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General Introduction

In probabilistic seismic hazard and risk analyses, Mmax is the largest earthquake magnitude
considered physically possible within a given seismic source. For hazard studies for natural
seismicity, Mmax is generally found not to exert a very strong influence on the estimates of
hazard estimates. However, for hazard assessments related to induced earthquakes, where
the possibility of the largest potential events being only incrementally larger than the
observed earthquakes must be considered, the impact of Mmax can be appreciable.
Additionally, estimates of Mmax for induced seismicity can influence the perception of the
risk associated with continuation of the industrial operations causing the earthquakes. For
both natural and induced seismicity, estimates of Mmax always carry considerable epistemic
uncertainty, hence these estimates are presented as distributions of possible values rather
than unique values.

In light of these considerations, and the potentially controversial nature of Mmax estimates
for Groningen, the NAM Hazard and Risk Analysis engaged an international panel of experts
to determine a distribution of Mmax values based on all of the available information and a
number of proponent models. The panel members were selected on the basis of experience
and expertise is seismic hazard analysis (for natural and/or induced seismicity), the
characterisation of induced seismicity, and the estimation of Mmax for seismic hazard
analyses. This expert panel was chaired by Kevin Coppersmith and included Jon Ake, Hilmar
Bungum, Torsten Dahm, lan Main, Art McGarr, lvan Wong and Bob Youngs. To inform the
evaluation of the available data, methods and models by this expert panel, a workshop was
organised in Amsterdam by NAM in March 2016. Over several days, experts presented data
and measurements from the Groningen field and several presenters put forward proponent
models for Mmax. Following the workshop presentations, the expert panel deliberated on
the information presented and then proposed a distribution of Mmax values to be used in the
ongoing seismic hazard and risk calculations.

Four years later, NAM organised a small meeting to review the additional information and
modelling that had been conducted following the issue of the 2016 Mmax report, to
determine whether there would be value in re-visiting the assessment of the maximum
magnitude for the Groningen field. The conclusion was that there was sufficient new
information available justify a second Mmax workshop. Happily, all eight members of the
original expert panel agreed to participate in this new meeting and NAM began preparations
for a workshop in Amsterdam in November 2020. Due to the Covid-19 pandemic, the event
was postponed until October 2021, but then had to be postponed for a second time because
of the coronavirus restrictions that were still in place. The workshop was finally held in
Amsterdam in week 13-17 June 2022, with the participation of many Dutch and international
experts who made presentations over the course of four days. Each participant in the
workshop was given full access to an extensive database of geological, geophysical,
seismological and operational data for the field. Following the 4-day workshop, the expert
panel then met for a day to discuss the information presented and discussed, and then
continued their evaluation remotely over the ensuing weeks.



The June 2022 workshop and the subsequent discussions within the expert panel have
resulted in a new distribution of Mmax for Groningen earthquakes. The full details of the new
distribution and its technical bases are explained in the panel’s report. The distribution has
moved to the left (i.e., to smaller magnitudes) with respect to the earlier evaluation by the
panel in 2016, as illustrated in the figure below. The upper tail has been truncated and the
probability of Mmax being no larger than M 5 has risen from 60% to 77%. The median Mmax
estimate is now M ~4.5 and the weighted mean estimate of Mmax has decreased from M 5.0
to M 4.6.
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In following pages, we include the expert panel’s report, the final workshop agenda, and list
of participants, and all of the presentations delivered at the workshop. We express our sincere
gratitude to the members of the expert panel for undertaking this important task, to all the
workshop participants who contributed to this process, and to Steve Oates at Shell for
compiling the databases that were shared with all workshop participants in preparation for
the event.

We believe that the proposed distribution on Mmax should now be adopted in all future
seismic hazard and risk analyses for the Groningen field. As always, it is important to
understand these values as the probabilities associated with the appropriate upper bounds
on earthquake magnitudes that could be reached—and not as probabilities of such events
occurring.

The expert panel report makes a number of recommendations for additional work that could
be undertaken to further refine the estimate of Mmax for Groningen, and it is strongly
recommended that all of these be considered in ongoing work to quantify the induced seismic
hazard and risk in the field.
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Background

For several years, NAM has been developing and refining a seismic hazard and risk model as part of
the response to induced earthquakes occurring in the Groningen gas field. As part of these efforts, a
workshop was conducted in March 2016 to address the question of the maximum earthquake
magnitude, Mmax, that should be considered in the seismic hazard and risk modelling. An
international panel of experts was appointed to make the assessment of Mmax for Groningen,
informed by the presentations made at the workshop. In the time that has elapsed since the first
Mmax workshop was conducted, considerable additional information has become available in the
form of new data and new models, such that it is now considered worthwhile re-visiting the issue.

