?. *

Standard Size Clusters
(8 wells each)

King Size Clusters
(12 wells each)

Pressure (bar)

01/01/1965

Oilcrisis

|

01/01/1975

01/01/1985

01/01/1995

01/01/2005

01/01/2015

D

® AMR
® BIR
® E13
@ EKL
@® ER1
® ER2
® FRB
@ KPD
' LRM
@ ovs
@ owG
® PAU
® POS
@ sAP
@® scB
® soB

4/23/2016
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Production Regions

= Southwest
» Eomskanaal
© LOPRZ iLoppersum region)
= Fast

@ Satellite of production custer

HC
colum

Earthquakes since 2002

m 2" + 31 stage (no further development)

Cumulative Gas Production (N.Bem)

2800
2400
2000
1600
1200

800

400

1/1/2016 : 2143 N.Bcm

e
-]

Annual Gas Production (N.Bem)

80

60

40

20

e ]
5 ]

8

&

teyuieu. viay S up W o Ies i uepu.

1/1/2016

=1
|

[Date 2015 2016 2017 | onwards |comments
29/11/2013 |Winningsplan 2013  42.5 42.5 42.5 42.5 |Gaswet applies (425Bcm over a 10y period)
17/01/2014 |Kamerbrief 22.5 20 Regional cap on LOPPZ clusters of 3.0 N.Bcm/y
Jan-15 Besluit 39.4 39.4 Regional caps (in N.Bcm per year):
oPPZ: 3.0
EKL: 20
SouthWest: 9.9
East: 245
15/04/2015 |Kamerbrief 39.4 39.4 Maintain regional caps as per previous,
but can only produce LOPPZ for security of
supply, don't produce full cap unless cold winter.
29/06/2015 |Besluit 30 23 Maintain regional caps as per previous.
Can only produce 33Bcm in gas year 2015/2016
07/10/2015 |Kamerbrief 30° 31° Maintain regional caps as per previous.
* Can only produce 31Bcm in gas year 2015/2016
18/11/2015 |Raad van State 7 Besluit Jan-15 and 29/6/2015 annihilated.
Until new Besluit: 27Bem in gas year 2015/2016 .
Maintain regional caps as per previous. "
) Gas Year

2065
2075

4/23/2016
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Historic monthly production

Monthly Gas Production (min m3/d)

350
300
250
D 20
E‘\Sﬁ
z
:
3
%100
a
50
o,,,J..liH
s @2z =z £ =z =z =z 4 494 a9 A
s s s & & & 58 &8 & &8 8
s s 5 5 5 & 5 & s = =&

Footer: Title may be placed here or disclaimer if
required. May sit up to two lines in depth

Full Field Model update — Groningen

WGR

(m3mln m3)

10 i L
. ME 08
c 06
8 Eo e
I e
LI L w e w
» .. Pressure Match E———
a0 ™
[P .
.
i [l
i , =
=l DZL-1
i T
f
B —
= s = 4
= ozl | F_'NL Match _|Subsidence Match
e o655 330600 346606 F0506  FH0556 700
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Initialization

m |nitial Gas Water Contact is varying in the field
m In the south it’s typically located in the Carboniferous

m Stability of the contacts have been investigated

Eemskanaal: 2996

Harkstede: 3016

SW: 2995

Historic PNL
measurements

Groningen Asset 23/04/20

() IND-LIB from O, ‘13 15

not from

FNL

PP
L
ROD
®  Producing cluster
Observationwell
‘13 Year offast PNL GWCrise GWCuncert.Rise Vol waterinflox  Nowatersise
..... Static compartment (mTVD) (mTVD) (mim?

4/23/2016
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EXTENDED GRID WITH LAND FIELDS

“Base case grid” - GFR 2015 “Extended grid” - GFR 2015 static model with
initial static model additional cells in the aquifers and land fields for
the subsidence calculation purposes

Feerwerd

Bedum South

Kiel-Windeweer
Annerveen-Veendam
Zuidwendig-East

Copyright of NAM B.V. Groningen Asset RESTRICTED 23/04/2016 32

4/23/2016
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UPSCALING (PERMEABILITY)

Permeability (mD) Layer 7 Coarse model

e 7w w000 24600 204000

A
. bt
i
1

Copyright of NAM B.V. Groningen Asset RESTRICTED 23/04/2016 33

Production Coordination Centre (PCC) — Hoogezand

® Manning: 2 Supervisors, 24 hours per day.

m 4-5 Operators in the field

17
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Norg (UGS)

metering

wells

WaCo tank

Wildpath
Noise
Light

Regeneration

= furnaces

:Biotope |
11 fel2ly :

EIRfBETION capacity:  46-36 minime/day;

Grijpskerk (UGS)

onicaApact
=

*{;1JEc\tlcz1‘c€£a01t
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Delfzijl water and condensate treatment plant

m Max handling capacity: 5800 m® condensate per day
m Max handling capacity: 5000 m? water per day

Groningen Gas Field

m Structure: Culmination of regional North Netherlands High
m Seal: Zechstein salts, anhydrites and carbonates
m Reservoir: Rotliegend Slochteren Formation

m Source: Carboniferous Coals

pos=
0
m

NW, A A A A A A A
‘Q
"\ v North Sea
) PR [N [ | o |
1000 -| ?}}:{J\ML - o 1 |

Motres below NAP

_[RXERS
3000 500Xk Ao GWC 2971m - 3016m
" Slochteren Sandstone

Source Carboniferous

4000

7 e %% A KIKAHKR,
2000 R RXRIRZLAKS TRERXEK,
TS etetetotetotel tetetetotote (SRR
SRR QLR
RHIRKK RS RRIIIRKS
= ! RS 099100 Soteto oot %
q 0vavatav st 0.0 0.0,
X RIIRIIRLRES
5 K RRRRAAXRRHG
X4 ¢ Q_Q:t:.: 2%

Triassic

4/23/2016
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Annual Gas Production (N.Bacm)

80

60

20
o _____.IIIII |IIII||II|IIIIIIII“I|I I“|
& g & & g S

350

Pressure (bar)

Oilcrisis B o 5

® TIM
l ® TUs

01/01/1965 01/01/1975 01/01/1985 01/01/1995 01/01/2005 01/01/2015

w20 prodiiction cllisters. 2
.|

B 7 custody transfer stations

M gas pipeline grid consists of 136
valves and 59 different sections
of pipeline (total 162 km)

M Directly connected to Norg UGS
via NorGron pipeline, indirectly
via GasUnie network

Sle

NorGron

20



4/23/2016

Groningen gas field

One of largest gas fields in the world (top 20)
Discovered 1959 — start production 1963
Original reserves: 2,700 billion m3 (~ 17,000 mboe)

Crucial role in Dutch and European security of gas supply: balancing supply from
small fields and market demand

Grijpskerk

Small fields policy

“Gasgebouw” :

m Priority for the exploration and
development of small fields

m Conservation of the Groningen field as
national strategic gas reserve

No car Sundays
Netherlands natural gas production

120 Groningen and the small fields
2 100
£
&}
@ 80
100 Becmly c
N In m2/d S 60+ : .. .
=275 min m3/c 5 OI/I/ Crisis Groningen
= 1.7 MMboe/d 3 40 4
& 20 Small fields
@
o 01\1\\\1\\11!\1\Y\Y\YYY\\\\11\\1\1\1\!11\
o n o n o 0 o [Te] o
© [ ~ ~ [ <o) (2] (2] o
(e} [} [} (<} (&) [} (=) (<] o
— - — — — - - — N
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Source to consumer

Exploration } } } . . }
Development Sales Transport | PDistribution|» Consumer

o
ot Ha
GasTerra | & INgoN
ENECO

King size cluster (Overschild)

m Production capacity: 25 million m3 gas per day

22
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Load vs. Duration

Capacity provision:
* Maximum capacity;
* Working volume.

=

LNG

k Alkmaar UGS
Grijpskerk UGS

Time

23/01/0

” Aardgasbaten en het aandeel in de totale Rijksinkomsten

____________ BEERERGINERRARARRARERER
120 ;
Aardgasproductie en —verbruik in Nederland 3
100 f
€ a0 1 ¢
(8]
a
g &0
(]
p=}
©
O a0
o
%]
8 20 ¢

=mKleine velden op zee Kieine velden op land veld A ik Nederland
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m One of largest gas fields in the world (top 20)
m Crucial role in Dutch and European security of gas supply: balancing supply from
small fields and market demand
—97% of Dutch domestic households use natural gas
—Natural gas supplies 45% of the Dutch energy demand
—Some 56% of the total European Union Gas Reserves are in the Netherlands

/| ™ Standard size cluster
®= King size cluster
= Double standard size-¢

DISCOVERY WELL SLOCHTEREN-1

Notitie voor de heer Stheeman

Betreft: Reservoir: van Sl ren

Bi) een dat voor de is
op 2710 meter, sen totale poreuze laagdikte van 25 meter, een gemid-
deld connate water gehalte van 30, een basis oppervlakte van 6,45 kw2,
een top oppervlakte van 2,25 im2 en sen reservoirdruk van 357 at, be-
van de 5;11.:-.{ a3 gas.
s

draagt de
Hierbi) is de inhoud van de die niet ta
ten beschouwing gelaten.

Oldenzaal, 3 augustus 1959
C.M.3.

Thickness:  25m
(Base not penetrated yet

Top structure: 2.25kn?®
Base structure: 6.45kn?”
Gas saturation: 70%

4/23/2016

24



4/23/2016

50 Years of Volumes and Pressure

Seismic inversion
3D static and dynamic modeling
Peripheral development

Groningen Long Term (1" stage compression)

Production clusters in S ‘

3D seismic

Common Area negotiations

3000 {
8 \ \ '] T 350
.
oo,
2500 4 Variable GWC 1 300
Exp GIIP ~same as current estimate
. + 250
2000 4 ——
Production clusters in N =
., 3
— . =)
€ U 4200 ©
E O 5
< 1500 °.. g
3 Appraisal North: wedge % i
GIIP ~85% of current estimates .o, T 150
1000 1 SLO-1and DZL-1a single structure *s
GIIP ~ 30% of current estimate ®_GIP RO T 100
—8— UR RO [expect.]
500
sLo 15
° UHM-1A
3 Aug '59: 5bm
0 0
1955 1965 1975 1985 1995 2005

31 July '59: st gas Years

Current overview
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Annual production swing

\

I:l Production UGS

- Production Groningen Field

. Production Small Fields

Gas Production (mln m3/d)
N
o
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c Q
(] [
=] i

Mar
Apr
May
Jun
Aug
Sep
Oct
Nov
Dec

N
o
]

0 I:l Production UGS

300 - Production Groningen Field
250 . Production Small Fields
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B
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S & o

Gas Production (mIln m3/d)
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1966: Appraisal and Development

Up to 2003

= Low Groningen production (< 10 min m3/d)
in Summer (Mar-Oct)

= QOccasional utilization of UGS capacity in

Winter
2013

= Declining Small Fields Production

= Higher Groningen production (> 50 min
m3/day) during shorter summer (May —Aug)

= Sustained utilization of UGS capacity in
Winter

= Declining Groningen capacity
= Market demand for high Working
volume Norg UGS (7Bcm)
= Norg expansion project

Northern and Southeastern Appraisal

Mi\u,\,,i %

870km?

n &
nin 1963

SRONNGEN

B 00% oo seanng
Soctaly wore berng
° s 0 * 0
—_ 3

i

LEGEND

| o
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5

\

iV

GRONINGEN

1

oy
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o3 Appraisol wel

FE  Grovp of 6 wells

l 1st Southern clusters §
S0 2 NERNVS 1 i
o ” «I New seismic (2 x 3km grid, 430km) M\/\ agyy MIEARA
i o e
z /‘) | | Full petrophysical review

10km
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Mmax workshop March 2016

%

NAM

History of
geomechanics for
the Groningen field

Rob van Eijs

Mmax workshop March 2016

contents

B Geomechanical threats linked to Groningen gas production

B Data to constrain compaction and subsidence uncertainty in
Groningen

B Subsidence predictions — a historical overview

® Inversion of subsidence data to compaction

W Data on stress values and directions




Geomechanical threats

« Main Issue: land subsidence
« Parts of Groningen below
sea level

« Considered to be an issue
already before start of
production

* Lessimportant issues:
« Sand production
« Until 2012: induced
seismicity =
v

Eron: Actueel Hoogtebestand Nederland (AHN)

NAM

Mmax workshop March 2016

Compaction and subsidence

Subsidence at surface Gas production

Deformation of overburden layers

\

Reservoir layer shrinks due to production*
(compaction)

23/04/2016
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Data to constrain compaction and subsidence uncertainty in
Groningen - Geodetics

InSar Global Positioning System
(Interferometric Synthetic i
Aperture Radar)

| Hydrostatic levelling

Objective: measure subsidence

&

NAM

Mmax workshop March 2016

levelling network in the northern part of the Netherlands
data since 1964

A Permanent GPS stations ® Levelling benchmark

SCHER

N s . Kiometer
_ Tomrager Woogyars Yogiisghe Dend Kasaster (1998.0016)
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PS-InSAR scatterers
data since 1993

® Persistent scatterer

210000 220000 230000 240000 250000 260000 210000
L N f

240000

Mmax workshop March 2016

Integration of InSar and levelling
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Data to constrain compaction and subsidence uncertainty in
Groningen — laboratory measurements

0 18
in-sity axial strain
80 axial stress L 18
Transmitter
70 14
Radial Displacement g
Measurement < 40 12
: s
Viton Sleeve = -
Temperature 1 =
. o ©
Radial 5 50 10 @
— a =]
Pressure Receiver E ot
] 8 ©
Electrical 8 v
Connections =
w 30 6
Temperature 2 radial stres
20 radial sfrain| 4
10 2
pore pressure
0 0
Axial Displacement ° 100 200 300 400 500
Measurement
time [hr]
Hol et al. (2015) Objective: measure compressibility (Cm) of the rock

&

NAM
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Data to constrain compaction and subsidence uncertainty in
Groningen — laboratory measurement

10
~ . Some observations:
Zs A * Cm increases with porosity
‘i : * Inelastic strain increases with
% . porosity,
4 a A typically 50% for a 20% porosity
§ s A sample
g,0 ‘Aa : 0 ;
g Y :l“ . 89%: c?f the strain

;A e guﬂuﬂ‘i time independent;

° s w0 s momooWoow 20% time dependent

Hol et al. (2015)

%

NAM
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Data to constrain compaction and subsidence uncertainty in
Groningen —In-situ compaction

kabel
maaiveld

Ten Boer kieisteen

0.0002 +

1
0.0002 * 1996

&
g
g
g

Strain sinds 1984 (m/m)

-0.0012

-0.0014

0.0016

s &
g g
2 B8
z &

g
-

Ah=h *AP,*C,

Reservoir druk (bar)
1 130 110 90

2011

Objective: measure compaction in the field

&

NAM
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Data to constrain compaction and subsidence uncertainty in Groningen —
In-situ compaction. Real Time Compaction Measurement ZRP-3

Grating Response

l i
No St‘rain

Compression &+ Tension

Backscatter

Compaction, mm

Bragg Wavelength

-0.5

3-Oct

Both Cables Combined Across Reservoir: 3538-3754 m
I T 'y Rate Es 1)
Average: 43 microstrain/year

= Reservoir Compaction
=—Linear (Reservoir Compaction)

y = 2.557E-02x - 1.081E+03

17-Oct  31-Oct 14-Nov 28-Nov 12-Dec 26-Dec  9-lan 23-Jan
Date

Objective: measure compaction in the field

%

NAM
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Subsidence — prognosis end of field life 1971

Only based on first lab results 1 meter
+  Cm from core
 Analytical equations to forward predict

subsidence (Geertsma, 1973)

Subsidence — prognosis end of field life 1976 & 1985

1976 Prediction based on first 1985 Prediction based
geodetic measurement on RTCM compaction model

NAM

23/04/2016
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Subsidence — prognosis end of field life 2000 & 2015

daling in
centimeters

L 2 —Oudé Pekela
k Y e !
Prediction 2000 linear compaction model Prediction 2015 time-decay model

&

NAM

Subsidence — Maximum predicted subsidence at end of field life

through time

Maximum predicted subsidence at end of field life (cm)

-
[~
o

=
=3
=3

o
a

60

20

1960 1970 1980 1990

year

2000

2010

2020

Convergence of predictions

* More geodetic available
to constrain uncertainty

* Guidance from
observations
above other fields
(Ameland)

* Analytical and numerical

models
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Short term compaction forecasts for seismic risk

1991 1997 2003

The observed earthquakes plotted on the map of the field together
with the 18 cm compaction contour for four years (1991, 1997, 2003
and 2011)

NAM (2013)

o

NAM
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Compaction based on inversion of subsidence data

1972-09-01 - 2008-08-13

0.000 0.320

Estimated reservoir compaction (m)

NAM
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Short term compaction forecast based on compaction model
from inversion

Period: 1-7-2016 / 1-7- 2021

39.4 Bcm 33 Bem

0.000 0.030
compaction (m)

Compaction for the period 1-7-2016 to 1-7-
2021 for both production scenarios using the
linear compaction model (NAM, 2015)

NAM

Mmax workshop March 2016

Stress measurements in the Groningen field

® Data from:

Density logs = Sv value

Minifrac data = Sh value

Loss circulation events = Sh value

Oriented Caliper log = SH direction

Image logs = SH direction, SH/Sh ratio

Sonic Scanner — circumferential dipole sonic > SH direction, SH/Sh ratio

Differential strain analysis = SH direction, SH/Sh ratio

Strain recovery analysis = SH direction, SH/Sh ratio

Remember ‘stress gradient’ = Stress / depth = units bar/10m, SG

%

NAM

10



Total Horizontal Stress (bar)

Bouts, 2000
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Minimum stress values and the depletion constant
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NAM, 2016
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Values for SH/Sh ratio (average values)

pore pressure
[bar] SH/Sh

test type

circumferential sonic RO 151 1.07
image log RO/DC 382 1.12
image log RO/DC 352 1.12
DSA ROSL 240 1.07
circumferential sonic RO 100 1.03
circumferential sonic RO/DC 93 1.03

NAM

Mmax workshop March 2016

SH direction

Status 2016

12
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Stress measurements outside Groningen field
9

1"‘“’—1 3 ke O .3ga

B

FRIESLAND

) ceweoioiAl )

g 3
C Coevorden
Kampen
J 2Zwolle e 4

7) avedicen

Stress contrast in Rotliegendes sand-shale sequence
(Blija field) 65 km from Groningen field centre

Minimum horizontal
Gammaraylog  Minimum horizontal stress (MPa) Gamma ray log stress (MPa)
a5 50 5 45 50
P S 2600 PP
* Microfrac
stress data
2730 - Shale Shale
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E E
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o, (MPa) oy, (MPa)
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NAM
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Coevorden microfrac experiments in Carboniferous sand-shale
sequence

GAMMA RAY (APl ynits)
w [0 150
||z
2MPa = o]
3187 ik A i
| 2 w
52.7 MPa gl [
- ° el V3
57.4 MPa L e d
| | 2 <
w
52.4 MPa ¢ T
=
[ —1+F =
e |« AP
. e
a
0CCTH e
%
Conclusions

Good temporal and spatial coverage of geodetic data.
Both subsidence and compaction uncertainty is well
constrained.

New data on stress direction reveals more variation
No value for the virgin min. total stress could be retrieved
from legacy data = no determination of a depletion

constant possible at present

This makes the calibration of explicit (stress based)
geomechanical models more cumbersome

&

NAM

23/04/2016
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History of earthquakes in the
Groningen field

Bernard Dost
KNMI

Mmax workshop 08-03-16

Early history (1986-1995)

100 grudine

........

Source: KNMI

0,01
1

L

24 events 1986-08.1993; 1.4<ML<2.8

* Final report on a multidisciplinary study of the relationship between Gas
production and earthquakes in the northern part of the Netherlands (1993)
* First network around Assen (1989-1993) and installation of a 300m deep
borehole (FIN) in 1992.
Mmax workshop 08-03-16
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* 1986: First event near Assen

* 1988/89: Network of vertical component short period sensors
around Assen

* 1991: First event in Groningen (Middelstum)

* 1995: installation of borehole network covering the North of
the Netherlands (20km spacing)

e 2010: extension of the borehole network to the west

* 2014-2016: Lowering monitoring treshold by improving
station coverage for Groningen (3-5 km spacing).

Mmax workshop 08-03-16

Network design:
detection (left) and location (right) treshold

600

500

8
s

400

Detection threshold

« 3 3 7 300 = & & & r
0 100 200 300 0 100 200 300

- Events are generally not felt for M < 1.8

Mmax workshop 08-03-16

- Our event catalogue (1996 — 2014) is complete from M = 1.5




23-4-2016

Network development:

January 2015:

18 accelerometers in real-time
6 boreholes near the Groningen
field

New network in development

63 200m deep borehole arrays
63 surface accelerometers
4 borehole broad-band sensors
2 deep downhole arrays (3 km)

Instrumentation

* Borehole strings, 4 levels, distance between sensors 30,
50 or 75m (120, 200, 300m). No casing

* SM6 4.5 Hz geophone

* Old network: response electronically modified to 1 Hz
* Accelerometers, SIG & Episensor

e Communication:

— Boreholes: real-time DSL connections (100Hz
sampling) with wireless backup

— Accelerometers: real-time DSL
— 0Old system: GPRS, call on demand

* Although investments in instrumentation and
maintenance are financed by industry, data ownership is
at KNMI.

Mmax workshop 08-03-16

Kee-nkice Noderlands
Neseorologisch Insituas
Mirvzsre v et en M
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Magnitude calibration

Assen network: ML calibration based on the vertical component

(no hor. comp. available) and checked with South Netherlands network.
An attenuation curve was constructed of the form:

Ao()=CR'e® (3]
with c= 5500 counts, a= 0,005 km™

Borehole network: ML calibration based on hor. comp. at 200m depth
1996: 8 events, 157 recordings

log10do =-1.33 log(R) - 0.00139 R - 0.424 (14)
0,80,
0,60} .- : = > * +
- .
RS . S a
ol * zt sgede o ott o. %
070 ’::ﬁi 4 3¢ i S Oiiso.;-l * v ¢
B 11T M
[T 444 r l !} !;l‘ AP0, ¢ 8 S0
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o, 3 T8ese ) 233 ! s o9 $ +*3%
040 e 3+ f;‘i ot :: B L LA
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. Mmax workshop. 08-03-16 ) .
. Figure 11. M,;- M, for events recorded in the period 2010-2015 as a function of distance.

Relation between Moment magnitude and local magnitude

4 L L
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Moment magnitude calculated from surface accelerometer data (2006-2015)
For M1>2.5: M= Mt- 0.2

Dost, B., B. Edwards and J.J. Bommer, 2016, Local and Moment magnitudes in the Groningen field, 34pp
Mmax workshop 08-03-16



Groningen seismicity, development in time

Large variability in annual number of earthquakes M>1.4
Since 2003 increase in activity rate, no significant change in b-value
Magnitude completeness M= 1,5; Clearly non-stationary process

Increase in activity rate coincides with an increasing trend in production
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Annual gas production Groningen

Annual cumulative frequency
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magnitude

23-4-2016

R

Total 1037 731
M>1.5 314 219
Induced seismic catalogue |ws30 18 10
! L
) L3
1
o
1990 -

| All
| Groningen
W Rest
Interevent time [days]
300.0
250.0 *> *
.
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.
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. hd .
100.0 . s o e
*® o o
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* Inter-event time shows a decrease over the period 1991-2015
*  This concerns all data, not only M>1.5 (complete magnitude range)

e Statistically significant seasonal variation and correlation with production, only for M<1.3
Mmax workshop 08-03-16
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Earthquakes in the Groningen field; spatial distribution

* Seismicity 1986-2003 (left) compared to 2003-2016 (right)

Mmax workshop 08-03-16

Spatial distribution of seismicity in Groningen

¢ Seismicity 2010-2014 (left) compared to 2014-2016 (right)

i Mmax workshop 08-03-16



23-4-2016

Location accuracy

The sparse borehole network (20km station separation) covered a
heterogeneous shallow structure

An average velocity model was used in the hypocenter calculation

Average location accuracy was 0,5-1km in the horizontal plane and at least
1-2 km in depth.

The new Groningen network (2014-now) allows the use of a detailed
velocity model for Groningen and the use of new location methods (e.g.
EDT, Lomax, 2005)

Location accuracy improved to 0,1-0,2 km in all coordinates.
This method will be implemented in the automatic locations

Kornkict Nederlandy Mmax workshop 08-03-16

Improvement of event locations (100-200m resolution); J. Spetzler

Event: 20141230023736
Magnitude: 2.8

Event type: Top reservoir, fault

i Gruplot [window 4 £ 01 = Gnupiat (wince 4 - 01
4 pEma@q 7 = emaaa &t

Koainkisk Nedertands Mmax workshop 08-03-16
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Example of a source above the reservoir

Event: 20151110163223
Magnitude: 0.6
‘Event type: Top floater

= emaaa sz S o ;a zmaaa a1
- e —— : -
t] - E e g
i, L. ~f
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I B [ Ry ——
E— — 0 (AT —
z Sirsene. - ! o8 f
} — . 4 E i
¥ o Iemra a5 —
Events above the reservoir are of small magnitude
PP ool edertans Mmax workshop 08-03-16
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Data example, recorded in STD and ZRP
Boreholes at 3 km depth
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Complex pattern of arrivals
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Source: magnitude head wave 6000 m/s
i 3800 ms/

'\ P
head wave 4250 m/s

Head waves traveling through the higher velocity layers
may arrive earlier than the direct waves traveling through the lower
velocity layer

Source NAM
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Steve Oates et al., 2014
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New KNMI website: development of new products
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Aardbeving van 2016-01-26 22:22:33 (UTC)

Datum en tijd (UTC): 2016-01-26 22:22:33
Latitude: 53.203°
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Stress—drop [bar]
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Stress-drop
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Groningen Induced Seismic Hazard and Risk Assessment Project

Workshop on Maximum Magnitudes for the Groningen Field

Time: 8th to 10t March 2016

Location: World Trade Centre, Schiphol Airport, Amsterdam

Agenda: Day 2 (Wednesday 9" March 2016)

Start End Topic Speaker
08:30 09:00 | Coffee
09:00 | 09:30 | Re-cap of Day 1 Kevin Coppersmith

09:30 10:30 | Overview of Mmax estimation for natural earthquakes | Bob Youngs

10:30 10:45 | Coffee

10:45 11:15 | History of KNMI Mmax estimates for Groningen Bernard Dost

11:15 12:15 | Overview of triggering large EQs Emily Brodsky

12:15 13:15 | Lunch

13:15 14:15 | Overview of largest induced/triggered events Gillian Foulger

14:15 15:15 | Mmax distribution for Groningen Dinske, Shapiro

15:15 15:30 | Coffee

15:30 17:30 | Mmax distribution for Groningen Nora Dedontney/
Pablo Sainz

17:30 18:00 | Comments from observers SAC /SodM

18:00 18:30 | Closing comments from expert panel Kevin Coppersmith




Day 1 Panel Questions and
Day 2 Areas of Focus

Anisotropy of the stress field; how much variability in the Sh
(minimum horizontal stress); important for the potential for fault
reactivation

Want to look more closely at the focal mechanisms: Is the whole
field in an extensional stress state?