Objectives

The same expert panel, chaired by Kevin Coppersmith and comprising Jon Ake, Hilmar Bungum,
Torsten Dahm, lan Main, Art McGarr, lvan Wong and Bob Youngs, has been reconvened, and a new
workshop scheduled to take place in Amsterdam during the week 13-17 June 2022.

As in 2016, the purpose of the workshop is to inform the expert panel through a series of
presentations, questions posed by the panel members and other participants, as well as the general
discussion, all of which complements data and publications provided to all participants beforehand.
The expert panel is charged with three specific tasks:

1. To clearly define the concept of Mmax in relation to seismicity in the Groningen field and for
application in probabilistic seismic hazard and risk analyses.

2. To define a distribution of Mmax values and their associated probabilities, in the form of as
discrete logic tree with alternative Mmax values and associated branch weights.

3. To clearly distinguish between induced earthquakes and triggered earthquakes in the
formulation of the logic tree, such that the hazard and risk analyses could consider the two
types of seismicity separately.

4. To determine if the proposed Mmax distribution compatible with the existing PSHRA
framework for Groningen, including the V6 seismological model and the logic tree.

Roles and Responsibilities

The intention is to run the Workshop following the broad principles of the SSHAC (Senior Seismic
Hazard Analysis Committee) guidelines for hazard assessment, following the current implementation
guidelines (https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr2213/index.html). The
Expert Panel effectively assume the role of the Technical Integration (Tl) Team charged with
objectively and impartially developing a logic-tree for Mmax that captures the centre, the body, and
the range of technically defensible interpretations of the available data, methods, and models. The
Expert Panel therefore collectively have intellectual ownership of the distribution of Mmax values
implied by the final logic tree. Presenters at the workshop provide input to the Panel’s deliberations
either as Resource Experts, who impartially share data, observations, and analyses, or as Proponent
Experts, who advocate for a specific model or interpretation. Some other participants may



https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr2213/index.html

contribute to the process of technical challenge and defence through questions and discussions.
Finally, there are observers, who will be able to watch the dynamics of the presentations and ensuing
discussions both from a technical perspective and in terms of the process that is followed. A list of
the participants is included at the end of this document.

Schedule and Organisation

The workshop will last for 4 days, following the agenda outlined below. The final day—Friday 17t
June 2022 —will be reserved for a closed meeting of the Expert Panel to have exploratory discussions
and prepare the planning for the preparation of their report and final recommendations. The panel
will be requested to subsequently provide detailed documentation explaining the reasoning behind
the proposed values and associated weights on the Mmax logic-tree.

During the workshop, a space will be provided for the panel to hold break out meetings as needed,
and the panel will also have the right to request additional information or clarifications from the
participants and presenters when it is identified that such addenda will enrich their evaluations.

Monday 13t June: Intro/Groningen field/Tectonic Mmax/Induced and triggered earthquakes

Start End Speaker Presentation

8:30 9:00 | Julian Bommer Welcome. Introductions. Background and objectives of workshop.
09:00 | 09:15 | Ministerie EZK Importance of Mmax for the Groningen seismic risk assessment
9:15 10:15 | Clemens Visser Geology of the field. Past, present and future gas production.
10:15 | 10:45 Coffee break

10:45 | 11:30 | Rob van Eijs Subsidence and compaction of the gas field

11:30 | 12:15 | Bob Youngs Definition & estimation of Mmax for tectonic earthquakes
12:15 | 13:15 Lunch

13:15 | 14:00 | Helen Crowley Mmax values for (tectonic) seismic hazard and risk in Europe
14:00 | 14:45 | Matt Weingarten | Induced earthquakes related to gas production

14:45 | 15:15 Coffee break

15:15 | 16:30 | Gillian Foulger Induced & triggered earthquakes globally: larger events

16:30 | 17:00 All General discussion

Tuesday 14" June: Groningen seismicity and fault ruptures

Start End Speaker Presentation

8:30 9:15 | Bernard Dost History of seismic monitoring in the Groningen field
9:15 10:30 | Steve Oates Groningen earthquakes: focal depths and fault ruptures
10:30 | 11:00 Coffee break