Have any calculations been made of stress drop?

Will be watching closely the issue of events occurring outside of the
reservoir horizon; can they propagate outside (down or laterally)

Can these faults be traced down into the basement?
What is the evidence for Quaternary faulting in the region?

Where are the holes where waste water was injected; depth and

volume; is there some likelihood that the injection will be done in
the field?

In discussions of Mmax, what is the time period for which the
estimates are appropriate?
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Overview of Mmax Estimation
for Natural Earthquakes in PSHA

Robert Youngs
Amec Foster Wheeler

Workshop on Maximum Magnitude
Estimates for Probabilistic Seismic Hazard
and Risk Modelling in Groningen Gas Field

8-10 March, 2016

What is Mmax for a Seismic Source in
a PSHA

* A seismic source describes e
where earthquakes occur
spatially

* Earthquake recurrence
relationships define the
relative frequency of
earthquakes of different
magnitudes associated with
the source

* Mmax (m") is the upper
limit on earthquakes that
can occur associated with
the seismic source

Cumulative Annual Rate
s

March 9, 2016 Groningen Mmax Workshop 2
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Mmax Assessments for Types of
Seismic Sources Used in PSHA

* Geologic structure-specific (i.e. faults and fault
zones)

— Usually assessed using an estimate of maximum
rupture dimension and empirical relationships
between rupture dimensions and earthquake
magnitude

* Seismic Source Zones

1. Maximum observe plus an increment

2. Maximum observed in analog regions

3. Assessment of maximum rupture dimensions

4. Seismicity and geodetics

Mmax for Geological Feature-
Specific Seismic Sources



Assess Maximum Dimensions for Rupture

* Maximum rupture length
— Surface rupture length
— Rupture length at depth

Maximum length at depth X rupture width =
maximum rupture area

Maximum displacement
Average displacement

Rupture area x average displacement =
seismic moment for maximum event

Relationships Between Rupture
Dimensions and Magnitude

* Some of the better known for individual rupture
parameters
— Wells and Coppersmith (1994)
— Anderson et al. (1996) (influence of slip rate)
— Stirling et al. (2013) (compilation)
— Leonard (2014) (self-consistent scaling, ACR and SCR)
— Somerville (2014) (CEUS area-moment)

* Moment magnitude scale, M
— Hanks and and Kanamori (1979)

4/23/2016



Addressing Statistical Variability in
Empirical Relationships

* Empirical relationships
give expected M as a

) Ml / :‘;nctioh of fault

imensions

* Statistical variability
addressed by
incorporating aleatory
variability about this

Figure 2. Gene

estimate in recurrence

eral form and parameters of the Youngs and Coppersmith [1985) MED.

Youngs & Coppersmith, 1985 model

Epistemic Uncertainty in Mmax for
Structure-Specific Sources
* Uncertainty in assessing maximum rupture
dimensions (perhaps larger component)

* Uncertainty in selection of appropriate
empirical relationships

4/23/2016
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Mmax for Seismic Source Zones

Maximum observe plus an increment
Maximum observed in analog regions
Assessment of maximum rupture dimensions

P wnN e

Seismicity and geodetics

1. Maximum Observed Plus A

* Maximum possible should be at least as large
as largest observed (within uncertainty in
assessing magnitude of past earthquakes)

* Assessment of A

— Scientific judgment — typically use a wide range
(e.g.0,0.3, 0.6, EPRI-SOG, 1988) with perhaps
minimum value of Mmax

— Statistical based on observed seismicity (e.g. Kijko
and Sellevoli, 1989; Kijko, 2004)
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Statistical Assessment of A

* From Kijko (2004)

* Additive term provided in three forms

— Based on truncated exponential model (Kijko and
Sellevoli, 1989), the K-S estimator

— Based on truncated exponential model with uncertain
b-value (Kijko and Graham, 1998), the K-S-B estimator

— Based on arbitrary magnitude distribution, Kijko et al.
(2001), the N-P-G estimator

March 9, 2016 Groningen Mmax Workshop 11

Statistical Estimates of A Require Large
Samples

* Performance of K-S
estimator as a function

Estimated m, __ as a function of magnitude

of sample size, N, and | T
magnitude range of SN T T T
sample. L

Magnitude m,

* Based on average value u
from 1000 simulated
catalogs (Kijko, 2004)

March 9, 2016 Groningen Mmax Workshop 12
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Uncertainty in Mmax

 Variance in Mmax P(m" <z)=F(m")=1-F,__ (M .[)

estimate is of the order ot

Az + 02(I\/Imax-obs) AREA: Southern California
* Distribution for Mmax is ’ ‘ '
unbounded " Cuaraar erSaes —
Pmi<oo)=1-a . 7 Tt 7
with a function of sample  § w——/
Size E M l [ Guher;;erg-nlf-:hlsr =
* Possible to use an 3o
external constraint on u
upper limit in order to £,
apply method
(EPRI/DOE/NRC, 2012) T
¢ ! Maxlmm:iegiunal magr:tudemm * ¢
March 9, 2016 Groningen Mmax Workshop 13

2. Maximum Observed in Analog
Regions
* Define regions considered to be analogs for
seismic source

* Assemble catalog of larger earthquakes that
have occurred in the analog regions

* Use a representation of the distribution of
earthquakes in this catalog for the uncertainty
in Mmax

March 9, 2016 Groningen Mmax Workshop 14
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Example from Petersen et al. (2014)
for CEUS (USGS Seismic Hazard Maps

* Analog regions — global stable continental
regions (SCR) separated into extended
margins and cratons

* Assembled catalog for each type of region
(Wheeler, 2014a, 2014b)

e Using histogram of magnitudes in each catalog
along with estimates of the M___, ., for past
CEUS earthquakes, define epistemic
uncertainty distribution for Mmax

March 9, 2016 Groningen Mmax Workshop 15

Stable Continental Regions SCR: Analogues to
CEUS for Assessing Mmax

March 9, 2016 16



Petersen et al. (2014) SCR —
Extended Margins

4/23/2016

Frequency
=
T

57 &8 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 17 78 79 80
Moment-magnitude bin

L) 2008 NSHMP Mmax distribution

2014 NSHMP Mmax (Mesozoic and Paleozoic extended margin)

m 2014 NSHMP Mmax (Paleozoic extended margin)

= o
SN

Branch weight

0.1
00 I ‘ —‘

Moment-magnitude bin

‘igure 19.  Distribution of large earthquake magnitudes (51 earthquakes) for extended margins in stable
continental regions, worldwide. Mmax distributions used in the 2008 and 2014 updates shown in inset.
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Frequency

Figure 20.

March 9, 2016
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Petersen et al. (2014) SCR —
Cratons

05 O 2008 NSHMP Mmax distribution
12 F = 04 W 2014 NSHMP Mmax distribution
203
0 - o
20 AL |
8- 65 66 67 68 69 70 71 72 73 74 15 76 77 78 79 8.0

Moment-magnitude bin

56 57 58 59 60 61 62 63 64 65 66 67 68 62 70 701 72 73 74 75 76 77 78 79 80
Moment-magnitude bin

68 69 70 71 72 73 14 75 16 17 18 19 80 |

17

Distribution of large earthquake magnitudes (79 earthquakes) for cratons in stable continental regions,
worldwida Mmay distrihitinns nsed in the 2008 and 2014 undataes shown in tha insat

Groningen Mmax Workshop
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Johnston et al. (1994) Bayesian
Approach

* Subdivide SCR into domains on the basis of
— Crustal type (extended or not extended)
— Crustal age
— State of stress

— Orientation of structure with respect to stress (favorably or not
favorably oriented)

* Using a catalog of SCR earthquakes, assess
M ,ax-0bs fOr €ach domain

* Use distribution of M., ... (adjusted for bias) as a prior
distribution for Mmax — Used normal priors

* Update prior with likelihood function based on observed
earthquake catalog in seismic source to produce posterior
distribution for Mmax

March 9, 2016 Groningen Mmax Workshop 19

Example Application Using Johnston et
al. (1994) Prior for Extended Crust

Lo Extended crust
o My = 6.4
g
Gy, = 0.84
0
T T 5 . 5 events recorded
M. d
o between M 4.5 and M 5
g 10
N
N
- 4 5 6 7 8 9
Magnitude
025
02
. 0008 >
E 0006 % 015 1
& oon g
: oo ) | om -
Magnitude
Magnitud
March 9, 2016 Groningen Mmax Workshop 20
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Likelihood Function for mY(M,.,)

« Assumption - earthquake size distribution
in a source zone conforms to a truncated
exponential distribution between m, and
mU

« Likelihood of mY given observation of N
earthquakes between m, and maximum
observed, M. opbs

u
L[m"] = 0 form® <m_, o
- N
[1—exp{— bIn(20)(m" — mo)}I form*>m__ ...
March 9, 2016 Groningen Mmax Workshop 21

Plots of Likelihood Function for

max-obs
3.5
—m0=4,N=1
3 w0 = 5, N = 1
—m0=4,N =10
25 | m0=5N =10
3
] 2
<
£ 15
-
14
0.5
0 T T T
4 5 6 7 8 9
Magnitude
March 9, 2016 Groningen Mmax Workshop 22
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Results of Likelihood Function

* M ax0bs IS the most likely value of m

* Relative likelihood of values larger than m,,, s IS @
function of sample size and the difference m ., ops —
Mo

« Likelihood function integrates to infinity and cannot
be used by it self to define a distribution for mY (e.g.
Zoller, G., and M. Holschneider, 2016)

* Hence the need to combine likelihood with a some
form of prior to produce a posterior distribution

Johnston et al. (1994)
Bias Adjustment (1 of 3)

* “bias correction” from m,,,.os t0 MU based on
distribution for m,,,,.ops 9iven my

« For a given value of m“ and N estimate the
median value of M, ops - s

max —obs

N
max—obs] = - exp(_b In(lO)(mmaXJObS — mO) for m, <m
1-exp(-bIn(20)(m" —m,)

F[m s <m*

max —ob

AN .
e Usem —m to adjust from mean M, .,.ops

max—obs
to mean m¢

4/23/2016
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Bias Adjustment (2 of 3)

Example:
. *qu Mmax-obs = 5.7

=) N(m < 4.5)=10
m = 6.3 produces
m

max—obs — o.7

Bias Adjustment (3 of 3)

« Obtaining usable estimates of bias
adjustment necessitated pooling “like”
domains (trading space for time)

« “Super Domains” created by combining
domains with the same characteristics

« Average of event counts in super domains
used to adjust mean M, .,.ops 10 Mean
Mmax

13
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EPRI/DOE/NRC (2012) Update to
Johnston et al. (1994) Mmax Priors

Updated SCR earthquake catalog to using
Schulte and Mooney (2005) and GMT catalog

Reassessed significance of separation into

extended and non-extended crust

— Found that “significant” separation was between
Mesozoic and younger extension (MESE) and
combined older extension and non-extended
(NMESE)

— Significance of difference only marginal, included
and alternate single prior for all SCR

March 9, 2016 Groningen Mmax Workshop 27

Distributions of M, ... in Super

Domains

MESE

I II ‘ I Combined
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T T
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1 I
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e T T T 1
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a . I I
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Bias Adjustments to Mean Mmax
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EPRI/DOE/NRC (2012) Updated Priors
R

Mesozoic and younger extended crust 7.35 0.75
Pre-Mesozoic extension and non-extended 6.70 0.61
crust

Composite SCR crust 7.2 0.64

* Prior distributions limited to magnitude range M 5.5 to M 8.25

March 9, 2016 Groningen Mmax Workshop 30
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3. Use of Maximum Rupture
Dimensions

e Estimate the maximum dimensions of

ruptures
— Limits based on size of source
— Limits based on size of geologic structures

Use empirical relationships between
magnitude and rupture dimensions

4. Seismicity and Geodetics

Finite rate of moment release requires finite Mmax or
at least a decay in the relative frequency of
earthquakes that it greater than in increase in seismic
moment with magnitude

After fitting an appropriate magnitude distribution
relationship (e.g. G-R) to the observed seismicity, the
resulting recurrence relationship can be used to assess
seismic moment rate as a function of Mmax

Applying constrains on the seismic moment rate from
geodetic data provides constrains on Mmax (e.g. Main
et al., 1999).

4/23/2016
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Recent Applications for SCR Regions

* SHARE (European Seismic Hazard Model) — SCR regions
based on Bayesian approach

* US seismic hazard model (USGS) — Global Analogs
* Canada seismic hazard model (GSC) — Global Analogs

* PEGASOS (Switzerland) — Bayesian (EPRI and band
limited uniform priors), Kijko, with some dimensional
limits

* Australia — Maximum rupture dimensions

* CEUS SSC (NUREG-2115) — Bayesian (updated priors)
and Kijko

March 9, 2016 Groningen Mmax Workshop 33
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History of Mmax estimates for Groningen

Bernard Dost
KNMI

Mmax developments

e 1995: 56 events, 39 in Groningen

* 3 methods to determine Mmax from data
— Trend in cumulative energy (Mmax= 3.3)
— Monte Carlo modelling of the cum. frequency-magnitude relation using a bounded Gutenberg-Richter
relation (too small dataset for Groningen)
— Maximum credible earthquake based on geological parameters (dePolo and Slemmons, 1990)
Groningen: Fault length 0.8 km, width 0.4 km: Mmax= 3.5+ 0.5
(moment magnitude; shear modulus 8 Gpa for shallow events)
M, = pAd
Crook, Th. de, B. Dost and H.W. Haak, 1995, Analyse van het seismische risico in Noord-Nederland, KNMI report TR-168,
30pp.
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Mmax developments

e 1998: 125 events in the North of the Netherlands

* 3 methods to determine Mmax
— Trend in cumulative energy (Mmax=3.7)
— Monte Carlo modelling of the cum. frequency-magnitude relation using a bounded
Gutenberg-Richter relation (Mmax=3,8 (mean + 1 std))
— Maximum credible earthquake based on geological parameters
Fault length 0.8 km, width 0.4 km: Mmax= 3.5 + 0.5 (same as 1995)

Crook, Th. de, H.W. Haak and B. Dost, 1995, Seismisch risico in Noord-Nederland, KNMI report TR-205, 24pp.
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8 878 8 90 91 9 93 9 95 9% 97 Probability density as a function of Mmax
Tijd for a Monte Carlo calculation. Results are for

Cumulative square root of the Energy 1000 experiments

Mmax= 3.8 (mean + 1 sigma)

* Results apply to all gas fields in the region
* Monte Carlo calculation assumes a truncated exponential distribution to model the
finite frequency-magnitude distribution



Mmax developments 2004

Cumulative frequency-magnitude relations

1
05
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g
-0.5 1 T
Groningen
untill Oct 2003
—— Groningen
-1 untill Dec 2003
= North Netherlands
45 untill Dec 2003
1 1.5 2 25 3 3.5

Magnitude

Figure 4. Cumulative annual frequency-magnitude relation
obtained for all induced seismicity in the north of The
Netherlands for the period 1986 - 2003 (blue curve) and
observations (blue crosses). Also is shown the same
Sfrequency-magnitude relation for all earthquakes in the
Groningen field. However, for this selection we have shown
the relation excluding (purple broken curve) and including
(red curve) the three 2.7 < M < 3.0 events that occurred
October-November 2003. This shows that the slope (b-
value) of the frequency-magnitude relation for a subset of
179 events has a tendency to approach the b-value of the
Jrequency-magnitude relation for all earthquakes (340
events).

Van Eck, F. Goutbeek, H. Haak and B. Dost, 2004, Seismic hazard due to small shallow induced earthquakes,
KNMI Scientific report; WR-2004-01, 52pp.
Van Eck, T., F. Goutbeek, H. Haak and B. Dost, 2006, Seismic hazard due to small-magnitude, shallow source,
induced earthquakes in the Netherlands, Engineering Geology, 87:105-121.
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Mmax developments-2004 cont.

Table 1. Estiy d Ma using a Bavesian approach.
mean median 84% Ci
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de based on the observed seismicity using a Bayesian approach. The left

figure shows the most recent estimate based on earthquake data up 1o October 2003. Right figure shows an estimate based on the
data up to 1997 and is consequently similar to that obtained by De Crook et al. (1998). The results of this analysis are
summarized in Table 1.
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Mmax developments

e 1.1.2010: 640 events in the North of the Netherlands; 341 in Groningen

* 3 methods to determine Mmax
Trend in cumulative energy (Mmax= 3.7)

Gutenberg-Richter relation (Mmax=3,9 (mean + 1 std))

Fault length 0.8 km, width 0.4 km: Mmax=3.5 £+ 0.5

Monte Carlo modelling of the cum. frequency-magnitude relation using a bounded

Maximum credible earthquake based on geological parameters

Dost, B., F. Goutbeek, T. van Eck and D. Kraaijpoel, 2012, Monitoring induced seismicity in the North of the

Netherlands: status report 2010, KNMI report WR-2012-03, 39pp.
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Groningen seismicity, development in time

Large variability in annual number of earthquakes M>1.4
Since 2003 increase in activity rate, no significant change in b-value
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Developments 2013

To conclude, the magnitudes of the largest induced events in hydrocarbon
reservoirs, as reported in the scientific literature, remain, if rounded upwards, below
ML = 5.0. One has to keep in mind, however, that the comparison is made for
hydrocarbon fields in different geological settings and tectonic regions. Also, enough
existing fault surface should be available to accommodate the movement of a larger
event.

Based on statistics only, no reliable estimate could be obtained of a maximum
probable earthquake for the Groningen field. Further research using additional
information from geology and geomechanical modeling is expected to provide
additional constraints on the possible value of the Mmax. Until this information is
available, we estimate an conservative upper limit for Mmax at magnitude 5.0.

Dost, B. and D. Kraaijpoel, 2013, The August 16, 2012 earthquake near Huizinge (Groningen)

Developments 2013-2

Arguments based on a finite fault size provides an estimate of M=5.8 as a
maximum value. However, this value corresponds to a slip of 0.3 m over a
fault dimension of 3 km width and 60 km length. Since the part of the fault
directly influenced by compaction is only 0.3 km, a more realistic estimate is a
fault width of 1 km and a fault length of 20 km assuming a similar high aspect
ratio of 20. This provides a M= 4.9 and a slip of 0.1 m. In all calculations a
stress drop of 1 MPa is assumed.

Dost, B., M. Caccavale, T. van Eck and D. Kraaijpoel, 2013. Report on the expected PGV and PGA values for
induced earthquakes in the Groningen area, KNMI report, 26pp.
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Estimating maximum possible earthquake (M,,,.,)

¢ Finite strain
All strain accumulated over the life cycle of the field released in one event at the end of

production: M, ,=6.5. Highly unlikely hazard scenario.

*  Finite fault length (fault width = W; fault length = L)
a) 0.3mslip over a fault dimension W=3 km and L=60 km: M,_,, 5.8. This assumes full release
over lifetime of production field
b) 0.1m slip over W=1 km and L=20 km: Mmax = 4.9

NPR: Considered likely hazard scenario for the next five years > Minay = 5.0.

*  Finite mass
* A mass shift of 2-2.5 Gt results in M, ~ 4.5 (Klose, 2013)
Unlikely hazard scenario as it does not consider specific local mechanism constraints.

NPR training 16-02-2016

Conclusions

* M max estimates based on modelling of a GR relation for
Groningen do not provide reliable results due to the non-
stationary character of the development of seismicity

* Finite fault length considerations and results from
geomechanical modelling may provide constraints on Mmax

* A Mmax=5.0is currently assumed in KNMI hazard calculations.
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Making a large earthquake:
What is physically possible?

Emily E. Brodsky
University of California, Santa Cruz
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A naive extrapolation

Groningen

Annual Cumulative Number of Earthquakes
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Numerical

<«Dueakc——n

D

simulations

I of connecting
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Kaneko, Avouac and Lapusta, Nat. Geosci., 2010

Multiple fault ruptures
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M8.1 Samoa Earthquake
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How far away can faults be stressed?

Rocky mountain Arsenal

DERBY EARTHQUAKES 1967 AND 1968
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How far away can faults be stressed?

Oklahoma pore pressure diffusion to 20-35 km

Semrlcnv
Days since )
35.6{January 1, 2010| "‘
-_— . s
100 180 260 Lo
T I o‘ T %
., Jdik‘ \
35.5 ] . -.‘,‘ Y
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] . ‘.‘ .I
354101 . - N
-97.4 -97.3 -97.2
low permeability shale MPa
2 Avbuckie p'o
Es 0.3
s 0.1
dolomitized carbonate 0.03
granitic (D = 1-4.5 m?/s) 001 Keranen et al., 2014
basement

Another means of fault interactions:
Earthquake-earthquake interactions
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Catalli et al., GRL, 2013
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Compaction Induced Seismicity
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Raw Earthquake & Operational Data
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Aftershock-removed rate
and operations

Production
Rate
(m3/month)

Injection
Rate
(m3/month)

Net 6
Extraction
Rate
(m3/month)

J ! ‘ ] ‘ ‘ ‘ . o
1982 1987 1992 1997 2002 2007 2012

Brodsky & Lajoie, Science, 2013

Magnitude Distribution

One M5.1 earthquake
in 30 years (consistent with
compaction volume)

Number of earthquakes per year
with magnitude > M

10° ¢ 1
107" 1
[crprnnng
10_2 I I I I I
0 1 2 4 5 6
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We we are so far...

* A Gazli-like event (M~7 in the field and adjoining
area) is physically possible
— Has precedent
— Faults can connect

— Affected volume includes 10’s of km around field
* Hydrologically connected or 1 source length (static stress)

— Sufficient energy exists

... What about something further? Or bigger?

Two scenarios

* Remote triggering following a local event

* Contribution of pre-existing tectonics to the
energy
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Aftershock spatial decay

Distance from Mainshock (km)

Adteponoyk Aevolty ~ Cr 14

Felzer and Brodsky, Nature, 2006

Extending the reach of earthquakes

Broadband record from Bozeman, Montana
(epicentral distance = 3,000 km)
1 T T T T T

_ 2002 Denali, Alaska Mw 7.9 Earthquake
Ef 0 bt
-1 1 1 1 1 Il
! Filtered
4-19Hz

Local
earthquakes

1 1 1 1
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C
z . |
E° Wi prve) l‘*, \ WWWW
05 . s \ s
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Time from Denali earthquake (s)

"q Brodsky EE, van der Elst NJ. 2014.
Annu. Rev. Earth Planet. Sci. 42:317-39
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Triggering rate as a function of

causative strain

Peak strainin
incoming seismic waves
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Seismic Waves
Trigger Earthquakes

M,,=7.3 1992 Landers Earthquake

40N
10 days before
10 days after

Hill et al., Science, 1993 el 120'W 15'W

10

California
1984-2008

Van der Elst
and Brodsky,
J. Geophysical
Research
2010
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Extending the reach of earthquakes

Broadband record from Bozeman, Montana
(epicentral distance = 3,000 km)
T T T

2002 Denali, Alaska Mw 7.9 Earthquake
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"q Brodsky EE, van der Elst NJ. 2014,
Annu. Rev. Earth Planet. Sci. 42:317-39

Scenario 2

* Releasing tectonic stress locally to extend the
rupture (example: 2008 Mw7.9 Wenchuan?)
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How do earthquake rupture?

Movie of 2004 Mw 9.15 Sumatra
earthquake from Ishii et al., 2005

How do T "L stress?
The distinction between
“induced” and “triggered”
ilis a continuum
\ iU LU Eavy LU LU v YU
3 100 ; F——
© | * long-range tr|gger.|ng ‘
?]:) g 10 || * local aftershock trig % California
‘§ © 4#F[!.[k 1984-2008
o ©1 Aftershock
fa g + productivi
C O
< 0.1
£ iﬂ f
o 8 001
%O f hl; —_ Van der Elst
@ 0.001 1 1 L l | L & and Brodsky,
(@] ) . J. Geophysical
10 10 10° 10 Research
Peak Ground Velocity (cm/s) 2010
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What about
Groningen?
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Number of aftershocks per mainshock

Number of aftershocks per mainshock

Combining Earthquakes
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Number of aftershocks per mainshock
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Crustal Japan
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* Sept 16, 2015 Chile Mw8.3
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Recommendation:
Continued
monitoring of long-
range triggering

100w 95 W 90 m
Van der Elst et al., Science, 2013

Conclusions

* A M~7 earthquake is possible based on
— Historical precedent
— Size of field and affected region
— Examples of ruptures connecting faults
— Available energy from compaction

* Two more drastic scenarios

— Farfield triggering
* Possible (not probable) for M~7 in Groningen to trigger Rhine
Graben

— Recommend inclusion in PSHA using ordinary GR and local aftershock
productivity on affected faults (rare?)

— Tectonic release locally

* Possible (not probable) given current stress state

— Recommend continued monitoring of farfield triggering and field
aftershock productivity
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Permeability in the Fault Zone:
Wenchuan Fault Zone Scientific Drilling
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Permeability and Storage in
the Wenchuan Fault
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x10'® 10 °x

2.2 . ‘ - . - 8.4
E 2t 4178 I
—_— >
g 16 T T . 62 £
E 4l . - e - e -l {sar i ———
- e = 5 x 10°m?/s

2010-01 2010-04 2010-07 2010-10 2011-01 2011-04 2011-07

Date

55X 107 Storage coefficient
= 245 i
g 24 . .
£ 235 7, e - R .
8 =23p T, e L e . e ~2.3x 104
@ 2250 B * - . - g
S 221 - ) i
g .
£ =215 i

2010-01 2010-04 2010-07 2010-10 2011-01 2011-04 2011-07

Xue et al., ) ) o Date
science, ~ Hydraulic Diffusivity = T/S= 2 x 102m?/s
2013

Temporal Changes

-15 Permeability I
x 10 10 7 x
2 T T T T T 8
1 1 1 ]
1 1 1 1
18} P - . " 1725
e 1 o, 1 1 2
— 16 1 1 . 1 1 1643
2 1 1 LI . ¢ . 1 1 @
B 14 1 1 . .. 1 158 %
[ 1o 1 1 =
z 1 ' * . ' i 48 =
%1'2" PR 1 : 1 e a1 1% 3,
o ®s % 1 1 T | 11" . -
1+ 1 1 L e eyt 44 2
1 1 1 1 *
1 1 L1 [

2010-01 “IDL 201 0|707 2010L1 0 011-01 1-04 2011787
O\ Date / e/?
Earthquakes

‘ue ot o PErMeability changes indicate fast, episodic healing in
science, the fault following a major earthquake
2013

—~

19



Conclusions

* Permeability varies over time
— Seismic waves can increase permeability by factors up to 3-

4

* In some cases, permeability change correlated to amplitude of
dynamic strain
— Reproduced in the lab
* Possibly due to opening (unclogging) of fractures
— Over years, permeability can decrease by similar amounts
* May be the fingerprint of fault zone healing

* IMPLICATION FOR HYDROGEOLOGY:

Permeability is a dynamically controlled and its steady-state
value is governed by the competition of processes.

Part Ill:

Dynamic Permeability Enhancement
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Permeability Records:
Permeability increases at the
o Time of Earthquakes
g5y Assuming a homogenous, isotropic flow
[ TS following Hsieh et al., 1987
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Permeability Increases with Shaking
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Laboratory Experiment

Inlet Channel

Elkhoury et al., J. Geophys. Res., 2011
Candela et al., Earth & Planet. Sci. Let, 2014
Candela et al., J. Geophys. Res., 2015

Permeability Increases Generated in
the Lab
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Imagery of throat clearing

Earthquakes can generate
feedback via seismic

Pp4092

Candela et al., EPSL, 2014.

Numerical
simulations
- - of connecting
faults
Probability of Peak Stress — Static Friction) Dgyong
earthquakes :f
overcoming barriers CStatic Friction — Dynamic Friction)DWeak)

Static—Dynamic Friction

Kaneko, Avouac and Lapusta, Nat. Geosci., 2010

Dstrong (km)
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Mmax Workshop, 8-10 March
World Trade Centre, Schiphol Airport,

Overviev

Datab

Marine and Petroleum Geology 45 (2013) 171-185

C lists available at SciV ScienceDirect

Marine and Petroleum Geology

journal homepage: www.elsevier.com/locate/marpetgeo

Review article

Induced seismicity and hydraulic fracturing for the recovery of
hydrocarbons

Richard Davies®*, Gillian Foulger?, Annette Bindley ', Peter Styles®

?Durham Energy Institute, Department of Earth Sciences, Durham University, Science Labs, Durham DH1 3LE, UK
School of Physical and Geographical Sciences, Keele University, Keele, Staffordshire ST5 5BG, UK

W) o
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Database
+ 2013 paper: * The new 2016 database:
— 198 examples — 389 examples
— 66 papers — 190 papers

CCs, 2,0% Construction, 1, 0%
Conventional Oil and
Gas, 67,17%

- .

Fracking, 15, 4%
Waste fluid injection,
22, 6%
Research, \\

5,1%

3
Database
Excel spreadsheet columns:
* Excel spreadsheet — Location — Depth interval of
* PDF collection — Cause, sub- project
cause — Tectonic setting
« EndNote reference _ Projectname — Prior earthquake
library _ Dates of history
project & — Dam height
seismicity  — Extraction/injectio
— Delay time n rate
— # earthquakes — Volume
— Mmax extracted/injected
.| = Magnitude — Pressure
scale — Area
— Earthquake  — Fluid viscosity
depth — Temperature
— Mmax date  — Notes
wese | — Distance — References
from project
— Lithology .
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McGarr et al. (2002)
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Water Reservoirs

« Up to 100 m ~ 10% seismogenic
» Up to 140 m ~ 20% seismogenic
» 5 cases with M > 6

Koyna Dam, India

Created 1962

Dam 103 m high, reservoir 75 m deep &
52 km long

1967 M 6.3, ~ 200 deaths & dam damaged
Depth < 5 km, < 10 km distance from dam

M > 5 ~ once every 4 years
ﬁg;g; » .

12
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Koyna, India

Egs M > 2 and reservoir
water levels (feet) 1963 -
1986

Talwani (1995)

Other notable examples

« Highest dam @ 300 m — Nurek, Tadjikistan,
M 4.6 (1972). Reservoir 10 km?

 Largest volume reservoir @169 km?3 — Aswan,
Egypt, M 5.6 (1981). Dam 111 m high

e Largest (pop.) state in USA — Oroville,
California, M 5.7 (1975). s
11 km from reservoir

Aswan Dam

4/23/2016
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Surface Operations

Adding mass
Erecting tall buildings

16

Taipei 101, Taiwan

» Weight of building ~ 700,000 tonnes
* Increase in stress at base: ~ 0.47 MPa

17



Taipei 101, Taiwan

» Unusual earthquakes after construction:
M 3.8, M 3.2

 On blind thrust under building ~ 10 km depth
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e 3
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Database: Dam Height y

Maximum magnitude (M)

Zipingpu dam (Wenchuan eq)
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Database: Water Reservoir Volume

9 -
8 . Zipingpu dam (Wenchuan eq)
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Lorca,

nature
gCOSCICHCC

Spain

LETTERS

PUBLISHED ONLINE: 21 OCTOBER 2012 | DOI: 10.1038/NGEO1610

The 2011 Lorca earthquake slip distribution
controlled by groundwater crustal unloading

Pablo J. Gonzalez'*, Kristy F. Tiampo', Mimmo Palano?, Flavio Cannavé? and José Fernandez®

L PO TIIry i

Ear ion and arrest are influenced by
fault frictional propertles"’ and preseismic stress®*. Studies
of triggered and induced selsmu:ll:ys‘7 can provide unique

into this i I ts of near-

Gonzalez et al. (2012)

a =
, X 2°W
(+1+025mmyr! (vohg-teém) ;
o VRt R
3+ 2:£0.50 mm (eoseismic). * S
f38°N i

Methods). Two different ENVISAT descending satellite tracks (12
and 16) imaged the area before and after the event, providing
estimates of the displacement field from two different look angles
(Fig. 2a,c). Differential interferograms were processed in_time
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Lorca, Spain

« 2011 M, 5.1
 Shallow, ~ 3 km depth, Alhama de Murcia Fault
* ~10 x 10 km fault area

Dropping

6 water table

29

» Lorca, Spain
9 oBTe kllled 100s injured

4/23/2016
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Other very shallow earthquakes

« 2010 Canterbury earthquake,
M 7.1, depth ~ 10 km
(damage ~ NZ$3 billion) <~

« 1812 New Madrid e
earthquakes? M ~7.5

Other places where
water table lowered

* The Netherlands

Extraction From the Subsurface

Hydrocarbons

36

14
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Gazli, Uzbekistan

lr mGazli gas _ field canal&res. T’
* 1966 — Larg_e-scale I ﬁ:ir
gas production ~ \® 640319
» 1976, 1984 — gy
@(6/04/08
3IXM~7 N
e 1 death,
100 injuries
* Pressure
reduction
~ 5 MPa
Simpson & Leith (1985)

Gazli, Uzbekistan

e Since 1988 — used

forunderground [z, }
storage i ' |

« Gascycledin& -
(S

out seasonally Al R

L

|

1;:; ‘

Plotnikova et al. (1996) A '7 Z—L] —“?" |
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Reporting Inhomogenous

No seismicity reported in most fields
(but is it observed?)

Eats, shoots, and leaves
Eats shoots and leaves

No seismicity is observed
No. Seismicity is observed
Seismicity is not reported
No seismicity is reported 7

Possible large anthropogenic
earthquakes under oil/gas reservoirs

1983 M 6.2 Coalinga earthquake, California
1985 M 6.1 Kettleman North Dome, California
1987 M 6.0 Whittier Narrows, California

All: y s
—~ 10 km deep * \\:’i—:
— under producing oil fields i Buniihy
— uplifting anticlines R T

— seismic deformation = required to restore isostatic
equilibrium if backflow of water ignored

41
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Coalinga
94 injured, felt throughout
| half the State

- S

122" 120" 118’
Map Version 11 Processed Sat Nov, 2008 10:17:43 AW ST

VERREIE" [ vottet] Weak | Light |Wooer] Stong |Very stoma| _Severa | Vieknt | Exbems

PRI | rone | row | moms [Veryloi| Uom | tossan avy_[Very oo

<17 |.1714| 1459| 3092 | 0218 | 1834 34 | ez | stas

0111[ 1134 | 3481 | 8116|1691 5160 | co116 | >116
MV v W Vil

The term “blind thrust”
comes up a lot

Whittier Narrows
6 people killed

Thu Oct 1, 1987 14:4220 GMT M59 N34.06 Wi18.14 Depth: 14.4km 1D:196710011442

e
19" 118" N7
Map Version 11 Processed Sat Novs, 2006 124434 PH MST

fel]_Weak | Light |Modsrake] Stong |Verystiong| _Severe | Vilent | Extieme
mone | mons | Very lght| Ugh | Hoderan Heavy |Very Hean|
171.4] 1439| 3902 | 0218 | 1834 3465 | 5128 | >4
1 [0111] 1134 | 3481 | 8116 | 161 s160 | co16 | >116

Wi v [ v | v | v

Database: Extraction — Subsurface
Volume vs. Mmax

8 @ Gas extraction

7 ® Geothermal extraction
® Oil and gas extraction

6 Oil extraction

—McGarr (2014)

Maximum magnitude (M)
=

1.00E+00 1.00E+02 1.00E+04

1.00E+06

L ]
°
®
Groningen
®
1.00E+08 1.00E+10 1.00E+12

Produced volume (m3)

4/23/2016
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Gas extraction induced/triggered seismic events

. Groningen gas field

. Dutch gas fields

. Global gas fields
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Oklahoma: Injection wells &
earthquakes
» ~ 7,000 injection wells

— Disposal of produced brine (dominant)
— Enhanced oil recovery

@
g

— Disposal of frack
fluid

* Most injected in ’
Arbuckle Group:
carbonates/sandstones
close to Precambrian
crystalline basement

Walsh & Zoback (2015)

Oklahoma seismicity
« Injected volume | Y
doubled over BT 5t

I aSt 1 7 years NemahahF;u.l_lDth_o;é::_ § _g_ ' E C : 8 L ‘- —: Tysa

%‘;—:—*Cushmg

 Seismicity suddenly
increased 2009

» Correlations between

Wilzetta Fault Zone'

egs &

injection/production

are rare 3 oo | ~
 Meers Fault—M 6.5-7 > ™ | o km i o

events last 3,500 years MeNamaraieteilizets)

il

4/23/2016
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Oklahoma: Earthquakes and injection

- - N N

[ =3 a o a

(=3 (=3 =3 (=3 =3

o =] o =] o
T

Cumulative number of
magnitude 2.5+ earthquakes

o

Cumulative number of magnitude 2.5+ earthquakes in Oklahoma

November 2011
M 5.7 Prague event

1998

n
(=3
o

-
o
o

Injection rate
in millions of
barrels per month
)
o

o
o

0
Walsh & Zoback (2015)

" L " 1 L
2000 2002 2004 2006 2008 2010 2012 2014

Injection and earthquakes in Oklahoma

2005 2010

Oklahoma: Individual wells

AN

Injection rate

in millions of
barrels per month
ONBOIRONLOIRO

2000

aaaaan

ONAOXONROIDO

Injection rate
in millions of

barrels per month

2000

SAaaaan

ONPOIRONLOINO

Injection rate
in millions of

barrels per month

2000
Walsh & Zoback (2015)

o

@' Earthquake magnitude

Cherokee
Cherokee 5 3n0
o
483
£E
ta
3WE
2.5 365
2005 2010 2015
5 365
Qo
483
£8
3wk
25 36,
2005 2010 2015
6 358
Qo
5 EE
425
ta
SE
3
25 353

2010

Date
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Oklahoma

2011 - M, 4.8, 4.8, 5.7 due to wastewater
injection in depleted oilfield (Prague sequence)

Felt 1,000 km away in Chicago

2014, M 4.0, 4.3, - e <

— felt 200 km away

— items thrown from
shelves

— broken windows

Can spill into next
jurisdiction

e

e Dt b

Circle radius 1,000 kim centred op Grenigen

Injection Into the Subsurface

Liquid
Enhanced Geothermal Systems (EGS)

55

4/23/2016
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Example: Basel,
Switzerland

« EGS project

» Where Upper Rhine Graben
meets Jura Mountains
fold/thrust belt

» 1356: M ~ 6.5 earthquake
destroyed city v

3

v Basel

Basel, Switzerland

* Mmax 3.4 (2006) |
+ 3 M > 3 events weeks ili
after shut-in .

* Depth: 4.6-5.0 km Zang et al. (2014) -
e Volume: 11,570 m3 & o
» Project status: Giardin (2009)

Abandoned
Jl‘ ||!.||_h_3.I14

Magnitude

4/23/2016
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Injection Into the Subsurface

Liquid
Geothermal reinjection

59

The Geysers
Geothermal Field,
California

*%‘%g\?% =
N

>
\%kﬁ ;

N

San Francisz|

""""""""""

Ross et al. (1999)

) s

.........

4/23/2016
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The Geysers, California

The Geysers: Field-wide Steam Production, Water Injection and Seismicity
1960 through end 2013

1500 R R ——— T ¢ e 4e00e 44+ @ e 300
—M=15 ; o g >
5 5| 2 : 2
—M>=20 b & & =
< 3
1250 | —M >=25 % % -+ 250 2
—M >/=30 u & §
—e— Steam Production =
1000 | —a—Water Injection <+ a‘%
s o
5 ® M >=40Event 2
3 =
I
2 750 £
S 2
£ — =
2 Mmax = 4.6
» 500 t
250 |

1960
1965

Calpine Corporation Report (2014)

Injection Into the Subsurface

Gas

66
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Injection Into the Subsurface

Gas
Natural gas storage

67

Amposta Depleted Oil Field, Spain

* Injection of cushion gas for storage
* Oct 2013 > 1,000 earthquakes up to M 4.3

. B Cartes e hapita
Biiseconvg P "

== %

,,,,,,,,,,,,,,,,,

. S
' e,
b 48, - OVLTy QLD L
® w%é .
. - al Pl
scH0+— " ———H kg0 2
s
%

68

23-Oct

03-Sep 13-Sep 23-Sep 03-Oct 13-Oct
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Maximum magnitude (M)

4/23/2016

Database: Injection — Subsurface
Volume vs. Mmax

7 1 ® CCs
Conventional Oil and Gas
61 o Focking Prague, Oklahoma )
o Geothermal Rogky‘l\/ltn. arsenal
5 1 ® Research :
Waste water injection
o ]
----- Log. (Upper bound of McGarr ;
T 4 (2014))
% ° %
g e
2 me
§ ° e A .
g o °0
s 2 e o o
¢ °
° °
1 [ ]
°
] 'X) ¢ # points =59
°
1+ 9 P

L.E+00 LE+02 LE+04 1.E+06 1.E+08 LE+10

Database: Injection — Subsurface
Maximum Injection Rate vs. Mmax
Prague, Oklahoma # points = 62

] ¢ . "
° ° ° Conventional Oil and Gas
o ° 6§05 o Qe ® Fracking
o0 ® 0,°
o0 . ° ® ® Geothermal
® Research
® °
. Waste fluid injection
°
L] °
°
L] [ (3 ] [
L]
L]
T T T 1
0.1 1 10 100 1000

Maximum injection rate (L/s)
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Maximum magnitude (M)

# points = 60
°
[
| re . ®
°
e P b4 eccs
- o ¢ jonal 0fl and
.' - ° ° « Conventional Qil and Gas
[ ] Frackil
o‘ .o e 2 °® o . ng
® ™ » Geothermal
> o = ® ° . * @ Mining (solution)
. ° Harrison County, Ohio o Research
® © Waste fluid injection
° o
° L° °
°®
T T T T 1
0 20 40 60 a0 100
Maximum injection pressure (MPa) 77
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1968-1970

BLACK
MOUNTAIN
CALDERA |, »
1
X

Q S KILOMETRES
McKeown (1975)

OUTER BOUNDARY OF
SILENT CANYON

u |
TUB SPRING /{

CALDERA COMPLEX
i \/cn
{
|

LDERA

OUTER BOUNDARV OF]

TIMEER NTA

375"

NUMBER OF EARTHQUAKES

pet

% =:°o e \
& ° \
i %o ‘: \
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§ kg ™
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CANNIKIN, Kamchitka

5 ®
=
o 4 *
3
g
E 3 - [ ]
E
E 2 ® ]
3
=

1 m

0 T T T 1

1 10 100 1000 10000
Yield (kt)
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All Projects

Mmax Broken Down by Project Type

Number of cases

60

50

30

20

10

(2)M<(-1)  (-2)3M<(0)  (0)SM<(1) (1)SM<(2) (2)SM<(3) (3)SMI(4)  (B)3MI(5)  (S)SMI<(6) (6)M<(7)  (7)SM<(8)

—CCs
— Construction

Conventional Oil and Gas

—— Fracking
— Geothermal
— Groundwater extraction
= Mining
Nuclear
—Research
Waste fluid injection

—Water Dam

EAN

A ———— s

.

84
Magnitude (M)

All Projects
Mmax vs. Volume

11 4
Fluid injection
@ Fluid production
9 4 ® Surface operation
—McGarr (2014)
7 4
:
g5
3
2
'E
4
£?
E [ 4 o oo®
: °.
21 ®
-1 41
-3 T T T T T T
1.00E+00 1.00E+02 1.00E+04 1.00E+06 1.00E+08 1.00E+10 1.00E+12

Volume/Proxy volume {m3)
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All Projects
Mmax vs. Scale

10
Zipingpu dam (Wenchuan eq)
8 ____ -
_ [
E /
o g — te @
g /.' o L]
§ / L
g 4 * ° e ¢
E / »
E 2 . )
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s . L
O .
Groningen
2 .
1 10 100 1000 10000 100000
Scale (m)
® McGarr et al. (2002) Wilson additional cases =~ ——M=5.08+(1.16*LOG(L)) %°
All Projects
Mmax vs. Pressure Change
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® Research
Waste fluid injection 6 1
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Freie Universitat

Mmax estimation for Groningen

S. A. Shapiro, C. Dinske, O. S. Kriiger.

Freie Universitat (/| se [}

The Gutenberg-Richter law for fluid injections

logN,, =a—bM

logN,, (t) =X +109Q,,....(t) —bM

injec



0
10" F - - - injected volume - - - -
— M>0.5(M)
107k
107%
-
L~
10°%
10° 10' 10°
time since first event (h) shut-in time

Freie Universitdt

2
1
0 2
o a N o o al |—3
— © e < < © 4 [
-2 HHH gt s = 5
A0 6 T | [—e—6
o____o,._o—-o———-*— - —-7
——8
R =an S 1 |——0
—10
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-6 - 12
o— 13
—e— 14
-8t ] | =-==15
—¥%— 16
S i— = ¥ x
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Tiﬁe/ Injection Time

: Ogachi 1991/93, 3: Cooper Basin 2003, 4: Basel 2006, -: Paradox Valley, 6-9: Soultz
1996/95/93/00. 10-12: KTB 2005/94.12: Barnett Shale, 14-16: Cotton Valley stages A, B,C.
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Magnitudes vs time
What had happened in 2002 with the observation system?
With the production?

Y km]
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Production wells and events (2003-15)

Why are there 10 boreholes producing reduced seismicity?
What is in the geologic/tectonic difference between SE and NW ?
Why is the seismicity shifted to the North West?
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Fig. 2.23 Rotliegend time thickness, derived from well sonics and used to constructa DC_T
time event (Field Review, Shell)

Iog10 Event Number
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1.6f

d 2003-2015
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Theoretical Asymptotic: infinite medium + maximum-production rate until 2024

Probability 1-P(0,M,)
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b-value time dependence
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Finite stimulated volume e Toue,

geothermal
experiment
e Soultz 1993

+

600

4001

hydro frac experiment
Cotton Valley (water injection)

50F ‘ £
it

100

North [m]

North (=]

400+
. wf e
600 |_ '
. ) , min ]
500 o -200 -100 ) 100 200
East (m] East [m]
Freie Universitat | 2 Berlin
Effect of the geometry

A power-law probability of a rupture size L produces the
Gutenberg-Richter magnitude law

Effects of the geometry are accounted by

WF (L)Wgeometry (L)



Freie Universitat £/

Wsphere

X = rupture _length/sphere _ diameter

The geometry of the lower- and upper bounds
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The lower- and upper bounds for magnitude distributions
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Freie Universite
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Berlin

The scale controlling maximum magnitudes
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Shapiro et al, 2011, Geophysics, v. 76, #6.
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Groningen Field Outline

Event Density (107 / m?)
~——— Ellipse estimate A
Ellipse estimate B
—— Ellipse estimate C
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Conclusions

* The seismogenic index in Groningen seems to be quite low.

* However, it increases slightly with the production.

* Most probable Mmax is around 4.2 (uncorrected: 4.6-4.7).

* Probably, Lmin is > 300m. It seems to be in the range 400-1100m.
* Alternatively, the stress drop must be very high (> 10 MPa).

* The geometry-uninfluenced b-value is close to 0.76-0.77 (in contrast to
ML:0.86)

* A good depth resolution of event locations is necessary.
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Key Messages

+ Adistribution of maximum magnitudes should be applied

* Most ruptures will be confined to the reservoir interval Salt

« If the earthquakes are confined to the reservoir interval

then a maximum magnitude of 4.5 should be applied T T 10112507

+ If earthquakes can propagate outside of the reservoir then 1, . Resernvoir
a larger maximum magnitude should be considered RSl

1

Groningen
Seismicity

May propagate
below reservoir

Confined to m
the reservoir

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Earthquakes are
nucleating within the
reservoir interval

Stress drop estimates range
from 0.1-10 MPa
(3 MPa is the best fit)

Downhole Array Earthquakes
Theo

woth End Sept 2015
2400
OMa=1
o

2600

=]
5]

>

2800

Depth (m)

3000

Stress Parameter, Ac (MPa)
I
I
I
|
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L.
|t
I\
bl i i Tl
14
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\
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\
\

o
-————
B

Lower Model
3200
—— Central Model

f —-— Higher Model

3400
236000

o
2

238000 24000 242000

244000 . . |
W-E Loeation 2 3 4 5

246000 248000 250000

Magnitude

563 events recorded on downhole

array, relocated by Magnitude and
posted to NAM platform

Stress drops calculated by Bommer et
al, 2015, Development of V2 GMPEs...

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Earthquake observations provide key constraints

Focal mechanisms show
predominantly normal
faulting

(Kraaijpoel & Dost, J Seismol 2013)

The catalog is consistent with a truncated distribution

» The M 3.6 Huizinge event is the largest observed out of 271 Groningen events (M>=1.45)

Probability that we should have seen an
event larger than M 3.6 by now

Truncation Magnitude

b value

P <5%

84%
68%

95%
83%

97%  97%

15% < P < 35%

0.96 (bf) 35% < P < 65%

@D

70%

65% < P < 85%

50% 65% 70%

P >95%

+ Catalog is more consistent with a lower magnitude truncation

+ Probabilities are lower bounds due to:
+ Additional 78 Rotliegend events in nearby depleting fields
* Not all earthquakes larger than M 1.5 have historically been recorded
» Lower b values best characterize the seismicity where most events occur

« Extreme value analysis estimates a lower truncation magnitude

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Probability

Probability of a given magnitude
being the observed maximum

b =0.96, Mmax =6.5

o
-

0.05

3 4 5 6
Maximum magnitude

Extreme value analysis of
maximum annual magnitude

Distribution m

Weibull 3.8
Largest Ext. Value 4.6
Gamma 4.1
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Depth of Top Rotliegend

Overview of fault geometry

» Faults within the reservoir have been extensively mapped
+ ~700 faults in reservoir model
+ 43 faults > 7 km
» Longest fault linkage is < 30 km

» No individual fault spans the horizontal dimension of the field
Fault Offsets Rotliegend Thickness

» Reservoir thickness and offset vary
throughout the field

+ 270 m — representative thickness (includes
Ten Boer)

* 80 m — Average max fault throw

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Confinement of events to the reservoir

* Ruptures can be stopped by geometric complexities, strength ‘
properties, stress barriers, or other unknown controls ] = 2] san

2800 Ten Boer

» For a rupture to propagate below the reservoir there must be TenBosr
high enough stresses to sustain propagation Reservor o

== Reservoir

100

—*‘ Carboniferous

+ Alow shear stress environment could keep events confined Carboniferous

3300

to the reservoir i

Low shear/normal stress
(propagation barrier)

3500

» Analysis of largest event is inconclusive regarding reservoir T S
confinement (Modified from report by P. van den Bogert 2014)

What is the likelihood that

all events will be reservoir _
confined events? / the reservoir
Groningen
Seismicity \
May propagate
below reservoir [l

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Simulations of Huizinge Event e

— Data 1 -
—Model | g
« Finite-source (kinematic rupture) wavefield modeling through “% JA 7V 1 é
a 3D elastic model is used to simulate different Huizinge s T i h U AR At
event rupture geometries and mechanisms & | i 1 £
« Event nucleated at estimated Huizinge hypocenter with two b s - '; ' ;‘%'m?l's]' e - ’.' _{ =
different rupture area aspect ratios (square vs. ribbon) oy : ! PR

» Characteristic “doublet” signature likely reflects complexities “wl- ‘)
of the rupture process and the source-to-receiver path u .

» The doublet can be reproduced with non-unique input
parameters and does not require rupture into the
Carboniferous

408

447x447m
(I xw)

« At this time, difficult to match all station observations 1

| 994x300m

| (Ixw)
:: ‘Event location wo;lld .
0 need to be adjusted 7
Groningen Maximum Magnitude Workshop, March 8-10, 2016 el i s e s s— —
» Finite-source (kinematic rupture) wavefield modeling through
a 3D elastic model is used to simulate different Huizinge
event rupture geometries and mechanisms
+ Event nucleated at estimated Huizinge hypocenter with two 3D_ 3
different rupture area aspect ratios (square vs. ribbon) Seismic

« Characteristic “doublet” signature likely reflects complexities
of the rupture process and the source-to-receiver path

» The doublet can be reproduced with non-unique input : LN % -
parameters and does not require rupture into the =
Carboniferous

* TMID1

*Z MID1

ﬂ""lnwzp% S +RWSE

A b« TWSE

« At this time, difficult to match all station observations

b,

& SRIIS 4%

+ZWSE

Amplitude in m/(s*s)
BE-&1)
g

2

S . - "R STDM

i T T
I\ A an M|
L 1 Bl | I
| 3 - "f*ﬂ”'qMHh PRY TR [V DY W N
Ean q‘ adddi 4l rvw r

s s . ¥ =¥
t +
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ik W

1 *Z STDM

¥
time In seconds
Figure 8. From top to bottom: accelerometer recording in station Middelstum-1 (1-3, radial,
transverse and vertical)), Westeremden (4-6, rad, trans., vert.) and Stedum (7-5, rad, trans., vert.) for

Groningen Maximum Magnitude Workshop, March 8-10, 2016 the August 16, 2012 Huizinge event.
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Simulations of Huizinge Event

« Finite-source (kinematic rupture) wavefield modeling through
a 3D elastic model is used to simulate different Huizinge
event rupture geometries and mechanisms

« Event nucleated at estimated Huizinge hypocenter with two
different rupture area aspect ratios (square vs. ribbon)

» Characteristic “doublet” signature likely reflects complexities
of the rupture process and the source-to-receiver path

» The doublet can be reproduced with non-unique input
parameters and does not require rupture into the
Carboniferous

« At this time, difficult to match all station observations

Groningen Maximum Magnitude Workshop, March 8-10, 2016

3D
Seismic
3¢ I S _N.;'.\A".“L,.-\,a,\_ukwmw - E%E;ék [
e e
P »-.'.AL{\,—,_;‘L;»_ g ”“"!i‘h‘z’ﬁ'T MDA
- I3
e »———f!:;,'J.‘,".lrp,‘.\r‘\i!‘,‘.e.m',,"vu\;-,vuv Ao e %gig% mo1
Y ‘ , =
é: O R A d"\v{\umj.‘,'-\,.~..~_.~.-~\-»F Bl R wse
P oo e vt 7% i Nk ke e ¥
g — M{n‘m J o u§g§ oT WSE
E‘; ] A A S g'}é Z WSE
e P i i B v V‘.}V A "u"*”-*v"'w"zﬁ&‘g 1R STOM
i N Aan '5#(7“%1
PR EE, TVVS roo-malBa 1 sTOM
J \ B e

e Al \!}Iif'l,‘f'h'-%w VAN AN b eSS 7 STOM
' time In seconds
Figure 8. From top to bottom: accelerometer recording in station Middelstum-1 (1-3, radial,
transverse and vertical)), Westeremden (4-6, rad, trans., vert.) and Stedum (7-9, rad, trans., vert.) for
the August 16, 2012 Huizinge event.

Waveforms arise from compl

ex velocity structure

Surface waveforms are a superposition of:

« Complex 3D velocity structure effects

« Focal mechanism signature

« Rupture geometry signature

Waveforms are extremely sensitive to
station location and event location estimate

Neighboring records can vary significantly
within several kilometers of the epicenter

~7sec

{ uizinge. 3:’:;‘smc’T

i)

Simulated Surface Records
(radial acceleration, finite rupture source)

Ce‘r:ﬁrol Profile \c‘p/VS

~7km

1D V,, Profiles extracted from 3D model at selected locations:
o
o
2 £
. £
E o
-~ L
£
8  ypger A7
o~
[ el Anhydrite
o V,/V; errors will |
3 czilse errors in ~Bkm
” S-wave traveltime Snapshot of simulated wavefield
1 2 3 4 ) ! (transverse acceleration, point source)
Vo/Vs L 1 L 2 L 3 4 L 5 0

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Earthquakes can propagate in low stress environments

+ Faults start to slip when a part of the fault

reaches failure stress (in the reservoir) Peak Stress
Stress
» Once coseismic slip starts, the fault weakens Profile .
. Stress Drop
» Faults may not reach their fully weakened state v
after the 1 cm of slip associated with a M 3 event
Crack
o s PHOLEh SO .t e Geometry
os NI o s I A R SIS ——n N R
Slip D,
§ 06 Profile !
5 o4 Slipping No Slip
Mo P If there is a stress drop, rupture
] O v e propagation is possible
Normalized slip, slip/Dy, DiToro et al., 2011

stress dro
Groningen Maximum Magnitude Workshop, March 8-10, 2016 p

Evaluate what scenarios have a

Estimate the likelinood of a rupture barrier

« Estimate the stress state variation and use a Monte-Carlo approach to
evaluate the likelihood

» The vertical and horizontal stresses and the fault dip determine the
background loading level on the fault (assume well oriented azimuth)

» The current stress state in the Carboniferous is assumed to be related (but :>
not equal) to the initial stress state in the reservoir

« The horizontal stress should be higher in the Carboniferous due to these
mechanisms/observations:

» Sand-shale contrast — Horizontal stresses are generally higher in shales
(Carboniferous) than in sands (the reservoir)

» Elevated Carboniferous measurements — Higher horizontal stresses were measured
in a Carboniferous sand 40 km to the south

» Stress-arching — Reservoir contraction due to depletion can increase the horizontal
stress above and below the reservoir

« Coal — Coals can alter the stress state and the Carboniferous contains coal

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Vertical stress measurements and variation

« There is variability in the vertical stress gradient throughout ) 48 ‘ V WL D saltthickness
the field due to sediment and salt thickness variations ‘ o I o o
« Vertical stress gradient ranges from 2.15-2.33 bar/10m SRR o

Referance map for cluster and well locations =&\ % 750.00

500.00
250.00
—0.00

g

TVDGL (m)
1
8

&
8

3000

w21 215 22 225 23 235 24
Vertical Stress Gradient [bar/10 m]

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Estimate original horizontal stress state in the reservoir

Offset for 700 ——
visualization . .
puposes only_ g~ » There are no reliable stress measurements of the original

2.l te horizontal stress state in the Groningen reservoir

g & , ,

& a0 . v « Stress estimates made at 150+ bars of depletion are

E o * extrapolated back to virgin conditions with an assumption

= # Gron, meas. .

= 200 {f o Gron Lowy of the depletion constant, y of 0.5-0.8

Gron. Highy
100-50 50 150 250 350 dSh 1-2v a=07&v=02>y= 0.52
Depletion (bar) Y=75T=Q
200 — dp, 1-v y = 0.6 — 0.75 measured in lab

g 2.20

% 2.00

% 1.80 +

i'.n?‘: 1.60 ‘

%‘ 1.40 'S . .

S 120 +Gron. meas. *

; 100 +Gron. L‘?wv

2 e [t 15 16 1.7 18 18 2 2.1

-50 50 150 250 350 Reservoir Horizontal Stress Gradient [bar/10 m]
Depletion (bar)

Groningen Maximum Magnitude Workshop, March 8-10, 2016 b
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Relative horizontal stress increase in Carboniferous

Sand-shale contrast

Blija field (65 km West) Coevorden (50 km South)
2.0 — 5.0 MPa stress contrast 5.0 — 7.5 MPa stress contrast
@ ~2750 m depth @ 2825 m depth

0.07 — 0.18 bar/10m increase 0.18 — 0.27 bar/10m increase
el Carboniferous measurements
oot « Afew Carboniferous stress
5. '{ o measurements imply a virgin
3o [Toemmem) oo stress state higher than
2 o gy ¢ Groningen
s .Cuvtlui"‘vv

e

g
o0
)

. * The difference is ~0.15 bar/10 m

50 150 250
Depletion (bar)

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Stress Arching

Most areas have a stress
increase of 0-1.3 MPa
(0-0.03 bar/10m)

Relative horizontal stress increase in Carboniferous

Coal Rich Interval

~0.05 bar/10m
» The Rotliegend is in contact with a coal-bearing

» Experience in Piceance (~25% coal) suggests high
horizontal stresses in coal rich intervals

o '\\ :1 4-21 MPa
- \\\ @28-33km

) (0.5 bar/10m)

Sand-shale contrast
0.07-0.27 bar/10 m

Carboniferous interval (WBCL) (~3-5% coal) Carboniferous measurements
~0.15 bar/10 m

Stress Arching
0-0.03 bar/10m

LAY
X
o
N \‘\\- AN
v \

Bl

A
"
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/

S
T
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8
/|

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Horizontal Stress Gradient Increase [bar/10 m]
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Assumed input distributions to capture the uncertainty

Realizations drawn from these parameter distributions determine if there is potential for a stress drop in the Carboniferous

15 16 17 18 1.9 2 21 0 01 0.2 0.3 0.4 15 2 25
Reservoir Horizontal Stress Gradient [bar/10 m)] Horizontal Stress Gradient Increase [bar/10 m] Carboniferous Horizontal Stress Gradient [bar/10 m]
All faLIJIts Iong'er than 2km ' ‘ ‘ Allowed Not allowed

included in dip distribution

contrast contrast

50 55 60 65 70 75 80 85 90 0.85 0.9 0.95

_ _ 2.1 2.15 22 225 23 235 24
Dip [deg] Maximum Sh/Sv

Vertical Stress Gradient [bar/10 m]

Some scenarios would result in
reverse faulting, so remove
scenarios with a horizontal/vertical ASSl{med pore pressure
stress ratio greater than 0.89-0.95 gradient of 1.17 bar/10m

0 0.1 0.2 0.3 04 0.5
Dynamic Friction []

17

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Most realizations cannot sustain rupture

- Rupture could propagate if Carboniferous Realizations of Possible Stress States
background shear stress state is above
the threshold for dynamic rupture .

r
1%
o

+ Given the uncertainty in dynamic friction:

* 18% of realizations have a stress drop > 0 MPa
*  13% could host a stress drop > 0.5 MPa

* 1% could host a stress drop > 3 MPa

* 0% could host a stress drop > 10 MPa

(Assume 3.5 km depth for stress drop calculations)

I :tre:s realizations
| ] dynamic friction
0 50 100 150 200 250 300 350 400

I I Effective normal stress on fault (bar)
0.3

0.4 0.5

™
=]
o

Shear stress on fault (bar)
5 G
(=] o

wn
=}

0 0.1 0.2
Shear/Normal Stress

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Most realizations cannot sustain rupture

- Rupture could propagate if Carboniferous Realizations of Possible Stress States

background shear stress state is above @ Stress state in reservoir
the threshold for dynamic rupture 250 | | @ Stress state in Carboniferous

+ Given the uncertainty in dynamic friction:

*  18% of realizations have a stress drop > 0 MPa
*  13% could host a stress drop > 0.5 MPa

* 1% could host a stress drop > 3 MPa

* 0% could host a stress drop > 10 MPa

(Assume 3.5 km depth for stress drop calculations)
- stress realizations
- dynamic friction

N .
0.3 0.4 0.5

Shear stress on fault (bar)

< Al LS
0 50 100 150 200 250 300 350 400
Effective normal stress on fault (bar)

0 0.1 0.2
Shear/Normal Stress

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Range of uncertainty in rupture probability ‘ e

18%
17% Probability of stress drop > 0
14% 18% 22% 26%

20% 19.5%

18% . )
Vertical Stress Gradient
21 215 22 225 23 235 24
Vertical Stress Gradient [bar/10 m]

Reservoir Hz. Gradient
24%

i Hz. Stress Increase il 7%
15 1.6 17 1.8 19 2 2
Reservoir Horizontal Stress Gradient [bar/10 m] —— Pore Pressure Gradient X

‘ 18%
16% Hz/Vert Stress Maximum ‘

‘l Dynamie Fricton | ] 2o
18% Fault Dip I | Vi St

L Strike-slip Conversion |:I':|

10%
o, '
1.15 bar/10m 17%
Faults longer 189 o)
0 0.1 02 03 0.4 1.17bar/10m  18% than 2 km e 18%
Horizontal Stress Gradient Increase [bar/10 m] 1.22bari0m  23% I

" 27%
Il 'nput distribution Faults longer 30% . °

than 7 km
Il Realizations with Ac
75 80 85 90 0 0.1 02 03 04 05

Dynamic Friction [ ]

Default set

50 55 60 65 70
Dip [deg]

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Summary of out of reservoir likelihood

» Earthquakes are nucleated in the reservoir due to the depletion-induced stress changes
» Once nucleated, ruptures can propagate into lower loading environments
+ However, the stress state below the reservoir may be too low to sustain rupture

« The uncertainty in the stress state leads to ~20% of realizations that have the potential to allow
out of reservoir rupture propagation

» This probability could be lower because the degree of dynamic weakening reached after the
slip associated with a M 3-4 event may not reach the 0.1-0.3 range

» Observed earthquake catalog is consistent with a low truncation magnitude Gutenberg-Richter

If a rupture is confined to
Confined to S
80% the reservoir interval, how
/ big could it be?
Gronlngen
B\
20% May propagate
below reservoir

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Down-dip extent of a reservoir confined rupture

» The down-dip dimension of a rupture is likely larger than the reservoir thickness

» Even if rupture cannot be sustained in the Carboniferous, a rupture will propagate some
distance before losing energy and stopping

» Thickness + offset may be relevant

+ |solated depleted sands exist in the Carboniferous that can increase the effective reservoir
thickness

* Assume a down-dip rupture dimension of 350 m

Salt

Ten Boer

Ten Boer

Reservoir

Reservoir

22

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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A range of earthquake magnitudes are reservoir confined events

Sli_pareal aspect B / L
« Magnitude 1 — 3 events are easily contained within the reservoir 100 bl /// -
» Magnitude 3.5 — 4.5 events could either be confined to the g Yy ' L
reservoir or propagate out £ e
» Magnitude 5+ events would have to propagate out of the reservoir = 10 A 1
Depth " 10 100 1000
3km 2.25km R Length (km) (Leonard, BSSA, 2010)

Reservoir Slip area aspect ratios > 6:1 are not
Thickness

~350m consistent with dip-slip observations

23

Groningen Maximum Magnitude Workshop, March 8-10, 2016

All earthquakes observed could be reservoir confined events

» For a rectangular fault, stress drop and magnitude can be related by

wo=(5) (%)= (7))

* The down-dip dimension, w, controls the amount of slip, d

| Ribbon-like ruptures )
Aspect ratio > 6:1

Earthquake Magnitude, M,,

Ao length 250 m 500 m | Tk
0.1 vea JERRETEEE

1.0 MPa sy 3.2 3.4

25 km|
36
40 a3
(bf) 3.0 MPa [EEECEE IR W/ : 44 46
36 38 40 4 47 50

350 m down-dip fault dimension assumed . .
Magnitude determination not dependent on shear modulus assumption Unlikely Scenarios

Groningen Maximum Magnitude Workshop, March 8-10, 2016

M<=3.0

3.0<M<3.6

M>=3.6

The M 3.6 Huizinge
event can be a
reservoir confined
event

24
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As depletion increases the compaction and slip increase

+ Magnitude estimates can be made from a simple model relating Magnitude of Depletion Driven Earthquake
depletion to compaction, equating compaction to average slip, 5.0

. Ribbon:like ruptures
and assuming a fault area

Aspect ratio > 6:

o g

« At any given level of depletion, Ap, the compaction, Az,

depends on the material properties 45
_ L Ap(1-2v
= 5t(1=7) 3
. . . 2 40
* From Az, and fault area, r*L, the maximum moment is: 'Ea
(1]
Ap (1-2 Ap (1-2 t=350m
My =G-(el)- 50 () = ez T2 (=2 2 /
26\ 1-v 2\1-v 35 =300 bars depletion
Fault “locked” — unable —200 bars depletion

— — Pre-earthquake to accommodate depletion =100 bars depletion
Post-earthquake

=50 bars depletion

3.0
0 2 4 6 8 10 12 14 16 18 20
Length of Locked/slipped Fault, km

- —— e

These numbers are consistent with the
estimate made from the stress drop and

magnitude scaling relationship
Groningen Maximum Magnitude Workshop, March 8-10, 2016

* Quasi-static model allows fault slip o
to evolve as a result of depletion Fault slip in one of s
induced stress changes and three submodels i
Coulomb friction
«  ~90% of mapped faults are included 4.3
« Slip is mostly confined to the reservoir >
« Does not include dynamic effects (slip ’
area and total slip can be larger than daq
statically determined values) '
» 3D model imposes pore pressure 14
changes in a global model with
embedded faulted submodels and e
porosity (location) dependent moduli 38
« Consider ruptures with an aspect ratio less than 6:1 by examining -
the moment release in a 2 km diameter circle '
« If all slip accumulated by 2060 is released in one event, the 36
maximum magnitude is 4.5 for a conservative model case -
« Conservative model uses a coefficient of friction of 0.15, a shear modulus of 20 |
GPa and includes slip that occurs prior to the observed onset of seismicity
26
Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Summary of reservoir confined events

All events and observations to date are consistent with earthquakes that are confined to the
reservoir interval

Fault scaling relations estimate M < 4.3 (6:1 aspect ratio implies L < 2 km)

Limiting slip to the compaction magnitude bounds the magnitude to M < 4.3 (L < 2 km)
3D geomechanical model estimates M 4.5 as an upper bound (L < 2 km)

Multiple lines of reasoning indicate a Mmax = 4.5 is applicable

Confined to
80%:/_ the reservoir |
Groningen [
Seismicity
20

If a rupture is not confined

x to the reservoir interval,
CINNN  May propagate . R

N | how big could it be and
what are the weights?

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Representation in the logic tree framework

Reality Implementation
Current Groningen PSHA implementation is not fault based, but area based

Reality should be represented with area sources with different Mmax and
activity percentages, A, proportional to the amount of fault length

O

Representation
This is mathematically equivalent to a

Alarge

Mpnax = 6.5

Long faults are capable of e — logic tree representation
larger events than short faults Asmall
M<6.5 Aones =
M<6.0
M<5.5 P
small

28
Groningen Maximum Magnitude Workshop, March 8-10, 2016
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If an entire fault ruptured, larger magnitude events are possible

» ~88% of mapped faults are < 5 km

» Multiple fault segments would have to rupture
for the entire length of the reservoir to rupture in
one event

Wells & Coppersmith, 1994

T T ™
©  Strike Slip (a)

O  Reverse 4
& Normal
L 167 EQs

, Tectonic earthquakes of
oo 25 km long rupture length
o are capable of a
magnitude 6.5

Magnitude (M)

10 km rupture lengths
can host a magnitude 6.0

,'9 o i
M = 4.38i+ 1.49*log(RLD)
d il "

|
1 10 100 10®

Subsurface Rupture Length (km)

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Size of out-of-reservoir events from fault length relations

» Using the Wells & Coppersmith best-fit correlation for normal faulting events
» The longest fault (23 km) is capable of a M 6.4
+ Faults > 12 km are capable of M > 6.0
« Faults < 5.6 km can onIy produce aM5.5 Percentage of fault length that exists on

faults of a given length
60

» The percentage of earthquakes that start

* 50
on a large fault equals the percentage of &
fault length that exists on long fault § %
o 20
structures g . i
+ 68% of fault length is on faults < 5.6 km (Mmax = 5.5) 0 | Bl e
- 9% of fault length is on faults > 12 km (Mmax = 6.5) <L<2"m 2<L<56p6<L<iqi2<l<20 L>20km
+ 23% of fault length is intermediate length (Mmax = 6.0) 68% 239, 9%

30
Groningen Maximum Magnitude Workshop, March 8-10, 2016
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» For large earthquakes to occur, faults
must rupture to a great depth

» Depth extent of largest Groningen
faults is > 3 km

+ If the seismogenic zone reaches a
depth of 10 km, then 7 km is a
maximum fault depth extent, making
the down-dip dimension 8 km

Increasing offset with depth
across M1

| | |500m

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Size of out-of-reservoir events from fault area relations

Earthquake Magnitude, M,,

mmmm
49

0.1 MPa ERIPW

| 1.0 MPa IR 5.3 56 |
51 54 56 [N
BRI 0 60 B

mmm
| 0.1 mPa R
| 1ompa B

8 km down-dip extent 3 km down-dip extent

5.9 6.1
EE T 60 62 64
BRI S es 65 68
M<45 55=M<6.0

45sM<50 6.0sM<6.5

50sM<55 M=26.5

Groningen Maximum Magnitude Workshop, March 8-10, 2016

A(;:(i)*(ﬂ):(i)*(%)
3 w 3 Aw
The stress-state in the Carboniferous is
uncertain and the state of stress below that
(~6 km depth) is less constrained

With uncertainties, at 8 km depth:

* 73% have 1 MPa

* 36% have 3 MPa

* 2.5% have 10 MPa

Percentage of
realizations with
a stress drop >0

Faults = 5 km only capable of M < 5.5 (63%)

Faults > 10 km are capable of M > 6.0
(M,ax = 6.5) (14%)
Intermediate length faults, M,,,,, = 6.0 (23%)

32
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Representation in the logic tree framework

Fault length based relations Fault area based relations

68% L <5.6 km 55 63% L<5km 55
23% 5.6<L<12km 6.0 23% 5<L<10km
. 6.0

9% L>12km {:6.5 149, L>10km {E

Composite

33
Groningen Maximum Magnitude Workshop, March 8-10, 2016

Summary of out of reservoir event magnitude

+ The fault length and area scaling relationships limit the field wide maximum
magnitude to M 6.5

+ Some faults could produce M > 6.0 events but most faults are too short and could
not host an event larger than M 5.5

* Logic tree weights are determined from the percentage of fault length on a given
fault size (this can represent the hazard for a distributed source representation of
faults of varying sizes)

Confined to m
80%:/_ the reservoir |

65%

Groningen
Seismicity \
()
20% May propagate / 23 /°
below reservoir
12%, 2%

Groningen Maximum Magnitude Workshop, March 8-10, 2016
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Conclusion: Logic Tree Implementation

Reservoir Confinement
Based on simulation

propagation probabilities

80%

Groningen
Seismicity

20%

Assumptions

Multi-segment ruptures are not likely
Earthquakes nucleate within the reservoir
Rupture area aspect ratios > 6:1 are unlikely

Very small stress drops (Ac < 0.1 MPa) could sustain rupture propagation
Stress state on faults in Carboniferous is the same as the bulk stress state (no heterogeneity or stress rotation near faults) 4

Groningen Maximum Magnitude Workshop, March 8-10, 2016

Confined to

Magnitude weighting
Based on abundance of sizes
of faults

Magnitude Estimation
Based on fault scaling

relationships

the reservoir

May propagate
below reservoir

. 4.5
65% 5.5
23% 60
12%
6.5

80%

13%

5%

2%
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Day 1 Panel Questions and
Day 2 Areas of Focus

Anisotropy of the stress field; how much variability in the Sh
(minimum horizontal stress); important for the potential for fault
reactivation

Want to look more closely at the focal mechanisms: Is the whole
field in an extensional stress state?

Have any calculations been made of stress drop?

Will be watching closely the issue of events occurring outside of the
reservoir horizon; can they propagate outside (down or laterally)

Can these faults be traced down into the basement?
What is the evidence for Quaternary faulting in the region?

Where are the holes where waste water was injected; depth and

volume; is there some likelihood that the injection will be done in
the field?

In discussions of Mmax, what is the time period for which the
estimates are appropriate?



Day 3 Panel Questions and Areas of
Focus

Day 2 was very informative and we appreciate the attention
by all speakers to the topics of importance to the Panel’s
assessments

Is there any direct evidence of ruptures/earthquakes
occurring outside of the reservoir?

Dynamic modeling that has the loading occur at the
reservoir; loading is usually from below in tectonic
processes; we do see pore pressure effects migrating
downward in other places, but not the rupture per se

In discussions of analogs, we are interested in injection
versus depletion; is there a separation in the size of
earthquakes?

Are there significant faults within 5 km buffer of the field?

Please continue to focus on the technical bases and
uncertainties in your estimates of Mmax



Groningen Induced Seismic Hazard and Risk Assessment Project

Workshop on Maximum Magnitudes for the Groningen Field

Time: 8t to 10t March 2016
Location: World Trade Centre, Schiphol Airport, Amsterdam
Agenda: Day 3 (Thursday 10" March 2016)
Start | End Topic Speaker
08:30 09:00 | Coffee
09:00 10:00 | Re-cap of Days 1 and 2 Kevin Coppersmith
10:00 11:00 | Mmax distribution for Groningen Stephen Bourne
11:00 11:15 | Coffee
11:15 12:15 | Mmax distribution for Groningen Gert Zéller / M. Holschneider
12:15 13:15 | Lunch
13:15 14:15 | TNO Mmax models for Groningen Steve Oates™
14:15 15:15 | Mmax distribution for Groningen Jenny Suckale
15:15 15:30 | Coffee
15:30 16:30 | Mmax distribution for Groningen Rick Wentinck / Peter van den B.
16:30 17:30 | General discussion All participants
17:30 18:00 | Comments from observers SAC /SodM
18:00 18:30 | Closing comments from expert panel Kevin Coppersmith

* The TNO reports will be summarised by Dr Steve Oates because authors of TNO report declined to present
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Magnitude
W 30<M<=35

0 Gas field

Stephen Bourne, Chris Harris, Philip Jonathan

Workshop on Maximum Magnitude Estimates for Probabilistic Seismic Hazard
and Risk Modelling in Groningen Gas Field

8-10 March 2016, World Trade Centre, Schiphol Airport, Amsterdam, NL
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m The body and the tail of the frequency-magnitude distribution matter
B The tail is not necessarily defined by M.,

m From Extreme Value Theory, the tail of any distribution is a GPD

Tail
Generalized Pareto Distribution
F(MIM>My) = (1-(E(M-My)/0) %

My: location parameter
o: scale parameter

: shape parameter

If <0, Mynax = Mr—o/C
Otherwise, M., = None

Log P(>M|M>M,;,)

1: truncate

>0 2:taper
3: taper & truncate
4: flatten

Mmin MT M 2



m Observed frequency-magnitude distributions

m Local events
m Global SCR events

m Observed fault-slip geometry scaling with magnitude

m Global empirical scaling law & local reservoir fault geometries

m Global empirical scaling law & local basement fault geometries

m Observed maximum magnitude scaling with finite strain

m Kostrov seismic strains and maximum induced reservoir strain

m Global empirical scaling law & local basement strain rate

m Prior work

m SHARE European seismic hazard assessment

m Klose global empirical scaling with mass shift

Copyright of Shell Exploration and Production Company March 2016 3

m Analyzed all 252 M = 1.5 events between 1 April 1995 & 1 September 2015

Event count in each bin, M

m Apparent under-representation of larger events is not statistically significant

m Same conclusion for the Loppersum sub-region

All events (252)

Loppersum events only (79)

10? : : = 10° : - : :
— 0,963, M,,, = None ¥ — - (0.705, M,,, = None
- = 6=0.963, M,,, =10 _g - = 5=0.705, M,,, =1.0
=
®
o
10" 1 = i
=
c
=1
8
[ 67% confidence 'E
10° 95% confidence IB 10°
1.5 2.0 2.5 3.0 3.5 4.0 4.5 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Magnitude, M Magnitude, M

Loppersum sub-region: 5 km radius from 244000, 598000

Conclusion: No simple direct evidence of M,

Copyright of Shell Exploration and Production Company March 2016 4
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Extreme value analysis

m Sample histogram: Exceedance threshold: M = 2
m Data are binned at 0.1
m One realization of a perturbation distribution Uniform(-0.05, 0.05)
m Analysis based on aggregate of 100 realizations of this perturbation
§_25 o
Extreme value analysis
m 2-parameter model posterior distributions: Exceedance threshold: M = 2
m GP model with shape ¢ scale exp(«), given data D
log, (P(@,& | D)) log, (P(B. & | D))
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Extreme value analysis

3-parameter model posterior distributions: Exceedance threshold: M = 2

4/23/2016

GP model with shape ¢, scale exp(«), measurement scale exp(f) given data D

log, (P(0, & | D))
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Extreme value analysis:

Posterior distributions: Exceedance threshold: M
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m Tail diagnostics, sampled from posterior: Exceedance threshold: M = 2.0
m Posterior predictive estimate, 1-in-1000 event given M>2: M = 5.9 (0.5 quantile)

m Probability of a finite upper end point: p(M,,,) = 0.99

0 T T T T T T

sk ®  One realization of the data

—— Posterior samples over all data realizations

251

1-in-1000 event given M>2.0

35

log,o(Exceedance probability | M>2.0)

Magnitude

m Tail diagnostics, sampled from posterior: Exceedance threshold: M = 2.1
m Posterior predictive estimate, 1-in-1000 event given M>2.1: M = 6.3 (0.5 quantile)

m Probability of a finite upper end point: p(M,,,) = 0.51

0,

T T T T T

®  One realization of the data

s
n
T

—— Posterior samples over all data realizations

n
T

IS
[
T

1-in-1000 event given M>2.1

log,(Exceedance probability | M>2.1)

+

Magq”rslitud
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m Effect of threshold magnitude on posterior estimates for 2-parameter model

m Magnitude of the 1-in-1000 event

65
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m Effect of threshold magnitude on posterior estimates for 3-parameter model

m Magnitude of the 1-in-1000 event
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Extreme value analysis

m Ensemble for all thresholds for both the 2- and 3-parameter models
m Posterior magnitude distribution for P(>M | M = 1.5) =103

® Magnitude of the 1-in-10% event

Posterior predictive distribution for the 1-in-1000 exceedance of magnitude 15
18F T T =

180008

Magnitude

Allmadls all dsshalds ncesorris s

Extreme value analysis

m Ensemble for all thresholds for both the 2- and 3-parameter models
m Posterior magnitude distribution for P(>M | M 2 1.5) =104

® Magnitude of the 1-in-10* event

Posterior predictive distribution for the 1-in-10000 excesdance of magnitude 1.5

12F T T =
1+
. o
. | H
7 0.6
g
§
A Be-002
0.4F -
021 =
ok J WWWWWWWWW
1 1 I 1

1
3 35 4 45 5 55 é 65 7 75 8
Magnitude

Allmadls all dseshalds ncesorrisss s
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Extreme value analysis

m Ensemble for all thresholds for both the 2- and 3-parameter models
m Posterior magnitude distribution for P(>M | M 2 1.5) =105

® Magnitude of the 1-in-10° event

Posterior predictive distribution for the 1-in-100000 exceedance of magnitude 1.5

0.5 1870.081

w
o
o
~
~
o
o
o
o
o

65 7 75 8

Allmodels, Tl dshalds P

A mixed distribution: Spatial variation of b-value

m Analyzed all 236 M = 1.5 events between 1 May 1995 & 31 December 2014
m b-value estimates:

W Scenario 1: Single b-value b,=0.966

W Scenario 2: Loppersum b =0.693, elsewhere 5,=1.181

1000
b

g

"

= Elsewhere_ MLE
== Combined_MLE

g
o
g
S
z A Gronin,
5 EE 100 | oningen
\y \1 e 4 = & Loppersum
o 9
‘k % g E B Elsewhere
NS Elseivhere E ED 10 = Groningen MLE
g = ——Loppersum_MLE
A E
=
_{ ;

i

1
""u’"‘ 15 2 2.5 3 35 4

Moment Magnitude

Loppersum sub-region: 5 km radius from 244000, 598000

Conclusion: Observed seismicity has mixed b-value distributions

Copyright of Shell Exploration and Production Company March 2016 16



A mixed distribution: Spatial variation of b-value

Test the hypothesis that the observed frequency versus moment magnitudes relations for the two regions
arise from the same underlying distribution.

Fraction of Events in Subcatalogue
with with Moment Magnitude = m

No underlying model was assumed for the distribution

* The test used was a variant of the Komolgorov-Smirnov test for binned data
The distribution of the test statistic was computed from pairs of resampled intra-
catalogue realizations using the Elsewhere and Loppersum catalogues

+ One member of each pair contained 76 events and the other 160 events

+ 1000 pairs of realizations were used for each resampled catalogue

Results

» The number of realizations (out of 1000) for which the K-S statistic was greater
than the observed one was one for the Elsewhere catalogue and none for the
Loppersum catalogue

» Hence we can conclude with a high level of significance that the frequency
versus moment magnitude distributions underlying the seismicity in the
Loppersum and Elsewhere regions are different

K Smirnov Statistic Di Comparing 76 and
160 Event Resample Realizations from the Elsewhere and
Loppersum Catalogues

Kolmol; Smirnov Test for Compatibili
Binned Data

of Two Sets of

7

4
/

5 ‘ ‘

Test Statistic |
‘ Value = 0.241 ‘ «— Elsewhere

i —1

——Elsewhere Resample

Loppersum Resample
——95%Line
-- K-S

PP

e e
cRbDLEANT®L -

H

Distribution Function for |AF(M)|ay

o © 9 0 o0 o o o o
ok N w kOO N ®O R

/
/
/
/
15 2 2.5 3 3.5 4 /

Moment Magnitude m 0 01 0.2 03
Kolmolgorov Test Statistic [AF(M)] .

Stable Continental Regions: No observation of M.,

m Johnston et al 1994
m Observed F-M distribution within SCRs

m No observed truncation, only information is M., > max(Mg)

Annual Cumulalive Rate per 1000,000 sq. km
]
b

g § T T T T § 10" :
E 3 E SCR Non-Extended 3
i ¢ 1F 5 10?
1E e 3 *
107 i1 F | 10*‘E
5 ER= 3 E
T -
3 T F ERLN 3
E 3 E 3 E
1
104 1 F 1 0%
E 3 E 3 E
10°L oAl Events 4 F oAt Evems 119 ol Evens
E ©lndependent Events 3 E ©independent Events 3 E & Independent Events
107 ' ! : L 1 PP R L | 1071 Lo
3 4 5 6 7 8 9 3 4 5 6 7 8 9 3 4 5 [ 7 -]
Moment Magnitude Moment Magnitude Moment Magnitude
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m Johnston et al 1994

m Distribution of max(M,,) across all SCRs

= Non-extended SCR: Normal(6.3, 0.5)
m Extended SCR: Normal(6.4, 0.84)

Outcome sensitive to choice of each SCR
and correction for differing sample sizes

1.0 - y . T T
-~ Non-extended SCR
m— Extended SCR
0.8}
0.6
[T
o
o
0.4t
0.2+
0.0 3 N X Mmax > maX(Mobs)
3 4 5 6 7 8
Maximum historic magnitude
Copyright of Shell Exploration and Production Company March 2016 19

m Leonard (BSSA, 2010) for dip-slip events

m Scaling relations inferred from global catalogue

m Self-consistent for length, L, width, W, and slip, D

m Intra-plate: L>5.5 km, SCR: L>2.5 km

= Normal error model estimated; no evidence of truncation in Normal scatter

Dip-slip Dip-slip, SCR
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Length [km]

Unified earthquake scaling relationships

m Leonard (BSSA, 2010) for dip-slip events

m Reformulate as a Finite Rupture Prediction Equation, FRPE
m Length:logL =F (M) + g o
m Width: log W = F (M) + &y ow
m Slip:  logD =Fy(M)

+ & 0p where, ¢ is randomly sampled from Normal(0, 1)

Rupture Length Rupture Width Mean Slip

4/23/2016

107
10° - 1w £
- -
: - 5
' '
10 Ew 5
- H
g 2
10° g 10° E]
— Median — Median g —Metian
- 67% confidence 67% confidence s 67% confidence
w0l - - 95%confidence { 107 - - 95% confidence | § — - 95% confidence
-+ 99% confidence -+ 99% confidence 99% confidence
e - Simulated R - Simulated - Smulsted
10 10
T s a5 s 7 8 e Y12 3 4 s s 7 & o 5 & 7 8

Magnitude Magnitude Magnitude
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F-M distributions given upper bound on rupture geometry

m Probability of exceeding M and not exceeding geometric upper bound
m Length: PGMIM>M,) P(L<Lya) = X -b/(M-Myi) (1-® ( (10g Lyag - FL(M) ) / o))
m Width: PGM|M>M,,,) P(W<W,.,) = exp -b/(M-M;,) (1-® ( (log W,y - Fw(M) ) / 6y))
m Slip: PGMM>Mpy,) P(D<Dpa) = exp -b/(M-Myp) (1-® ( (10g Dpnay - Fo(M) ) / 0p))

where @ is the cumulative normal distribution

Body Tail
Log PCGMIM>M,;,)

b-value

Normal taper
Slope governed by o

\No My M

min

9
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Normalised fault throw

Mapped reservoir fau

It geometries

m Detailed, systematic interpretation of fault traces at c. top reservoir

m Power-law distribution of mapped fault throws

m Detection threshold = 25 m fault throw

Probability density

0 50 100 150
25 Throw

230 235 240 245 250 255 260 265

50 100 150 200
Fault throw [m]

Mapped reservoir fault throw profiles

200 250 30C

[m]

March 2016

m Great variability, but typical profile is tapered towards tips

m True fault length > mapped fault length, L

All 200 mapped fault throw profiles, given L>3 km
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APl o o AR A ST L
A L AT i 7 e A A A7
P o 91 A VI A T 0 R O VL W
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Normalized throw profile

o e e
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Normalised fault throw

o
N

04 t
Normalised strike distance

Normalized throw profile PDF
1.0

0.012

0.008 &
2

0.004

0.000

0.2 0.4 0.6 0.8 1.0
Normalised strike distance

SUEERRIERS
ESTEERE

E e e e

Mapped length

True length

4/23/2016
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10

Maximum fault throw [m]

10!

10°

103F

Unmapped reservoir faults

m Observed fault length—throw gradient: D, /L ~ 10! to 102

m Largest faults are least biased by detection threshold: D, /L ~ 102

m Typical global scaling, Kim & Sanderson (2005): D, /L ~ 102

Observed throw gradients

10? 10° 10*

Fault length [m]

Longest unmapped fault

o]
g
True length 1
=25m/10? >
=2.5km 3
>
M given L = 2.5 km
M:48 — =25 km
20
15
&
1.0
0.5
003 @ 5 3 O 25
Magnitude gi onstraint

Finite reservoir fault length as constraint on tail

m Mapped fault lengths are under-estimates

m Approximately corrected mapped lengths by adding 2.5 km

m Existing unmapped fault connectivity is likely

Frequency-magnitude distribution

2.5

Magnitude given L = L.,

10°F
.. from mapped faults — L,,, mapped (c)
10 == Model, L, from mapped faults (c) 2.0 m— L, ~60.0 km
w— Model, L, =60 km
10" 1.5
&
107} =
1.0

10°F Al RGN

Tail 0.5 -7 R
107 « Tapers with no truncation e - 5

* NO My, B
10% . . . . 0.0L—= = :

3 3 2 5 5 7 4 5 6 7 8

== Ly, mapped

Magnitude

Magnitude given L = L,

4/23/2016
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Counts

4/23/2016

Intra-reservoir rupture height limits

B Maximum intra-reservoir rupture height, W, ., = thickness + throw
m Modal value is 150 m
m Exponential-like distribution of W,,, given W, >150 m

m Distribution for seismogenic faults similar to distribution for all fault

All faults
10° EEl Al faults within 500m of an event
fault
throw
w107}
€
=] .
8 reservoir
thickness
101 WmﬂX
100 i | i i
0 100 200 300 400 500 600 700 8OO
Mean reservoir thickness + fault throw [m]
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Finite reservoir fault height as constraint on tail?

m Use W, distribution to construct a frequency-magnitude curve

m Relative abundance of M>3 Groningen events implies either
m M>3 events are likely to rupture below the reservoir, or

m Groningen events are special and do not scale like global events

, W o = thickness + throw , Wiax = thickness + throw + 300m
10 10
® Observed ® Observed
4 Model, W, from mapped faults 4 Model, 1W,,,,. from mapped faults
. .
LS 'Rl
e L]
" 2
10'} * S 10'f 2
ee oo 8 oo oo
ee o ee o
. s . .
100} 95% confidence s, e 10°| 95% confidence ey lo-s.
15 2.0 2.5 3.0 35 4. 1.5 2.0 2.5 3.0 3.5 4.0
Magnitude Magnitude
Conclusion: No reliable evidence that ruptures are always contained inside the reservoir 2
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PDF

107 F
10}
10°}F
107}
107}
10°}
10°}
107}
107}

10°

Finite seismogenic thickness constraint on tail

m Seismogenic thickness for NW-Europe: 20 km (Ward, 1998)
m Generic uncertainty: 10 — 30 km (Johnston,1994)
m Ignore upper bound as Groningen is an extended SCR

Frequency-magnitude distribution Magnitude given W = W/,

1.4 r
—_— W None — W, 20 km
,,,, 1.2f = = W =10km
JJJJJ — ¥, =Uniform(10 km, 20 km)
1.0
08t
w
g
0.6}
) 0.4}
Tail
« Tapers with no truncation 0.2}
NO M0
2 3 4 5 6 7 8 3 4 5
Magnitude Magnitude given W = W,
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Finite strain limit: Kostrov estimate for induced M,

m Following Kostrov (1974), McGarr (1976)

m Upper bound: All induced reservoir strain is seismogenic
m Excludes triggered seismicity

m Maximum total seismic moment, M, .., = 2 1 |AV|

B AV =3.3x 108 m® 1= 10 GPa, My ax = 7x1018Nm

® M,,=65

max

Copyright of Shell Exploration and Production Company March 2016 30
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m From Klose (2012), global catalogue: max(M,,;) and mass shift, Am
m Under-estimate: M,,, > max(Mgys)
m Given Am = 2.5 Gt, max(M,,) = 1.5 — 6.0 (95% prediction interval)

m Similar prediction band from all three simple models

Klose Figure 3 Our analysis for Prediction Interval
N + S8 « R Linear regression through origin Linear regression cm[m‘mwmdeﬂngm(‘sm)
8 _2:"‘ . 8 . 9
7 H—93% i
—95% Pl
6 6
= 5
S . '
E i
? Z2 2
i :
o
. o
' 2.5Gt ! 2
‘o7 168 10° 0% 2 2.5 Gt
mass change am [t]
0 5 10 15 0 5 10 15 0 5 10 15
log,  (Am) PR

Frequency versus Moment Magnitude (Threshold Magnitude 1.9)
T I

I
[ — 2012 Published catalogue I_
— Published Catalogue Updated 19/12/2014 *

-

o

w

Moment Magnitude Frequency
N w -

[ ] [ ]

19 2 21 22 23 24 25 26 27 28 29 3 34 32 33 34 35 38 37 3B 39 4 41 42 43 44 45
Mament Maanitude
Source: Gestermann, N., et al (2015) Induced Seismicity at the
Natural Gas Fields in Northern Germany. Schatzalp Induced
Seismicity Workshop, 10th — 13th March, 2015, Davos, Switzerland.

o

Seismicity in the Rotenburg Gas Field, Northern
Germany (Catalogue 02/07/1977-19/12/2014)*

£ 100

% m \ery sparse dataset (N = 35)

H m MLE estimate of b-value is 0.76

‘E’ 10 m M =45 event depth more likely below than

5 within reservoir

w

E m  Unlikely for M = 4.5 rupture extent to fit inside
5 the reservoir

15 2 25 3 35 4 4.5 5
Moment Magnitude m
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European natural seismic hazard M,,,, assessment

m SHARE Project, Woessner et al, 2015
m Uses the global analogue approach (Wheeler 2009, 2011)

B “A minimum cautionary value of 6.5 was assumed

Lower bound map

M., distribution for the

max
region including Groningen

0.1} I
0.0 . .
64 65 66 67 68 69 7.0 71 7.2
Maximum magnitude, A, .

Summary

m There are no reliable estimates of M.,

= No M,,,, observed for Groningen or SCR
= No M,,,, from geometric bounds and the observed global rupture scaling with magnitude
u Mmax # maX(Mobs)

m Alternatively could choose to quantify extreme values of the F-M distribution instead

m Key uncertainty is the likelihood of reactivating basement faults

m Abundance of M > 3 events may already indicate slip on basement faults
m More reliable hypo-central depths will be informative
m Imaging finite rupture extents would be informative

m Lower limit allows M,,,,= 4.5
= No reliable evidence for or against this possibility
= Groningen earthquake scaling may be special, unlike the global analogues including Rotenburg
m Possible upper bound is only just out-of-sight

m Caution suggests M,,,,= 6.5

m Simple finite induced strain limit implies M., = 6.5
m Basement rupture cannot be ruled out, perhaps already happened in Groningen and Rotenburg
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m Ensemble of all possible F-M models weighted by their Bayes factors

m Posterior distribution of Generalized Pareto tails given observed magnitudes
m Include location and reservoir deformation as covariates once sample size allows

LOQ P(>M|M>Mmin)
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General assumptions

1. mMmax: Constant physical parameter that depends on the tectonic
regime, not on the gas production.

2. The tectonic regime is constant.

3. No ergodicity assumption used. The physics of the Groningen field is
encoded in the Groningen data.

4. M7 (< mpax): Derived quantity that depends on my,.x and on the
gas production in the time interval T under consideration.
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1. mpax: The largest possible earthquake
magnitude in a region
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Estimation of my,.,: Statistical inference from rare events

Facts on myy.x

o Earthquakes with m =~ my, ., are rare, uncertainties of my,,x are high!

@ Only conceptual models with

- commonly accepted physics
- small number of parameters

allow to calculate exactly the uncertainties of myax.

@ For complex multi-parameter models it becomes unmanageable to
quantify the uncertainties of myax.
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Estimation of my,.,: Statistical inference from rare events

What do we need (at least) to constrain my,.,?

1. A model for the distribution of earthquake magnitudes, which stems
from physics and empirical knowledge.

2. A data record of earthquake magnitudes from the region under
consideration (earthquake catalog).



Estimation of my,.,: Statistical inference from rare events

Textbook example: Tossing a coin

Problem: What can be learned about the probability for getting “head”
from observational data, e.g. is it a fair coin (p = 0.5)?

@ Model: Binomial model with probability p for “head” and 1 — p for
“tail”.

@ Data: Number of observations of “head” in an experiment with N
trials.

@ No further information available on p.
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Estimation of my,.,: Statistical inference from rare events

Posterior probability density function for p (probability for
“head”) after observing data (N trials, k times “head”)
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Estimation of my,.,: Statistical inference from rare events

“Many" trials (N = 100, k = 54) — high information gain

probability density

Est

imation of p

100 trials, 54 x head

0.0

0.2

T T
0.4 0.6 0.8
probability for "head"
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Estimation of m,,.: Statistical inference from rare events

Estimation of p

“Some” trials (N = 10, k = 6) — moderate information gain

100 trials, 54 x head

probability density

T T
0.0 0.2 0.4 0.6 0.8 1.0
probability for "head"
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Estimation of m,,.: Statistical inference from rare events

Estimation of p

“Few" trials (N = 2,k = 0) — low information gain

100 trials, 54 x head

2 trials, 0 x head

probability density

10 trials, 6 x head

T T
0.0 0.2 0.4 0.6 0.8 1.0
probability for "head"
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Estimation of my .«

Statistical inference from rare events

Estimating my,. from
curve, because ...

100 trials, 54 x head

probability density

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
probability for "head"

an earthquake catalog is similar to the red
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Estimation of my,.,: Statistical inference from rare events

100 trials, 54 x head

2 trials, 0 x head

probability density

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
probability for "head"

. earthquakes with m &~ m,,, are rare events!
Number of “trials”: 0,...,1

... point estimators of p (single numbers) are not useful!
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Estimation of my,.,: Statistical inference from rare events

PDF

2 trials, 0 x head

i 90%
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
probability for "head"

However, even from the red curve, the best (=smallest) confidence
interval of p can be calculated, e.g. ...

. with 90% confidence, we have p € [0; 0, 54].
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The statistical model for magnitudes

Gutenberg-Richter law: logo(N>m) = a — bm for m < mypax

?
3

U

M pax

log N

>

magnitude

Gutenberg-Richter probability density function

b10—m
fﬁmmax(m) = 10_bm0 _ 10—bmmax

for mp < m < mpax
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The model for magnitudes

The Gutenberg-Richter (GR) law is not just an empirical finding, it is
inherently related to the physics of earthquakes, see e.g.

Bulletin of the Seismological Society of America. Vol. 58, No. 1, pp. 399-415. February, 1968

THE FREQUENCY-MAGNITUDE RELATION OF MICROFRACTURING
IN ROCK AND ITS RELATION TO EARTHQUAKES

By C. H. Scuovz

ABSTRACT

During the ion of rock in i small cracking
events, i.e., microfractures, occur which radiate elusﬂc waves in a manner similar
to earthquakes. These radiations were detected during uniaxial and triaxial

tests and their freq i relation studied. They were
found to obey the Gutenberg and Richter relation

logN = o + bM

where N is the number of events which occurred of magnitude M, and a and b con-
stants. The dependence of the parameter b on rock type, stress, and confining
pressure was studied. It was found to depend primarily on stress, in a char-
acteristic way. The frequency-magnitude relation for events which accompanied
frictional sliding and deformation of a ductile rock was found to have a much
higher b value than that observed in brittle rock. The Gutenberg and Richter
formulation of the frequency-magnitude relation was derived from a stafistical
model of rock and crustal deformation. This analysis demonstrates the basis of
similarity between rock in the lal y and deforma-
tion of the crust.

19/59



The model for magnitudes

Generations of numerical models have been studied to understand the
physical meaning of the GR parameters, starting with

Bulletin of the Seismological Society of America. Vol 57, No. 3, pp. 341-371. June, 1947

MODEL AND THEORETICAL SEISMICITY

By R. Burripce axp L. KNoporr

ABSTRACT
A laboratory and a numerical model have been constructed to explore the role
of friction along a fault as a factor in the earthquake mechanism. The laboratory
model demonstrates that small shocks are necessary to the loading of potential
energy into the focal structure; a large part, but not all, of the stored potential
energy is loter released in o mojor shock, ot the end of a period of loading
energy into the system. By the introduction of viscosity into the numerical model,
aftershocks take place following a mojor shock. Both models have features
which describe the statistics of shocks in the main sequence, the statistics of after-
shocks and the energy-magnitude scale, among others.
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The earthquake catalog of Groningen

e Time: 1991 - 2015
@ Magnitudes given with one decimal place
@ Magnitude of completeness: mg = 1.5

@ Maximum observed earthquake: p = 3.6
(Huizinge, August 16, 2012)

@ Total number of 261 earthquakes with m € [1.5; 3.6]
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The frequency-magnitude distribution for Groningen

number of earthquakes
1
L

magnitude

ML-estimation of the b—value

e corrected for rounding errors

e for m € [1.5,3.0]

b =0.92.
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The confidence interval of my.y:

Best confidence interval of my.x

1
MSmmaXSmo—Bloglo 1+

al/n

10— b(u—mo) _ 1]

(Holschneider et al., BSSA, 101(4), 1649-1659, 2011; JGR, 119(3), 2019-2028, 2014)

with
e «a: Error probability (1 — o = level of confidence)

@ u: Magnitude of maximum observed earthquake
(=3.6 for Groningen)
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The confidence interval of m,

M (upper limit of confidence interval)
3.6 38 40 42 44 46 48 50

T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-o (confidence level)
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The confidence interval of my .

. 1 M(0.95)=c Il

M (upper limit of confidence interval)
3.6 38 40 42 44 46 48 50

T T T T T m
0.0 0.2 0.4 0.6 0.8 1.0
1-o (confidence level)
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The confidence interval of my .

-+ M(0.90)=4.30

M (upper limit of confidence interval)
3.6 38 40 42 44 46 48 50

T T T T !
0.0 0.2 0.4 0.6 0.8 1.0
1-o (confidence level)
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Results for my,.x

@ For high levels of confidence, i.e. 1 —a > 0.95, it follows the (trivial)
result
3.6 < Mpax < 00

— no finite value of my,y!

@ For 90% confidence the upper bound of the best confidence interval is
M(0.9) =4.3

— no improvement is possible.

@ Uncertainties of b-value estimation increase the value of M(0.9) to
M(0.9) = 4.7.
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Relation to other statistical methods

Pisarenko et al. (BSSA 86(3), 691-700, 1996)

@ provides the best unbiased point estimator for my,,x and shows that

@ the standard deviation of the estimator cannot be used to calculate
the uncertainties of My ,x.
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Relation to other statistical methods

Kijko et al. (various publications on my.y, e.g. Kijko, Pure Appl.
Geophys. 161, 1655-1681, 2004)

@ provides various point estimators for mpyax.

@ uncertainties are not properly calculated: Heuristic arguments and
(arbitrary) approximations are used.
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Relation to other statistical methods

Bayesian estimation of my,,x from an earthquake catalog
(e.g. EPRI report, 1994)

@ The Bayesian posterior distribution depends predominantly on the
(arbitrarily selected!) prior distribution of mypyax.

@ The earthquake catalog provides only a lower bound of my.x (=
maximum observed magnitude).

Details: Holschneider et al., BSSA, 101(4), 1649-1659, 2011
Zoller and Holschneider, SRL, 87(1), 132-137, 2016
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Relation to other statistical methods

Kagan et al. (various publications, e.g. Kagan and Bird, BSSA 94(6),
2380-2399, 2004):

@ Magnitudes: Pareto distribution with an exponential taper
(unlimited!) characterized by a corner magnitude m..

@ Mpax: The corner magnitude me (# Mpax) is estimated from
earthquake catalogs.
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The tail of the magnitude distribution

Truncated or tapered: Does it matter?

500
500

50 100

number of earthquakes

10
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The tail of the magnitude distribution

Synthetic Groningen catalog with 10° earthquakes

What is the underlying magnitude model?

\ﬂ

Dﬂﬂ

10000

number of earthquakes
100

T T T T T T T
15 20 25 3.0 35 40 45

magnitude
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The tail of the magnitude distribution

Synthetic Groningen catalog with 10° earthquakes

What is the underlying magnitude model?

10000

number of earthquakes
100
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The tail of the magnitude distribution

Synthetic Groningen catalog with 10° earthquakes

What is the underlying magnitude model?

T T T T T T T
15 20 25 3.0 35 40 45

10000

number of earthquakes
100

magnitude
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The tail of the magnitude distribution

Synthetic Groningen catalog with 10° earthquakes

What is the underlying magnitude model?

10000

number of earthquakes
100
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The tail of the magnitude distribution

Synthetic Groningen catalog with 261 earthquakes

What is the underlying magnitude model?

number of earthquakes
|
8

05 10 20 50 100 20.0

01 02

15 20 25 3.0 35 40

magnitude
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The tail of the magnitude distribution

Synthetic Groningen catalog with 261 earthquakes

What is the underlying magnitude model?

05 10 20 50 100 20.0

number of earthquakes

01 02

magnitude
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The tapered Pareto distribution

Probability distribution for seismic moment M

B —
F(M)zl—(ﬂ) exp(M0 M); My <M < o0

(Kagan, GJI 148, 520-541, 2002)

with
@ My: Minimum moment
e M.: Corner moment (begin of roll-off), no maximum moment!
e B~2/3
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The tapered Pareto distribution

Confidence interval based on maximum observed earthquake

Upper bound of confidence interval for corner moment M,
MO - Mmax obs

M, <

log [(Aﬂ‘“#m)ﬁ (1 —041/”)]

with
@ «: Error probability (1 — o = level of confidence)
e 3 =0.71 (maximum likelihood fit from data)

@ Miax obs: Moment of maximum observed earthquake
—103(36+6) (in Nm) for Groningen

o Mo: Completeness moment = 102(15+6) (in Nm) for Groningen
catalog
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The tapered Pareto distribution

5.0
I

1-0,=079 |

M, (upper limit of confidence interval)
3.5 4.0 4.5
| | |

0

3.
I

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-a (confidence level)

We find:

@ No finite value of my,.x for confidence levels 1 — o > 0.79.

e Similar (slightly worse) performance as truncated GR law.
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Summary on my. |

Findings for the truncated Gutenberg-Richter distribution

@ All information on my,,x is encoded in the b-value and the magnitude
1 of the maximum observed earthquake.
— The confidence interval of my,,x is optimal!

o Preferred value of my,.y at 90% confidence for Groningen:
Mpax = 4.3.

@ Taking into account the uncertainties of the b-value estimation will
even increase Mpy,x to values up to mpy.x = 4.7!
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Summary on my., Il

Are other magnitude distributions more informative on
?

Mpyax
@ No. As long as the tail of the distribution has little support by data,
all distributions work equally well (or poor).
@ Tapered Pareto (TP) distribution:
e The TP distribution is a priori inadequate for estimating my,ax,
because it is unbounded (corner magnitude m. can be exceeded!).
o In terms of § (slope) and p (maximum observed magnitude), the
performance is worse: confidence intervals are larger.
@ The truncated GR law is physically plausible (a magnitude limit
should exist!), and allows easily to extract all information on myax
from an earthquake catalog.

43 /59



Summary on my,., I

Which value of my,. is plausible for Groningen?
The combination of

@ broadly accepted physics and

@ the Groningen earthquake catalog
advocates at 90% confidence

My = 4.3 ... 4.7
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2. Mt: The largest expected earthquake
magnitude in time T
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Maximum possible versus maximum expected magnitude

@ M. Maximum possible magnitude, becomes visible after long
observation time (~ 1000s of years).

@ M7t: Maximum expected magnitude in time T can be calculated from
the b-value and the earthquake rate, which are accessible from
instrumental (short) earthquake catalogs.
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Calculation of M+: The statistical model

The statistical model

1. Magnitudes: Gutenberg-Richter law (limited or unlimited? my,ax?)
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Calculation of M+: The statistical model

The statistical model

1. Magnitudes: Gutenberg-Richter law (limited or unlimited? my,ax?)

2. Occurrence times: Poisson process
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Calculation of M+: The statistical model

The statistical model

1. Magnitudes: Gutenberg-Richter law (limited or unlimited? my,ax?)
2. Occurrence times: Poisson process

3. Earthquake rate o Gas production rate
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Calculation of M+: The statistical model

The statistical model

Magnitudes: Gutenberg-Richter law (limited or unlimited? myax?)
Occurrence times: Poisson process

Earthquake rate o< Gas production rate

=

Target quantity: Maximum expected earthquake magnitude until
2024 for the three production scenarios: 21 BCM/yr, 27 BCM/yr, 33
BCM/yr.
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Calculation of M+: The statistical model

The statistical model

Magnitudes: Gutenberg-Richter law (limited or unlimited? myax?)
Occurrence times: Poisson process

Earthquake rate o< Gas production rate

=

Target quantity: Maximum expected earthquake magnitude until
2024 for the three production scenarios: 21 BCM/yr, 27 BCM/yr, 33
BCM/yr.

5. Model parameters: Estimated from the data within a Bayesian
approach.
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Calculation of M+: The statistical model

The statistical model

1. Magnitudes: Gutenberg-Richter law (limited or unlimited? my,ax?)

2. Occurrence times: Poisson process

3. Earthquake rate o Gas production rate

4. Target quantity: Maximum expected earthquake magnitude until
2024 for the three production scenarios: 21 BCM/yr, 27 BCM/yr, 33
BCM/yr.

5. Model parameters: Estimated from the data within a Bayesian
approach.

Details: Zoller and Holschneider, BSSA, 104(6), 3153-3158, 2014.
Zoller et al., BSSA, 104(2), 769-779, 2014

Zoller et al., BSSA, 103(2), 860-875, 2013.
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Calculation of M+: Data

Groningen: Gas production vs. earthquake rate

250
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Calculation of M+: Data

Groningen: Future scenarios for gas production
(2016-2024)

95

33 BCM/ yr ——
27 BCM/yr ——
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80
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year
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Calculation of M+

Posterior probability density function for the maximum
expected magnitude for the three future scenarios
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Maximum expected ear

probability density
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Maximum expected ear

probability density
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Maximum expected ear

probability density
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Findings for the largest expected magnitude My in the
time from 2016 to 2024

@ The dependence of M1 on myax is moderate (~ 0.2...0.3 magnitude
units).

@ Depending on the production scenario, we expect the largest
magnitude between 2016 and 2024 to be between

3.9 and 4.3.
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Summary and conclusion

Methodology

1. Consider a family of physical models for the maximum possible and
the maximum expected magnitude.
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Methodology
1. Consider a family of physical models for the maximum possible and

the maximum expected magnitude.

2. Select the model which is favored by the available data.
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Summary and conclusion

Methodology

1.

Consider a family of physical models for the maximum possible and
the maximum expected magnitude.

2. Select the model which is favored by the available data.

3. We obtain a straightforward description of the uncertainties, even for

rare data.
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Summary and conclusion

Methodology

1. Consider a family of physical models for the maximum possible and
the maximum expected magnitude.

2. Select the model which is favored by the available data.

3. We obtain a straightforward description of the uncertainties, even for
rare data.

4. No arbitrary selection of parameters!
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Summary and conclusion

Results for Groningen (at 90% confidence)

1. Maximum possible magnitude: my.x = 4.3...4.7

2. Maximum expected magnitude between 2016 and 2024:
M+ =39...43.
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Summary and conclusion

Results for Groningen (at 90% confidence)

1. Maximum possible magnitude: my.x = 4.3...4.7

2. Maximum expected magnitude between 2016 and 2024:
M+ =39...43.

Thank you!
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Summary and conclusion

Results for Groningen (at 90% confidence)

1. Maximum possible magnitude: my.x = 4.7.

2. Maximum expected magnitude between 2016 and 2024:
My =41...43.

Thank you!
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Groningen fracture-
mechanics seismicity model

David Dempsey, Jenny Suckale



Components:

1. Concepts
2. Stress state
3. Loading

4. Seismicity model

a. Calibrate

b. Forecast



Components:

1. Concepts

2. Stress state
3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

Pressure in the Groningen reservoir is declining.
Groningen is in an extensional stress regime.
Seismicity occurs inside the delimited region of

pressure decline.

Seismicity at Groningen caused by pressure drawdown

mechanism, after Segall and Fitzgerald (1998).




Components:

1. Concepts

2. Stress state
3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

prior to 1992 1992 - 1994 1994 - 1996

Groningen
seismicity:
2 years
Intervals

blue contour shows 20
MPa pressure decline
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2. Stress state

3. Loading

4. Seismicity model
a. Calibrate

b. Forecast
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Components: Extensional stress regime:

Vertical stress is maximum principal, a;.
1. Concepts  obtain by depth integration of p=2500 kg m-3

2 Stress state  seismicity occurs at 3 km depth
« Horizontal stress, perpendicular to rift axis, is

3. Loading minimum principal, o

4, Seismicity model ¥ 03—P0=(01—Po)/(dﬁ2+1+12)2 (fs = 0.45)

i e P, is initial formation pressure.
a. Calibrate 0 P

1
b. Forecast * 0y =5(01102)



Components:

1. Concepts

2. Stress state

3. Loading

4. Seismicity model
a. Calibrate

b. Forecast

Extensional stress regime:

o Stress tensor in principle component axes

O3 0 0
O = 0 (o)) 0]
0 0 oF]

o Stress tensor in Groningen Xx-y coordinates

for rift axis at angle 6=45°

S=R"06R, R=|-sin(@) cos(@) 0

cos(0) sin(0) O]
0 0 1
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Components:

1. Concepts

2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

Stress resolved on fault:

Given a fault with normal, n.
Resolved traction on fault is
t=S-n
Resolved normal stress on fault is
o, =7n-t
Resolved shear stress on fault is

T = |t — o,n|

Each fault has a different n. Therefore, each

fault has a different resolved shear stress.




INCLUSION MODEL OF

TECTONIC STRESS POROELASTIC STRESS

Components: STATE S NGes
1. Concepts ' '
INITIAL STRESS STRESS CHANGES

ON FAULTS ON FAULTS

2. Stress state
N\ /

3. Loading FRACTURE MECHANICS
SEISMICITY MODEL

4. Seismicity model |

_ EARTHQUAKE
a. Calibrate DATA

—> | CALIBRATE

.

FORECAST

b. Forecast




Eshelby model of production-induced seismicity:

Components:

inclusion
Ul}

1. Concepts

Segall and Fitzgerald (1998)

2. Stress state

s R i e S o A R e J
3. Loadin
e Compute horizontal and vertical stress changes due to

———— — e —

4, Seismicity model pressure change within ellipse, a,, = a, > a,.
a. Calibrate 1—2v Ta,
AO’x'y = aAP .y 1— Za_ (a = 1.0)
b. Forecast g
AGZ=aAP1_2WTaZzO (v=10.2)

1—v Eax



Eshelby model of production-induced seismicity:

Components:

nclusion
o}

1. Concepts

Segall and Fitzgerald (1998)

2. Stress state

e s R e e e e S s o S J
3. Loadin
e Compute horizontal and vertical stress changes due to

4, Seismicity model pressure change within ellipse, a,, = a, > a,.
a. Calibrate 1—2v Ta,
Aoy, = aAP 11—+ T 1a (@ =1.0)
b. Forecast g
AGZ=aAP1_2WTaZzO (v=10.2)

1—v Eax



Components:

1. Concepts

2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

Eshelby model of production-induced seismicity:

A B APl—Zv . Ta,
Oxy =TT 4 a,

o Decrease in pressure induces an extensional stress,
which is additive to tectonic stressing.
e To implement, we define a pressure decline “ellipse”

representative of complex AP (x, y, t) at Groningen.

0 : r>r1,(t)

AP(x,y,t) = AP(t) : r <ry(t)

r= \/(x — Xo(t))z +(v - yO(t))z



Components:

1. Concepts

2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

Eshelby model of production-induced seismicity:

Determine AP (t) and r,;(t) (and to a lesser extent, x,(t)
and y, (t)) by least-squares fit with AP (x, y, t) provided
for Groningen.

This yields an evolving pressure depletion ellipse.

evolving drawdown model

evolving in time




Eshelby model of production-induced seismicity:

Components:

30

1. Concepts

E 20 § evolving drawdown model
2. StreSS State ,%U 15 radius of pressure -
- drawdown ellipse
10|

3. Loading

5 1 1 | 1 | |
19601970198019902000201020202030
year

4, Seismicity model o ——————
amount of pressure
. —-50| decline (bar)
a. Calibrate
—-100 |
b. Forecast g sl
0—200—
—-25

0 1 l 1 1 | 1
19601970198019902000201020202030
year
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Components:

1. Concepts
2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

Fracture-mechanics model of seismicity:

» Represent fault as having heterogeneous stress. Many

possible stress realizations for a given fault

Mohr-Coulomb hypocenter calculation

1.5
l? 1.0 ] TSTO
v E *
g 05 17
i
5 0.0
2
w -0.5 M h 1 1-0*

1.0 ] | | ] | | | ]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

distance along fault, =~

Our model captures two important processes:
(1) earthquake triggering (Mohr-Coulomb)

(2) rupture propagation and arrest (crack-energy)



Components:
1. Concepts
2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

Fracture-mechanics model of seismicity:

» Represent fault as having heterogeneous stress. Many

possible stress realizations for a given fault

Mohr-Coulomb hypocenter calculation

L5 | pressurization, strength reduction | earthquake triggered at =", where ' D-
- 10 SN 7 () =7 @) y
w ’ \\ ‘L S:;O
S 05k > -
@
E 0.0 |-
B -0.5 fi |-

-1.0 1 ‘ | ] I ! | ]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

distance along fault, =~

Our model captures two important processes:

(1) earthquake triggering (Mohr-Coulomb)

(2) rupture propagation and arrest (crack-energy)



Fracture-mechanics model of seismicity:

mponents: :
Components  Represent fault as having heterogeneous stress. Many
ossible stress realizations for a given fault
1. Concepts P g
10 Crack-energy rupture calculation
2. Stress state : osfE
E 0.0
- % 0.5 ocenter rupture propagates ir/
3 . Load I n g E -1.OF ﬁ gzrgy stource, ™ >0 eﬁergy gou!;cg region " \ rupture arrests in
% L5 Em energy sink, 7* <0 final rupturg extent, I.* energy sink region
o . . 0.0 0:1 OI.Z 013 0.‘4 0?5 0!6 0.I7 0:8 0:9 1.0
4. SEISmICIty mOdel distance along fault, z
[ J

Our model captures two important processes:

a. Calibrate

(1) earthquake triggering (Mohr-Coulomb)
b. Forecast )

rupture propagation and arrest (crack-energy)




Fracture-mechanics model of seismicity:

Components: * The model replicates Gutenberg-Richter scaling of
1 COI’]CGptS earthquake magnitudes, changes in b-value
3 I | I I T A ]
2. Stress state v ~ g
—— catalog TRO
—— catalog UPR ]

=
o
(8]

3. Loading

(=]
o
[

cumulative frequency

4. Seismicity model

[
o
o

15 2.0 2.5 3.0 3.5 4.0 4.5
magnitude, My,

a. Calibrate
e The model is 1D in terms of rupture. However, many of

b. Forecast o
the bulk seismicity features are dependent on stress and

loading properties and therefore apply for 2D faults.
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3. Loading
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b. Forecast
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Components:

1. Concepts
2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

For each fault in the Groningen reservoir (longer than
2 km, and within 30° of optimal orientation in the
stress field), an initial shear stress, 7, and stress
change, At, are computed.

The stress change At operates as a nonuniform
loading condition on the fault — one can imagine the
“equivalent pressure” change.

Each separate fault acts as an emitter of seismicity.
Locations, rates and b-values can be assigned to
different faults.

Here, we only look at the overall seismicity rate and

magnitude-frequency distribution.
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Components:

610 |-

1. Concepts
2. Stress state
3. Loading ol N\

4. Seismicity model

a. Calibrate

570 |

b. Forecast
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Components:
1. Concepts
2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

seismicity rate [events per year]

« Calibration occurs against the observed seismicity rate.

SR ALY W T DA | I
197 1980 1990 2000 2010 2020
time [years]

o 2000 realizations of the stochastic model are constructed
(grey) with the mean value indicated by a solid line.
* Red profile indicates modeled seismicity in the

prediction period.



Components:

1. Concepts
2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

b. Forecast

Calibration also against the magnitude frequency

distribution. We slightly overestimate magnitudes.

10°

[
o
[N

[
o
=

cumulative frequency

1.0 1.5 2.0 2.5 30 3.5 4.0 45 5.0
magnitude [ My ]



Components:

1. Concepts

2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

TECTONIC STRESS
STATE

INCLUSION MODEL OF
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Components:

1. Concepts

2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

Mmax to date

» Largest magnitude event to date, Mmax, increases over time.

Model matches reasonably well, overestimates slightly.

_—— e

.......... -

- == 4 =

| ] 1
2000 2010 2020

time [years]

' ] I
1970 1980 1990

« By the end of the prediction period (2024), median Mmax is
4.2 in 90% bounding interval [3.8, 4.6].



» Largest magnitude event to date, Mmax, increases over time.

Components: Model matches reasonably well, overestimates slightly.
2.5 1 T T 1 T

1. Concepts
2.0 |

2. Stress state ” _

- 5
3. Loading 1.0 ]
4. Seismicity model 0 I
a. Calibrate 080 35 40 45 50 55 6.0

Mmax

« By the end of the prediction period (2024), median Mmax is

4.2 in 90% bounding interval [3.8, 4.6].




Components:

1. Concepts

2. Stress state

3. Loading

4. Seismicity model

a. Calibrate

Final note:

The Eshelby inclusion model is too coarse to resolve differences

between the three extraction scenarios.

Time evolution of the full stress tensor everywhere in the
reservoir would be preferable as a loading condition for the
Induced seismicity model. This could be performed by a

geomechanical simulator.



TNO and other M ___models for Groningen Induced
Earthquakes

Steve Oates, Shell Rijswijk

Copyrigh Shell Global Solutions International BV. 2013
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Overview

Explanation — scope of presentation and disclaimer.
Who are TNO?
Summary of views on maximum magnitudes for Groningen, reported by TNO
B Early phase — M estimates based on fault dimensions and global moment budget

B Later phase — spatially varying M

max

estimates based on local moment budget

Proposals for M, distributions

TNO

Global M by extrapolation

& consideration of analogues
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TNO unable to presentat M, workshop themselves but were made aware that we would be presenting their views

in this way.

We present this as a necessary contribution to this workshop to ensure that a significant proponent view is given due

consideration.
This presentation is based on the content of the TNO documents available to me.

The views presented are to the best of my ability a representation of the views expressed by TNO in those

documents.
Interpretation of the documents is based on my translations of the Dutch language originals and open to challenge.

Final section on M___distributions is provided courtesy of Dirk Kraaijpoel. This documents initial ideas rather than

completed work and does not represent as yet accepted views of either KNMI or TNO.

Atthe end | present some comments of my own but identify these clearly as being my own views rather than those of

TNO.

Confidential

From Wikipedia:

TNO = Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek (Netherlands Organisation for

Applied Scientific Research)
Nonprofit company that focuses on applied science
A knowledge organization for companies, government bodies and public organizations.

Approximately 3,800 employees — largest research institute in the Netherlands.

See also: www.tno.nl

In the context of the Groningen project:

TNO is a key advisor and consultant to the regulator, SodM

TNO has been involved with issues around Groningen induced seismicity since at least 2012

Confidential
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http://www.tno.nl/

B This presentation is based on the content of the following TNO documents

TNO 2013 R11953

30 April 2014

TNO 2014 R11662
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B The following TNO document was made available on 7% March 2016

TNO 2015 R11138
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Overview

Explanation — scope of presentation and disclaimer.
Who are TNO?
Summary of views on maximum magnitudes for Groningen, reported by TNO

B Early phase — M, estimates based on fault dimensions and global moment budget

ma;

W |ater phase — spatially varying M, estimates based on local moment budget

Proposals for M, distributions

TNO

Global M, by extrapolation
& consideration of analogues

Confidential

Mmax from global moment budget and fault dimensions

KNMI's PSHA (as reported in 2013) used M = 5.0, derived from an analysis of other cases of induced seismicity

max

world-wide.

“M,,.. = 5.0 was a choice made by KNMI” —in the context of their PSHA calculations — but “this choice can not be

supported”.

“A choice for M|

. With a sound basis can be obtained from geomechanical considerations where compaction is

viewed as the driving force behind the seismicity leading to an upper bound for the maximum seismic moment in the

gas field.”
TNO proposed following this approach to obtain a better estimate for M, .

Proposed also a spatially varying derivation of the relationship between seismic moment release and reservoir

compaction. Then also argued that M___ should therefore be spatially varying.

Assume large earthquakes occur on existing faults but that microseismicity does not need to respect this limitation.

Confidential
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Overview

B Explanation — scope of presentation and disclaimer.
B Whoare TNO?
B Summary of views on maximum magnitudes for Groningen, reported by TNO

B Early phase — M

ma;

. estimates based on fault dimensions and global moment budget

W |ater phase — spatially varying M, estimates based on local moment budget

Proposals for M, distributions

TNO

Global M, by extrapolation
& consideration of analogues
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Bounds on magnitudes from interpreted fault areas

TNO-rapport | TNO 2013 R11953 | Eindrapport 117211
B Moment magnitude bounds calculated for

interpreted faults using Brune model

120 | mmagnitudes gebaseerd op
formulae & assumed parameter values reservoir breuk segment en 100
10 || barspanningsafname
m magnitudes gebaseerd op totale
breuksegment en 100 bar
spanningsafname

B Blue histogram: magnitudes based on

8

fault area within reservoir: M, =~ 5.0

B Red histogram: magnitudes based on fault “0
area for an assumed continuation of faults 204 lh]
o o i

Y A2 a2 A) a2 aY a2 a2 ) a2 Y 2 0 ) u‘-‘a»"h’ﬁ"«ﬂ‘.}

Frequentie
8

into Carboniferous, to 5000m depth: M,

~5.8 Moment magnitudes Mw

B Assumed stress drop of 10MPa

Figuur 6.2 Moment magnitudes (M) berekend voor twee sets van breukoppervlaktes uit het 3D
Petrel model: Magnitudes van set 1(blauw) zijn gebaseerd op het opperviak van de
breuken dat grenst aan reservoir gesteente; magnitudes van set 2 (rood) zijn
gebaseerd op het totale oppervlakte van de breuken onder het Zechstein steenzout,
onder aanname dat de breuken doorlopen tot een diepte van 5000 m beneden
maaiveld. Magnitudes zijn berekend voor een spanningsafname van 100 bar (10 MPa)
en een schuif modulus van 10GPa.
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Explanation of fault area determinations

Carboon

maximale diepte S5km

Figuur 6.1 Berekening van de parameter ‘w’ van de breuken in het Petrel breukmodel.
Set 1 gaat uit van de breedte w van het breuksegment dat grenst aan het
reservoirgesteente (rode pijlen). Set 2 gaat uit van de breedte w van het
breuksegment, gemeten vanaf onderkant Zechstein zout tot een diepte van 5
km (groene pijlen).

Confidential

BoundsonM__ from global moment budget

B Aconservative upper bound is obtained by integrating the Kostrov-McGarr expression over the whole field. Using

different partition coefficients and convertingto M for a single event gives the following plot

max

& < 6.24
€ 5.57
B e “—— 491
/ .
7% // — < 4.01
5
AN
€2
E !
g1 /
0 alfa=1 M
/ alfa=0.1
-1 alfa=0.01 i
— alfa=expectation value

2
1960 1970 1980 1990 2000 2010 2020
jaar

Figuur 5.3. Maximum magnitude berekend op basis van het totaal reservoirmoment in het hele veld als
functie van tijd voor vier partitiecoé&fficiénten.
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B Observations so far over Groningen and other gas fields in the area show that partition coefficient is not greater than

0.01 (study by Buijze).

1 17 18 " 0
Log Volumetric mament (Nm)
B Apartition coefficient value of 1.0 gives M of around 6.0.

B Such an event will have a negligible probability of occurrence;

B Requires the release of whole moment budget in a single (composite?) event;

B |tis claimed that an important part of the total budget has already been released;

B A part of the moment budget is released through (aseismic) subsidence;

W |tis claimed that a part of the moment budget is localised too far from large faults to be released by slip on faults.

Confidential

B TNO limit themselves to consideration of induced seismicity due to compaction.
B Thereis no contribution to the moment budget considered from tectonic strains.
B The moment budget is due to compaction only and this determines the maximum magnitude.

B TNO do acknowledge the possibility of release of shear stress on faults outside the reservoir but do not explicitly
consider this in the induced seismicity moment budget. They claim that to understand this slip velocity dependent

fault friction laws need to be incorporated in the geomechanical model.

B TNO commentthat M__ of around 6.0 — 6.5 requires all compaction to be seismogenic and the entire global
moment budget to be released by a single event and they consider both of these conditions to be very

unlikely/unrealistic

Confidential



Bounds on M__ from global moment budget

Tabel 7.1 Het totaal aan seismisch moment (Nm) wat kan vrijkomen in de periode 2013-2023

voor verschillende aannames van de relatie van de partitiecoéfficiént met de

compactie. Als dit seismisch moment in één keer zou vrijkomen zou dat leiden tot de

maximale magnitude in kolom 3.

Partitiecoéfficiént

Seismisch moment

Maximale magnitude

Overview

Explanation — scope of presentation and disclaimer.

Who are TNO?

(Nm)
Constant (10°) 1,1-10" 4,0
Constant (1,0) 1,1-10"® 6,0
Exponentieel 7,6:10" 45
+95% betrouwbaarheid | 4.4-10" 5,0
+95% en bovengrens 1% | 1,1-10"° 46
Confidential

Summary of views on maximum magnitudes for Groningen, reported by TNO

B Early phase — M estimates based on fault dimensions and global moment budget

B Later phase — spatially varying M

max

Proposals for M, distributions

Global M by extrapolation

& consideration of analogues

Confidential

estimates based on local moment budget

TNO

23/04/2016



B Finite elementsimulations were run for a model of a compacting reservoir with a fault.

B Demonstrated the existence of a region of about Tkm width from the fault over which the compaction
transitioned between the simple uniaxial case and a configuration in which the fault offset and friction retards

the compaction.

B Only the compaction difference relative to the far-field uniaxial value contributes to the moment budget

available to the fault plane being considered.

B Kostrov-McGarr expression is integrated in the region around the fault where this compaction difference from

the uniaxial background is non-zero to determine local moment budget for fault.
B Integration limited to Tkm zone of influence around the fault, irrespective of fault dimensions.

B Several fixed partition coefficient values were used (ie. not a distribution).

Confidential

B In Dec 2014 report (2014-R11662) applied earlier thinking (M, estimates from global moment budget) to zone of

influence around fault...

B Kostrov-McGarr expression taken from Bourne and Oates (2013) (up to a factor of 2) and used to determine local

moment budget for fault — integration limited to Tkm zone of influence around the fault:

M,.(t) = 2u [[ Ah(x, t)ap (Ah(x, £))dS

Straight
fault line

D2F Uni-axiale compactie

|
=
a

APedwodijonIasal paojAul suUaL9.

B BT et

M0 250 W00 4000 400 0w 500
wcoordinate in m x
Figuur 5.2. Breuk en invioed voor het iéren van het il i ied S gebruikt in de
berekeningen.
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B Maps of spatially varying local M _generated as follows:
B Faults of lengths 3km, 12km, 45km and field-spanning placed at each cell of simulation grid

B |ocal moment budget calculated from Kostrov-McGarr integral, as explained above, for a range of fault
orientations (1: all orientations 2: favoured orientations from fault map) and a range of partition

coefficient values

B Largestlocal M, value obtained as a function of orientation taken as the local M for cell.

| See following panels of plots

Confidential

78000 20000 290000 240000 244000 248000 252000 256000 260000 264000 260000
[m)

Figuur 5.11. Top R met de breuken (zwart) en de additionele breuken
(wit).
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Spatially-varyingM _ for expectation value of Ot

« 10° maximum magnitude end 2017 fault accross field « 10" Maximum magnitude end 2017 fault length=45 km
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3
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: x 10° = x 10°
« 10° Maximum magnitude end 2017 fault length=12 km « 10° maximum magnitude end 2017 fault length=3 km
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|
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Figuur 5.12. Maximum magnitudes op basis van reservoirmoment berekend voor de verwachtingswaarde
van de partitiecoéfficiént voor breuken met oriéntaties voorkomend in het Groningen veld met lengtes 45,
12, 3 km en door het hele veld.

Spatially-varying M, for 0L=1

x 10°maximum magntude end 2017 fault accross enfire field X 10° Maximum magnitude end 2017 fault length=45 km
5 515
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« 10" Maximum magritude end 2017 fault length=12 km x 10' Maxmum magnitude end 2017 fault lengih=3 km
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Figuur 5.13. Maximum magnitudes op basis van reservoirmoment berekend voor partitiecoéfficient 1 voor
breuken met oriéntaties voorkomend in het Groningen veld met lengtes 45, 12, 3 km en door het hele veld.
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Spatially-varyingM

x 10 maximum magnitude end 2017 fauk accross entire field

. for 0=1, arbitrary fault orientations

x 10° maximum magnitude end 2017 fauit length=45 km

6
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¥ 10° Mmaximum magnitude end 2017 fault length=12 km * 107
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Figuur 5.6. Maximum magnitudes op basis van reservoirmoment berekend voor partitiescoéfficiéent 1 voor
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willekeurige georiénteerde breuken met lengtes 45, 12, 3 km en door het hele veld.

Spatially-varyingM_

815
a1

6.08

615

Figuur 5.14. Maximum magnitudes op basis van reservoirmoment berekend voor partitiecoéfficient 0,1 voor
breuken met oriéntaties voorkomend in het Groningen veld met lengtes 45, 12, 3 km en door het hele veld.

for 01=0.1

X 10° maximum magnitude end 2017 fault accross field
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x 10° maximum magnitude end 2017 fault length=12 km
¢

22 23 24 25 26 27 28
x 10

« 10" maximum magnitude end 2017 fault length=45 km
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Spatially-varyingM_ for 0t=0.01

« 10° maximum magnitude end 2017 fault accross feld

615 [

o @

6 e
<

575
57

615
61 4.35
605 p 43
8 4.25
595 i
59
4.15
585
4.1
58
575 405
57 ¢
22 23 24 25 26 27 28
x 10°

« 10° Maximum magnitude end 2017 fault length=12 km

22 23 24

Figuur 5.15. Maximum magnitudes op basis van reservoirmoment berekend voor partitiecoéfficiént 0,01 voor
breuken met oriéntaties voorkomend in het Groningen veld met lengtes 45, 12, 3 km en door het hele veld.
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x 10°

Summary & conclusions — 1

x 10° maximum magnitude end 2017 fault length=45 km

505

22 23 24 25

26 27 28
x 10°

x 10° Maximum magnitude end 2017 faut length=3 km
P 2

Partition coefficient values of 0.01 or 0.1 considered conservative for short time periods

Field spanning rupture considered unrealistic given the observed fault aspect ratios

12km fault length seen as a conservative maximum

Above arguments leadto M, inrange 4.1to 4.7 for the central field area. “M, | = 4.5 for central region in the short

term is a possibility”. On the flanks M, is between 3.5 and 4.0

“M,,.. = 5.0 looks too conservative for the short time periods being considered but may be reasonable for longer

max

exposure periods — this needs to be further studied”

Tabel 7.1: Overzicht maximale magnitude

3.7
3.6
35
3.4
33
32
3.1

29
2.8

Partitiecoéfficient | Maximum Maximum magnitude bij | Maximum
magnitude bij breuk door hele veld magnitude bij
breuk door hele | (Groningen oriéntatie) 12 km breuk
veld

0,01 44 44 4.1
0,1 50 5,0 47
Confidential
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Overview

Explanation — scope of presentation and disclaimer.
Who are TNO?
Summary of views on maximum magnitudes for Groningen, reported by TNO

B Early phase — M, estimates based on fault dimensions and global moment budget

ma;

W |ater phase — spatially varying M, estimates based on local moment budget

Proposals for M, distributions

TNO

Global M, by extrapolation
& consideration of analogues

Confidential

Spatially-varying M, estimates using fault offsets

B The objective of the 2015 report was to inform the NPR 9998 committee in its choice for a hazard model for
the next version of the NPR — this is part of the Netherlands’ annex to Eurocode-8 and is used to determine
which buildings need strengthening and to what degree.

B Afault based geomechanical approach is taken to determine the maximum earthquake magnitudes for the

short term up to the end of 2017.

B The 2015 TNO approach makes use of the following expression from Bourne et al for the maximum seismic

moment per unit area required to accommodate the deviatoric strains:

b

ult.

(it

L0 ’ 7N N 0

=" MEmb = pe(t) —+x/1:.<‘|V(:o)|?l 0 5

4 . \~ 4 0
-

B TNO analysis addr k=1

Xz o o

Confidential
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Spatially-varying M, estimates using fault offsets

B Assumptions
B there is no contribution from release of tectonic stresses;
B faultslip is contained within the reservoir;
B thereis a zone of influence around a fault beyond which compaction is laterally homogeneous;
B induced earthquakes occur on faults with interpretable offsets;

B do not consider compound earthquakes (simultaneous failure of multiple fault segments).

Confidential

Spatially-varying M estimates using fault offsets

B Finite element simulations of slip on a single fault in compacting reservoir.
B Initially, fault friction establishes shear stresses around fault

B Removal of fault friction allows slip on fault

fault

H=200 m
Offset

Figure 4.13 Vertical strain field when the fault is fully rough

10 km

Figure 4.2 Setup of the finite element simulations.

Figure 4 14 Vertical strain field when the faut is

Confidential

23/04/2016
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Spatially-varying M, estimates using fault offsets

Calculate seismic moment from simulations by integrating slip over fault surface

Find a linear relationship between moment and fault offset, consistent with simple analytic model of Bourne et

al 2015, up to a geometric factor (see McGarr 1976)

one Simensioeal ompacion uyy & betwesn 0.06 303 06 m

Mo =17+ L+uyp» Of fset

00
20

My
ulwgp ™
m]

W % E

Fault Offset [m]

Figure 4.6 Seismic moment calculated from the simulation resuits versus fault offset. The seismic
moment is scaled with the shear modulus and the one-dimensional compaction and is per meter fauit
length L.
The seismic moment is calculated by integrating the results of figure 4.5 over depth,
using:

M, = uLJ’ u(z)dz

Confidential

Spatially-varying M, estimates using fault offsets

At each grid point, calculate moment using above expression for moment release (and hence M ) fora 12 km

max)

long fault with 200m offset, sampling all orientations. Take largest value as M, at each location.

max

6.15
61F
6.05

595
59

58
5751
L g

22

238
x10°

Figure 5.4 Earthquake magnitudes for a 12 km fault with offset 200 m.

Confidential
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B “Fora 12 km long fault and a, rather large for the Groningen field, 200 m offset, the maximum earthquake
magnitude at the end of 2017 is 4.7.”

B “ltis, however, not proven that these maximum magnitudes have a zero probability of exceedance for the
Groningen field. Itis therefore proposed to use a statistical distribution function for the maximum magnitude

with a mean value.”

Confidential

PSHA ingredients (3/4): magnitude distribution

b-value: ~1.0

How to extrapolate in M?

Cumulative number

Assume truncated exponential (Gutenberg-Richter) model:

s
20
.
a0
15
w w
(&) QA oo
o 19 o 0.050
os oo
000,
df—t
3 3 SV : . : B o™t : 5
Parameters: b-value and Mmax
s s, ”
Confidential

ither TNO or

KNML
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Proposals for M ___distributions

PSHA ingredients (3/4): magnitude distribution

How to constrain Mmax?
No evidence from statistics. @ —0-—-

What can geomechanics do? y

+ Determine |
— Local medium properties (shear modulus) \
— Maximum fault area
— Maximum slip

But:
+ Larger faults: extend in depth, laterally or both?
+ What stress drops can we expect?

Practical choices:
NPR: Mmax = 5 from literature study
Bourne et al.: Mmax = 6.5 from total compaction volume

INOor

Confidential

Proposals for M __ distributions

PSHA ingredients (3/4): magnitude distribution

KNMI.

Choice of Mmax can be critical.
Choosing high is conservative

s @

Hazard deaggregation

Mmax=5.0

e 3

‘ Epicentral disténce

Mmax=4.5

Hazard curves

Mmax=4.0

Probability of exceedance

o
o

0.10 0.20 0.50

PGA (g)

0)

20

TNOor

Confidential

KNML

23/04/2016

18



PSHA ingredients (3/4): magnitude distribution

Use distributions of Mmax:

Mmax distributions

~— PDF for Mmax=5
~—— PDF for Mmax uniform in [4,5]
~—— PDF for Mmax exponential (b=1) above M=3.6

effective
M distributions

ither INO or

KNMI.

Confidential

Probability of exceedance per event

PSHA ingredients (3/4): magnitude distribution

Effect of using Mmax distributions

0.100
0.010

0.001

10-°

10

1

Hazard curve: 0.2% /yr

] — Mmax=5
—— Mmax uniform in [4,5]

40/yr

—— Mmax exponential above 3.6
—— Mmax=4

0.0 0.1

This slide,

optedvie ither INO or
KNMIL

Confidential
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Proposals for M ___distributions

PSHA ingredients (3/4): magnitude distribution

Effect of using Mmax distributions

PDF
J

Hazard curve: 0.2% /yr

— Mmax=5

~— Mmax uniform in [4,5]

—— Mmax exponential above 3.6
—— Mmax=4

PGA (g)

Probability of exceedance per event

Confidential

Proposals for M distributions

PSHA ingredients (3/4): magnitude distribution

Motivation for exponential distribution:

+ Based on scale-independence: seismogenic systems with larger
Mmax are less likely than those with smaller Mmax (Bayesian prior)

Bayesian perspective:
+ Posterior = Likelihood * Prior

+ Non-informative prior / null information: exponential distribution
over infinite range

« Likelihood:
— Here: simplified as step function for Mmax > 3.6 (max observed)
— Based on catalogue
— Other (external) empirical evidence may be included

T ic 0)

Confidential

INOor
KNMI.

TNOor
KNML
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Proposals for M ___distributions

PSHA ingredients (3/4): magnitude distribution

10 =

i \ — PDF for Mmax=5
[l \ PDF for Mmax uniform in [4,5]

0.010 N ~—— PDF for Mmax exponential (b=1) above M=3.6 )
F;

p

Mmax

Bayesian perspective:

« Posterior = Likelihood * Prior

+ Non-informative prior / null information: exponential distribution
over infinite range

+ Likelihood:
— Here: simplified as step function for Mmax > 3.6 (max observed)
— Based on catalogue
— Other (external) empirical evidence may be included

INOor
KNMI.

Confidential

Proposals for M distributions

PSHA ingredients (3/4): magnitude distribution

Advantages exponential prior
+ Requires no (arbitrary / debatable) upper bound; lower bound from

observations
+ No magnitude is excluded

0) ible M,,,. dis

Confidential

T TNOor
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Summary & conclusions — 3

Early global M, estimates derived both from fault size and moment budget broadly agree with NAM (Bourne &

Oates 2013) upper bounds.
Calculations of local moment budgets around faults suggest reducing M values.

Assumed bounds on strain partitioning and maximum length of rupture are needed to arrive at TNO’s proposed

M. values in the range 4.1 t0 4.7.

Meotivation for assumed bounds on strain partitioning comes from observations in other gas fields in the

Netherlands.

Exponential distribution for M,

proposed as a non-informative Bayesian prior

TNO

max

Global M, ., by extrapolation

& consideration of analogues

M, =50 M, .,=60t06.3 M, =4 1t047 M, . =upto4?

m,

Confidential

Presenter’'s own comments/criticisms of work presented

TNO approach overlooks subseismic faulting — such faults can be big enough to host significant earthquakes — this somewhat

undermines the argument behind local moment budgets.
Local moment budgetidea does not undermine the observed possibility of long range triggering
Rejection of higher values of partition coefficient is partly a misunderstanding of what M,

should be —an upper bounding value —

max

and also neglects the generic statistical models which do (all?) exhibit the escalating partitioning.

In other words — can we know how far we are along the path to 0.=1?

Region of influence around fault must surely be fault length dependent (Saint-Venant's principle?) or at least offset dependent?
Local moment budget concept nevertheless deserves further consideration.

Rejection of higher M, values neglects possibility of large composite events where many fault segments fail simultaneously —
can/should these be rejected as being to all intents impossible or must they be considered as upper bounds? Are there any examples

of such events known?
Uninformed Bayesian prior distribution for M — need to prove that this is indeed the appropriate objective prior distribution.

Consult KNMI for more detail on their M, estimates.

Confidential
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Spatially-varying M, estimates from strain-thickness

The 2015 TNO approach makes use of the following expression from Bourne et al. The maximum seismic

moment per unit area required to accommodate the deviatoric strains:
-

N0 ; TN N1 0

Nk k /_ﬁl—ﬂ 3 A

EZ Mymy; = pe(t) (§ +/1 \|V(/.o)|l’\l) 0 by
k=1 ~ 00

TNO analysis uses only the gradient term associated with displacement on a fault.

Xx o o

Aside: the TNO 2015 report apparently overlooks the fact that the above expression is for the deviatoric part of
the compaction strain, arguing instead that the non-gradient terms need to be subtracted for double-couple
sources. Nevertheless, the TNO report s clear that they assume that the induced earthquakes will occur on pre-
existing faults with offset in the reservoir — in other words, this minor criticism is not material to the work as

reported.

Confidential
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Shell Global Solutions Saturday, April 23, 2016 1
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Correlations between tremors and fault properties

’ fault properties of about 60 tremors with M = 2.5 ‘

0.030 T T T 0.20

0.025F .«
0151

0.020+

et

Huizinge M = 3.6

100 200 60 65 70 75 80 85 90
THROW [m] DIP [degrees]

]

0.015p Huizinge M =3.6

pdf [

Westeremden M = 3.5

0.051

no other clear correlations observed so far between
tremors and fault properties in the Groningen field

Saturday, April 23, 2016 3
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Question raised

a Dynamic rupture modelling shows that ruptures in the reservoir may propagate
into the Carboniferous underburden.
Important parameters are:
- dynamic or residual friction coefficient
- fault dip, fault throw, horizontal/vertical field stress ratio
- the amount of compaction (proportional to the pressure drop in the reservoir)

a If so, significant additional strain energy stored along the fault plane could be
released making strong tremors possible.

o Is there evidence from the ground motions of strong tremors in the Groningen field
that the rupture has propagated into the underburden?

o So far, the strongest tremors correlate with a certain fault dip and fault throw.
But what about the Huizinge M = 3.6 and Westeremden M = 3.5 tremors?

Saturday, April 23,2016 4
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Huizinge M = 3.6 tremor in 2012

DIP
Al
@ Huizinge 2009 2.6 \
604H @ Huizinge 2012 3.6 =
@ Huizinge 2012 3.6 preferred loc. KNMI A\ p—
-
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\
Huizinge 3.6 tremor \
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s N~
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\
594 \ \
\
R \ >
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Shell Global Solutions
Subsurface horizons around Huizinge tremor
\
\
\
| x10*
floater — upper Zechstein

Y-coordinate

i} 2.44
hypocentre of tremor preferred location KNMI l

X-coordinate
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Huizinge tremor

Gapiacomant veiocties dispiacement vesocities.

e Hutings fomet 10-08-2013 - Midahtum 1 ghoshane taton oal Mutinge evert 16-08-1012 - Westmremdan geophene satin ™ Hultnge event 16-08-2012 - Sedurs gesptane staion

Middelstum-1 Westeremden Stedum
distance 1.5 km distance 3.2 km distance 4.8 km
AN
riose b‘ 3 x hypocentre
“’l = tremor
7/
® WAt
M~ 3.6, f, ~ 2 Hz, Ry, ~ 400 m =
Dost and Kraaijpoel 2013 ok
" i) \
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Huizinge tremor — Middelstum-1 geophone

Two clear large peaks in the radial velocity due to multiple reflections or multiple sources ?

Rupture plane equi-dimensional or in the form of a ribbon in the reservoir along fault strike?

0.04 Huizinge event 16-08-2012 - Middelstum 1 15s

i

IR NP

L.

W M = 2.6 in 2009

AM},. \:,‘ A q‘« ﬂuﬁn}&

:
@
=
S
TE
Acceleration in cm/s*s.
Bl

i
i
Lo b

e
Time in seconds
=0.02

Dost and Kraaijpoel 2013

M~3.6,f, ~2Hz, Ry, ~ 400 m
=0.04H — y radial
— v_transversal N B
— v_vertical R e
5.0 5.5 6.0 65 7.0 75 8.0 85 9.0
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Focus on the low frequency part of wavelets generated by the tremor: f = 1 -3 Hz
Mean velocities between reservoir and surface: V, = 3200 m/s, Vg = 1500 m/s

Wavelength for f=3 Hzand V =1000m/s: A = V/f = 300m

>

Anhydrite, floater or soil layers of 50 - 100 metres or variations in the depth and
thickness of formations up to 200 metres distort only to “some extend” the low
frequency part of the wavelets.

saturday, April 23,2016 9
Shell Global Solutions

4—{ rise-time 0.1 s, corner frequency f. = 1.6 Hz

0.30]

1l
Il
1
I
1
Il
1
i
1
i

dD_slip/dt [m/s]
o
o
s

vie}/ - = 2D rupture modelling predicts steeper decline ‘

00 05 10 15 20 25 30
t[s]

Brune’s model: rise time t,,. = 0.1 - 0.2's, slip Dg;, = 0.1 m
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Geometrical configurations for extended sources of pure shear slip along fault dip

O Single equi-dimensional source

O Row of sources along fault strike

- rupture velocity along fault strike v,,, = 2 km/s (sonic) and v,,, = 4 km/s (supersonic)
- rupture proceeds in one direction

- rupture proceeds in two directions starting in the hypocentre

O The receivers are located at the surface at 1 — 5 km distance from tremor hypocentre

Saturday, April 23,2016 11
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1 source or a row of 21 sources along fault strike over 1 km length fault, fault dip 80 degrees

Receivers at surface along x-axis

rock properties
vertical

radial E=135GPa, v=0.36, u=5GPa, p = 2200 kg/m?,

receiver V, = 3200 m/s, V¢ = 1500 m/s

transversal

1 equi-dimensional source

y-axis
Wyjip = Lgjp = 700 m, Dy, = 0.2 m,
x-axis My, ~400TJ, M~ 3.6.
21 sources in a row represent a rupture in the reservoir
plane of rupture along fault strike proceeding along fault strike

2=-3000m Wgjp =300 m, Ly, = 1000 m, Dy, = 0.2 m,

M, ~ 400 TJ, M ~ 3.6.

z-axis

leip

Saturday, April 23,2016 12
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Single equi-dimensional source

Middelstum-1 geophone at 1.5 km distance west of tremor

aos Hkzinge event 16.08-2012 - Middehtu: 3 gecshone station ao1o)

primary
wave

|

vimsl

-0.003|

75
) ]

observed modified Brune’s STF
tonset = 0.05S, tje =0.25,n=2

horizontal axis: total time 2 s
vertical axis - observed: displacement velocity -5, +5 cm/s,
vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)
Saturday, April 23, 2016 13
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Single equi-dimensional source

Stedum geophone at 4.8 km distance south of tremor

dispiacement velocites dispiacement velocry

- transversal comp. oem sign transversal comp.
can be reversed

oz o005

sl
A
H
vimnl

- -
observed modified Brune’s STF

tonset = 0.05S, tie = 0.25,n=2

horizontal axis: total time 2 s
vertical axis - observed: displacement velocity -5, +5 cm/s,
vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)
Saturday, April 23, 2016 14
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Rupture propagates in reservoir along fault strike in one direction from north to south

Middelstum-1 geophone at 1.5 km distance west of tremor

Goaf  Psinge v 16.08:2012 - Maddatun-3 geophone saton aots| aotef

~oon|

£
"

observed mod. Brune’s STF mod. Brune’s STF
tie =0.085,n=2 tise =0.088,n=2
Ve = 2 km/s Vi = 4 km/s

horizontal axis: total time 2 s

vertical axis - observed: displacement velocity -5, +5 cm/s,

vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)
Saturday, April 23,2016 15
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Rupture propagates in reservoir along fault strike in one direction from north to south

Stedum geophone at 4.8 km distance south of tremor

a0e transversal comp. o810 sign transversal comp.
can be reversed

a0z i osos

e sl
2
g
imsl

oo —oom)

oo =" ol
— cinnseal
— wweal

= i . i 5 = = 3
observed rupture along strike, v,,, = 4 km/s
modified Brune’s STF

tise =0.085,n =2

horizontal axis: total time 2 s

vertical axis - observed: displacement velocity -5, +5 cm/s,

vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)
Saturday, April 23, 2016 16
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Rupture propagates in reservoir along fault strike in north and south directions starting in hypocentre

Middelstum-1 geophone at 1.5 km distance west of tremor

dispi

velocities

a4l Husinge evert 16:08-2012 - Middelstum-3 gecphone staian

o0

=

o 7% 75 O3
st

observed

horizontal axis: total time 2 s

ool

=

—noes|

N _
- 35

1S 36
]

mod. Brune’s STF
tise = 0.085,n=2
Vi = 2 kmis

up

vertical axis - observed: displacement velocity -5, +5 cm/s,
vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)
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7 75
sl

mod. Brune’s STF
tise =0.08s,n=2

Vip = 4 km/s
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Rupture propagates in reservoir along fault strike in north and south directions starting in hypocentre

Stedum geophone at 4.8 km distance south of tremor

o | transversal component |

4o

e

75
sl

observed

horizontal axis: total time 2 s

oot sign transversal comp.
can be reversed

sign transversal comp.
can be reversed

-0503|

””

35 i oy
W

mod. Brune’s STF
tise =0.085,n=2

Vip = 2 km/s

vertical axis - observed: displacement velocity -5, +5 cm/s,
vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)

Shell Global Solutions

35 W =
"

mod. Brune’s STF
tie =0.08s,n=2
Vip = 4 km/s

up =
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2D - line source along fault strike with “infinite” rupture velocity along fault strike

Simulation includes low wave velocities and strong damping (low Q) at 0 — 100 m depth

Double couple is rotated with 10 degrees according to fault dip of 80 degrees

R '
\ \ | velocity model NAM 2015 |

A \

A -
N
|
4000

-2000

‘ | 4—[anhydrite

z-axis [m]

4000

primary welocity (blue]
5000
secondary velacity (red)

" double couple formed by 4 line sources in
reservoir at 3 km depth, Ipc = 50 m

5000 600 00

1600 2000 3000

Vp, Vs [mis] I P T ¥ T T B VTR T IS F i T vo
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vertical velocity at 0.62 s mesh

e
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Brune’s STF, t,,, = 0.1 s. Line source. Receivers C, D and Middelstum-1

- D - 2 km west of tremor | Middelstum — 1.5 km west of tremor | | C, 1 km west of tremor

| ﬁ / T\W,rf‘”‘kf\,f\;w

ool . Huizinge event 1608:2012 - Middestum 1

wrecim)

horizontal axis: total time 4 s

-0 -

vertical displacement shear wave much smaller
than from Green functions

Modified Brune’s STF, t,¢ = 0.05 s, t;se = 0.08 s, n = 2. Line source. Receivers C, D and Middelstum-1

| D - 2 km west of tremor | Middelstum — 1.5 km west of tremor | | C, 1 km west of tremor |

A
Y Y, ‘.\ /}\"-\,\f\f

/

o \/ o

004 H Huzinge event 16:08-2012 - Middelstum 1.

Lol _ﬁm/\[/&\\ Sas
AR

Y Y v\?\b NG horizontal axis: total time 4 s

o2

wrecimel

o)
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receiver A receiver B receiver C receiver D

I low velocity in soil i
I _ . ]
|
! | ) ho ) il ’ : A
,,Mmﬁlll‘hl' |h ; f"'ll\."‘lllr“\fh’mw »w,p,ﬂll!hl ‘[ rlgf“‘Nﬂll"ﬂ"""w‘w A-..,,,w‘ll‘ \l# W i ) J Dl \\ TP Wf\!,h\ T
iV :
|

velocity model 2015 - “high” velocity in soil

I " o
S M e s Ll s A M el
|

Saturday, April 23, 2016 23
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For the Huizinge M =3.6 tremor

O Comparing the observed motions at the Middelstum-1 and Stedum geophones with the
present models, an equi-dimensional single rupture seems somewhat more likely than
a rupture along fault strike contained in the reservoir.

O The two dominant peaks in the radial velocity at the Middelstum-1 geophone do not follow
from an equi-dimensional single rupture or a single rupture along fault strike.
There is support from modelling that the two peaks follow from a major reflection of the
tremor wavelet in the overburden.

Saturday, April 23, 2016 24
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Back-up slides

Carboniferous — Rotliegend horizon around Huizinge
[ e |
-4
.4 :
5
x10’

hypocentre of tremor used
hypocentre of tremor preferred location KNMI ..

5087

horizon Carboniferous underburden — Rotliegend reservoir

‘.'; PR " -

T 238

Y-coordinate
5 X-coordinate

Shell

25
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Westeremden M = 3.5 tremor in 2006

DIP
coah @ Westeremden 2006 2.5| = - B
Westeremden 2006 3.5
‘@ i ) =32
Westeremden 3.5 tremor
7
600
st'tZandt 1
598 ryTer—— 2
Westeremden 3.5 st'tZandt2
Middelstum-2 geophone @ - _ =
> . - - \ -
596 SPmidaeistum 1 esteremden 2.5
N

\ \

504 \
NS
592 §
NS
st. Hoeksmeer
T
590
‘ o
236 238 240 242 244 246 248 250
X [km]

Shell Global Solutions

plane K

plane A

plane T

i

Subsurface horizons around Westeremden tremor

x10°

Middelstum-2 geophone

-9

chalk — lower North sea N

floater — upper Zechstein

Carboniferous underburden — Rotliegend reservoir

595”//////Kf///
Y-coordinate

't Zandt 2 geophone

X-coordinate

‘t Zandt 1 geophone

%x10°
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Carboniferous — Rotliegend horizon around Westeremden

Middelstum-2 geophone

mostly transversal displacement

-
H

l ‘t Zandt 2 geophone l

l ‘t Zandt 1 geophone l

[\

\

%10’
\
' \ 2.45 /’
Y-coordinate \
\ X-coordinate
Westeremden tremor
— J——— P—
e v 08k s et oo et 806 i b b Pt et 2 00 s e s

[AVaN
l

transversal

A\
PO SN wf\u?ﬂ/_ e
¢
radial / transversal

Middelstum-2(3)
distance 3.3 km

Shell Global Solutions

‘t Zandt -2
distance 4.0 km

hypocentre
tremor

P

o

N P WA N

-om) radial / transversal

‘t Zandt-1
distance 5.6 km

, / -

Hoeksmeer
distance 8.7 km
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Muiinge evert 16-08-1013 - Stedum geophen statian

vaecime)
F
e
4 22
>
-

Middelstum-1

distance 1.5 km

Westeremden
distance 3.2 km

7 g g
i

Stedum
distance 4.8 km
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distance 4.0 km
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Two examples of rupture over a length of 300 m in a 200 m thick reservoir with 100 m offset

rupture nucleation at two locations along dip, mean rupture velocity v,,, =3 km/s/2 = 1.5 km/s.

Modified Brune’s model: rise time t,, = 0.04 —0.05 s, n = 2, mean slip Dy, =0.1 - 0.2 m

4/23/2016

10 30
— modelled —  modelled
- - Brune's model -~ Brune's model
Rupture BFCR-00n-003 -~ modified Brune's model Rupture BFCR-001-run 004 -~ maodified Brune's model
25 1 25} £ : ]
A

— modified Brune’s |
% model € i
W, P — 20 ". e dynamicmodelling 1
= | - - 2 |
‘S \ dynamic modelling S | —— -
K=) v T T | continuation of rupture in
g 15 _.;‘ B > L) underburden i
o' i 2 |
- \ [
c \ Brune's model S
@ 10} ety - R O 19 H
2 - £

05| - 1 0.5 _

2’1‘3“ 22'.95 23.00 23.05 23.10 T i!lﬂ rm17'.1 - 174 176 17.8

time [s] time [s]

z-axis
for homogeneous infinite linear elastic medium — rupture at 3000 m depth f
Analytical expressions from point force
z=-3000 m L J s

. Aki and Richards, Quantitative Seismology, 2nd ed., § 4.2
. Udias, Madariaga and Buforn, Source Mechanisms of Earthquakes, § 3.5

—> €— loc
Ruptures are modelled from

* 4 point forces forming a double couple around tremor centre (Aki, Eq. 4.23)

*« moment tensor equivalent to this double couple (Aki, Eq. 4.29)
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Shell Global Solutions

17



Receiver at surface in xz-plane at a distance from the hypocentre of 1.5 km

. vertical
receiver at surface

x=1.5km

radial

transversal

y-axis

X-axis

vertical slip in rupture plane

z=-3000m

Shell Global Solutions

z-axis

Saturday, April 23, 2016

Single equi-dimensional source

35

Middelstum-1 geophone at 1.5 km distance west of tremor

displacen

Hulings event 16.08-2012 - Middeltu. 3 geophone station

primary

secondary
wave

|

vimal

—-0003|

£ o
sl
observed

modified Brune’s STF
tonset = 0.058, e =0.2s,n=2

horizontal axis: total time 2 s
vertical axis - observed: displacement velocity -5, +5 cm/s,

vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)
Shell Global Solutions
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Receiver at surface in xz-plane at a distance of 1.5 km from hypocentre

tiee =0.1'S, Dy = 0.1m, Ry, =100m, My ~20TJ, M~ 2.8

rec = 1500m

oo

vimw)

3290 m/s
2015 m/s

F velocities ot receiver x_roc = 1500 m

et

B o v i3 % £

moment tensor

Shell Global Solutions

double couple point forces

< loc
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Rupture propagates in reservoir along fault strike in north and south directions starting in hypocentre

Middelstum-1 geophone at 1.5 km distance west of tremor

[ v —— sl

*"'“

7
"

observed

horizontal axis: total time 2 s

Brune’s STF

tie =0.18
Vigp = 2 kmi/s

w

mod. Brune’s STF

tise =0.085,n=2
Vi = 2 km/s

vertical axis - observed: displacement velocity -5, +5 cm/s,
vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)

Shell Global Solutions

mod. Brune’s STF

tie =0.08s5,n=2
Vi = 4 km/s

Saturday, April 23, 2016 38
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Rupture propagates in reservoir along fault strike in north and south directions starting in hypocentre

Middelstum-1 geophone at 1.5 km distance west of tremor

o] g v 160 2002 Mt o o s ol ool

i Wi\ 1 M/\

observed Brune’s STF mod. Brune’s STF mod. Brune’s STF
tise =0.1s tise = 0.085,n=2 tise =0.085,n=2
Vigp = 2 kmi/s Vi = 2 km/s Vi = 4 km/s

horizontal axis: total time 2 s

vertical axis - observed: displacement velocity -5, +5 cm/s,

vertical axis - model: displ. velocity -1.25, + 1.25 cm/s to account for factor 4 = 2 (free surface) x 2 (low velocity in soil)
Saturday, April 23,2016 39
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Receiver B at surface in xz-plane at a distance of 2 km from hypocentre

Green function solution by 101 double couples over 10 km length along fault strike, infinite v,

receiver B

high frequency
oscillations due to
numerical inaccuracy

o]
o ben bm s bw b 1 Lws Ge Ges lm bms e

Green functions ----  Comsol

Saturday, April 23, 2016 40
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Effect of domain size and mesh in boundary layer at surface, small changes at receiver D

domain 8 km domain 12 km

fine boundary layer

Shell Global Solutions

Saturday, April 23, 2016 41

Example: 2 sources along fault dip

displacement velocities

displacement velacities
— v_radial I
004

t receiver x_rec<0

— vtransversal
Huizinge event 16-08-2012 - Middelstum 1 — w_vertical

. N\
T

[
|

05

15

30
tlsl

Shell Global Solutions
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Peter van den Bogert, Alexander Droujinine, Steve Oates
10 March 2016

SGSI 1

m Dynamic rupture simulations can be used for comparing with
seismic event data (wave form)
— preliminary results are promising; more work required
m Seismic potential is dependent on fault properties and varies over the
Groningen field. Larger magnitudes are possible in case of
— faults with a small or very |arger reservoir offset (<0,5 or > 2 reservoir thickness)
— Larger stress drops (smaller residual friction coefficient)
m Within the assumptions made (a.0. rupture confined within reservoir
bounds) and sensitivities considered :
— Largest seismic Magnitude is about ~ 4 for small offsets

— Seismic Magnitude may be up to 4.7 at an offset twice

SGSI March 2016 2
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1620000 = e—
- Offset <05 |
~05h<Offsct <h
615000 N heoffset<zh
1~ 5 » Offset > 2h
g + Vertial
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l600000 1 i
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Normalised reservoir offset [-]

ault dip angle [deg]

Count of Fault-ID Column Labels

Row Labels 0005 01015 02025 03035 0.4 04505 0.5 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 12 1.25 1.3 1.35 1.4 1.45 1.5 1.5 1.6 165 1.7 1.75 1.8 1.85 1.9Grand Total
50 2
53 s 25
54 5
55 6
56 2
57 18
58 2
59 33
60 a2
61 s6
62 o1
63 108
64 167
65 228
66 323
67 336
68 a2

ERERBERRERS

728612 508416 349322 276240 188243 176148 139121 106 98 89 60 65 59 63 70 61 39 47 27 30729
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CASE DESCRIPTION (FAULT INT_8)

m Fault dip 66°
m Rotliegend reservoir
— Thickness 200 m
— Offset 0-400 m
m Slip-weakening cohesion-less fault
— Initial friction 0.55
— Residual friction  0.50 - 0.25

P HVR1360 - gypsum gouge (e Paola et al, unpubl)
6,= 0.60 MP: nanop. lubr., dehydr. & therm. press)

0.8

0.6

041 1

Friction coeff cient

02

0.0

o 1 > 3 2 B B
sos Source: G. DiToro et. Al. “Faul lubrication during earthquakes”, Nature, 2011

ONSET OF FAULT SLIP

m Onset of (a-seismic) fault slip

— influenced by
initial friction coefficient p;
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2800 \ T

2900 \

3000 T \'

3100 &

\

3200 /

3300

sagp | PYIMary and second :?X
fault slip locations

3500
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2500 T
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§om Y weenpeazs
Fom ’\ I
ol \ . “ductile failure
ol | brittle failure
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‘Relative slip Displacament [m]

February 2016

h=200 m, p;=0.55, p,=0.25, D=0.030 m

Reservoir depletion [MPa]
- » R
o S

N
'

0 0.5 1 1.5 2
Normalised reservoir offset [-]

—e—h=200,pr=025
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NUCLEATION OF SEISMIC SLIP

m Nucleation of dynamic rupture
— Dependent on the slope of the
slip-weakening diagram

— No dynamic rupture below 30 MPa
depletion for normalised offset < 0.2
and p; =0.55

2500

2600
2700

2800 \

2900 \

3100

LN
ﬂ\|
3200 / \

3300

3400

Unstable slip patch \

3500

SGSI

Reservoir depletion [MPa]

23/04/2016

MOMENT MAGNITUDE (M,=0.25)

m Seismic moment

— assuming rupture width equal to
rupture height

— smallest at an offset about equal to
reservoir thickness

SGSI

Reservoir depletion [MPa]

0 0.5 1 15 2
Normalised reservoir offset [-]

—e—h=200,pr=025

©o—h=200, =025

February 2016 7

4.0

w
[

b
o

Moment magpnitude [-]

—e—h=200, pr=025

0.5 1 1.5 2
Normalised reservoir offset [-]

©—h=200,pr=025 == h=200, pr=025

February 2016 8
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INFLUENCE OF RESIDUAL FRICTION COEFFICIENT

Can get things worse? 501

® Magnitude > 4 calculated for 1
— residual friction coefficient < 0.25
— large reservoir offset

— slip patch penetrating into
carboniferous

Moment magnitude [-]
»
1Y

Normalised reservoir offset [-]
—e—pr=0.25 m pr=02 + pr=0.15

SGSI February 2016 9

INFLUENCE OF RESERVOIR THICKNESS

m Onset of (a-seismic) fault slip %1
— dependent on normalised offset 32 4
. 23 4
- B2 =
- H 5
m Seismic moment larger for 50 :
3 ]
- |<:|rger c|ep|eﬁon level at nucleation -i: 16 1 %
— larger reservoir thickness % ) E’
x 12
8
4 N[ V-
= "=
0 0.5 1 15 2

Normalised reservoir offset [-]

=025 = — —h=230,pr=025
h=230, pr=0.25

2025 = = = h=230,pr=025
SGSI

February 2016 10
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INFLUENCE OF RESIDUAL FRICTION COEFFICIENT

Can get things worse?

® Magnitude > 4 calculated for
— residual friction coefficient < 0.25
— large reservoir offset

— slip patch penetrating into
carboniferous

Moment magnitude [-]

® Magnitudes < 2 calculated for
— residual friction coefficient > 0.45

— Offset < 0.5 x reservoir thickness

Normalised reservoir offset [-]
—o—p-r=0.5 ——pr=045 —o—pr=04
o pr=0.35 o—pr=03 —o—pr=0.25
m pr=02 * pr=0.15

SGSI February 2016 Il

INFLUENCE OF SLIP-WEAKENING BEHAVIOUR

m Brittle slip-weakening behaviour yields somewhat lower magnitude, because
nucleation of seismic slip occurs at lower depletion level

40 prorororororonoe e p p e
: : = p-i=0.45, brittle
35 oo P N oommneeeeeoeees Fommmmmeoeoeees oo = p-i=0.45, medium
: —— p-i=0.45, ductile
3.0 oo RRNNRRRNRRE S S U U IS U e
I : :
B 25t RS- i N T RS
E | |
=
o
E
T e ————— N R T,
£ - ‘
s g0 "R\ s ||
15 R o A N N O |
15 i AN Tl
\ ’ﬁ wos || ‘ :
o [N S 1 1
R . P -
'\ ductile poth : : 3 3
"7\ brittle path ‘ ‘ ‘ ‘
05 1 L i
o 00t 00 0m om 05 0 007 008 : :
Relacirs 52p Dlplocement [l Norrialised offset = 0.58
0.0 T T T T T ]
0 0.1 0.2 0.3 0.4 0.5 0.6
Residual Friction coefficient [-]
SGSI March 2016 12



INFLUENCE OF INITIAL FRICTION COEFFICIENT

m Lower initial friction coefficient yields lower magnitude, because
nucleation of seismic slip occurs at lower depletion level

Moment magnitude [-]

SGSI

40 qo-eememoooooee o o o [ —
: : : : e p-i=0.45, brittle :
35 o e AN T = p-i=0.45, medium
! e p-i=0.45, ductile
3.0 oo I e Y N e
! ! p-i=0.5, ductile
25 b NN = p-i=0.55, ductile
20 [ om N N
!
oo 7}\ SR | !
A 3 :
15 HE LN e N N
i SERNN e [
% wos |[i
o [ ) ——
VT e Tt [ TTTTTTTTTTTTTEITTTTTTYY T T
\ N ductile path 1
o1
05+ . brittle pcﬂh ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o oot 0o 0m om oo om oo ooe ' '
felacivn i leplacament [l Normalised offset = 0.58!
0.0 T T T T T ]
) 0.1 0.2 0.3 0.4 0.5 0.6
Residual Friction coefficient [-]
March 2016 13

MEASURED & SIMULATED EVENT DATA

Preliminary findings 1
m Simulated corner frequency close to actual ¢ -
g 100000 | ——Somerlle 2
event interpretation i —pen
& 10000 1 —— Abercrombie
— Suggest rupture width to height ratio 1 is realistic — i
— events with more complex wave forms to be evaluated Boeoa e e

. Velocity [m/s]
o o .°.°.°9F>
g8.888¢8-¢%

g

Mw=1.5 Event

! = Horizontal Velocity| :

= Vertical Velocity :

—————————————————————————————————————

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Time [s]
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— Linear Fit
(| M GarelsweerM17] |
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CONCLUSIONS

m Dynamic rupture simulations can be used for comparing with
seismic event data (wave form)
— preliminary results are promising; more work required
m Seismic potential is dependent on fault properties and varies over the
Groningen field. Larger magnitudes are possible in case of
— faults with a small or very |arger reservoir offset (<0,5 or > 2 reservoir thickness)
— Larger stress drops (smaller residual friction coefficient)
m Within the assumptions made (a.0. rupture confined within reservoir
bounds) and sensitivities considered :
— Largest seismic Magnitude is about ~ 4 for small offsets
— Seismic Magnitude may be up to 4.7 at an offset twice
m Other measures than magnitude may be more appropriate as input to
risk assessment

SGSI March 2016 15
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EVENTS IN THE LOPPERSUM AREA

SGSI 17

EVENTS’ NEAREST FAULT LOCATIONS

swo000 :*% "
Lk ey -
sarson o Events 1, 6 3 "
: - Dip 82| ¢
H B Azimuth  220°] & ‘"
57000 --,;' o +{Thickness 205m}. - -
K offset 135m -
INT 8 [
. «Fauts
INT 8 Pl mMaped seismic evris
| Events 2, 5 KO 1
i 66° ) El
INT_8
Events 8,9
" Dip 72°
| “,  |Azimuth 65° .
- *, [Thickness 170m| %, H
- “{offset 50mf= H
w2000 - H
w0 w0 200 a0 MO0 2o, w0 a0 24000
SGSI : March 2016 18




—> Field stress Foot wall
—> Depletion stress

foot wall 3

—> Depletion siress
hanging wall

e Stress response dependent on:

. m stiffness ratio between reservoir
Hanging wall

and environment across the fault

SGSI 19

m Fault interval with depletion on both sides:

— Reduced normal stress and high shear stress

Peak loading at top and bottom of interval

Normal Effective Stress Shear Stress Shear Capacity Utilisation
s : - e 50 : —
[ —oMPa heterence 1 — oMb Reference i —OMPa feference
|| 10 mPa Ot of fault slip —— 10 MFa Omset of fault slip —— 103 Gnset of fault s
i 2800 i : 2800

. | ! ::m 1 Pl | [ Onset of
2 | ; }_} S | . L_ . 4 fault slip
» ERVARNS NP I N
: lj ]IncreaseoFSCU - : ;
:: TJ Idu:eto proi::cl}io;n : J .
i mftJfb&@&eﬂaij —

| ! due to production
- e
w e T T S
]

20
Strass (MPs] Strass [Pa] sl

SGSI December 2015 20
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40 m reservoir formation offset

Residual friction coefficient is NOT reached at onset of fault rupture

Relative Shear Displacement Friction Coefficient & SCU Increm. Shear Stress Distribution
2800 2800 T - 2800 -
— A= 27,05 WP, 0.7 5, RSD [ = 27,06 MPa, 0.7 5, 5CU ® 0P=27.05MP3, 0.7 5, Remaining shear strength
= 27.05 MPa, 0 5, RSD 7,05 MPa, 05, 5CU + AP=27.05 MPa, 05, Remaining shear strength
7.05 MPa, 0.7 5, Actual g —Chi o shear str
250 e n el 2850 | - 270593, 5 Al ass0 o
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Initial friction coeff.
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a0 om om an 02 02 o0s s 1 12 4 2 o 2 .
Dispiacement [m] Friction coefficient, SCU [-] Stress [MPafMPa]
SGSI January 2016 21
40 m reservoir formation offset
Residual friction coefficient is NOT reached at onset of fault rupture
Relative Shear Displacement Friction Coefficient & SCU Increm. Shear Stress Distribution
2800 2500 280 _=__7 -
2300 2900 =1 2500 ——— -
T - i —
= ‘-—? el L] A m—
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210 a0 b 100 -
T
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FH £ 1 . y
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NUCLEATION OF SEISMIC SLIP (2)
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MAGNITUDE - NORMALISED OFFSET BETWEEN O AND 1

m M, between 3.5 and 4.0 with seismic slip patch propagating outside reservoir interval
for offset smaller than V2 reservoir thickness
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MAGNITUDE - NORMALISED OFFSET LARGER THAN 1

m Larger depletion required to merge slip patches at larger offset, leading to M, ~ 4.0 at
normalised offset of 2.
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MAGNITUDE - NORMALISED OFFSET LARGER THAN 1

m Larger depletion required to merge slip patches at larger offset, leading to M, ~ 4.0 at
normalised offset of 2.
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MAGNITUDE - NORMALISED OFFSET LARGER THAN 1

m Larger depletion required to merge slip patches at larger offset, leading to M, ~ 4.0 at
normalised offset of 2.
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Fig. 6. Seismic line on the Groningen High, SW-NE orientated, indicating the interpreted sequences.
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Top Zechstein
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Fig. 3 Depth map of the Top Zechstein. Red lines represent the 2D profiles (Fig. 4 + 5)/

used for kinematic restoration.
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W-E line on the northern edge of the Groningen field showing overburden fau
“dying out” to the surface. Please note also that this seismic has been
processed especially to bring out deeper features.
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2D ki i ion for the ingen area

b_Triassic: Top Lower Germanic Trias Group (~228.7 Ma}
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Fig. 4 + 5 Sequential retro-deformation of the interpreted 2D seisn
lines, from the Top Zechstein (Permian) to present day. The Z3 string
\js\only an assumed sketch, it is not actively retro-deformed. 13
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Fig. 11. The depth map illustrates the Base Chalk surface in the northern Netherlands
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Fig. 19. The isopach map illustrates the Chalk Group thickness between Base Chalk and Base North
Sea.




Fig. 12. The depth map illustrates the Base North Sea surface in the northern Nether

Fig. 20. The isopach map illustrates the Lower and Middle North Sea Group thickness between Base
North Sea and Base Upper North Sea.
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Fig. 13. The depth map illustrates the Base Upper North Sea surface in the northern Neth

Fig. 21. The isopach map illustrates the Upper North Sea Group thickness between Base Upper North
Sea and Earth (Sea) Surface.
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TNO depth and fault map Over NEN area for Top Chalk (65.5 M.y)

W-E line through the centre of the
Groningen field showing overburden
faults “dying out” to the surface.
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Conclusion: Faults in the Tertiary sequence above and around Groningen.
Faults are present, mostly above the salt ridges.

While still visible at Base Paleogene (23 M.y), the faults become largely
“smothered” by sedimentation in the Neogene and Quarternary such that
there are no or only very limited and small faults (low offset / low fault
length ) discernible* in sediments deposited over Groningen in the last 20

Million years.
* Minimum trow visible at the depth concerned ~ 10- 20m (to be confirmed for this particualr depth range for the
seismic available).

We have also used edge detection filters on autotracked horizons in seismic
In the Tertiary overburden. The results confirm the conclusion given above.

Signed: Dr. Ide van der Molen, Senior Structural Geologist, NAM
Date: 3/10/2016 18
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