11:00 | 11:45 | Chris Spiers Properties of Groningen reservoir and fault rocks

11:45 | 12:30 | Rick Wentinck Geomechanical model of fault rupture in the Groningen field
12:30 | 13:30 Lunch

13:30 | 14:45 | Jean-P. Ampuero | Physics-based models of natural and induced seismicity
14:45 | 15:15 Coffee break

15:15 | 16:30 | Mark Zoback Crustal stresses and earthquake triggering

16:30 | 17:00 All General discussion




Wednesday 15" June: Groningen event-size distribution & Statistical estimates of Mmax

Start End Speaker Presentation

8:30 9:30 | Stephen Bourne Groningen seismological model and earthquake recurrence
9:30 10:15 | Laura Gulia Re-assessment of earthquake distribution for Groningen
10:15 | 10:45 Coffee break

10:45 | 11:30 | Jean-Ph. Avouac Recurrence model for Groningen earthquakes

11:30 | 12:15 | Zak Varty Recurrence model for Groningen earthquakes

12:15 13:15 Lunch

13:15 | 14:00 | AMuntendam-Bos | Groningen induced event-size distribution

14:00 | 14:45 | Sander Osinga Taper from recurrence relationship to Mmax

14:45 | 15:15 Coffee break

15:15 16:30 | Gert Zoller Proponent assessment for Mmax in the Groningen field
16:30 | 17:15 | Nepomuk Boitz Proponent assessment for Mmax in the Groningen field
17:15 | 18:00 All General discussion

Thursday 16" June: Proponent models for Mmax

Start End Speaker Presentation

8:30 9:15 | David Dempsey* | Proponent assessment for Mmax in the Groningen field
9:15 10:0 | Andrzej Kijko* Proponent assessment for Mmax in the Groningen field
10:00 | 10:30 Coffee break

10:30 | 11:15 | Leo Eisner Proponent assessment for Mmax in the Groningen field
11:15 | 12:00 | Charles Vlek Proponent assessment for Mmax in the Groningen field
12:00 | 13:00 Lunch

13:00 | 13:45 | Stephen Bourne Proponent assessment for Mmax in the Groningen field
13:45 | 14:45 | Loes Buijze Proponent assessment for Mmax in the Groningen field
14:45 | 15:15 Coffee break

15:15 | 15:45 | Ylona van Dinther | DEEPnI research project on Mmax in the Groningen field
15:45 | 16:30 All General discussion

* remote presentation




# Name Affiliation Days

1 Jon Ake Independent Mon-Fri
2 Hilmar Bungum Independent Mon-Fri
3 Kevin Coppersmith Coppersmith Consulting Inc. Mon-Fri
4 Torsten Dham GFZ-Potsdam Mon-Fri
5 lan Main University of Edinburgh Mon-Fri
6 Art McGarr USGS Mon-Fri
7 Ivan Wong Lettis Consultants International Mon-Fri
8 Bob Youngs Wood Environment & Infrastructure Mon-Fri
9 Jan van Elk NAM Mon-Fri
10 Dirk Doornhof NAM Mon-Thurs
11 Clemens Visser NAM Mon-Thurs
12 Rob van Eijs NAM Mon-Thurs
13 Bernard Dost KNMI Mon-Thurs
14 Stephen Bourne Shell Mon-Thurs
15 Steve Oates Shell Mon-Thurs
16 Mark Zoback Stanford University Mon-Thurs
17 Rick Wentinck Independent consultant Mon-Thurs
18 Chris Spiers Utrecht University Mon-Thurs
19 Laura Gulia Independent consultant Mon-Thurs
20 Helen Crowley Independent consultant Monday
21 Julian Bommer Independent consultant Mon-Thurs
22 Jean-Paul Ampuero GEOAZUR Mon-Thurs
23 Huihui Weng GEOAZUR Mon-Thurs
24 Jean-Philippe Avouac Caltech Mon-Thurs
25 Matteo Acosta Caltech Mon-Thurs
26 Zak Varty Lancaster University Mon-Thurs
27 Gillian Foulger Durham University Mon-Thurs
28 Matthew Weingarten San Diego State University Mon-Thurs
29 Gert Zoller Potsdam University Mon-Thurs
30 Loes Buijze University Utrecht & TNO Mon-Thurs
31 Serge Shapiro Free University of Berlin Mon-Thurs
32 Nepomuck Boitz Free University of Berlin Mon-Thurs
33 Leo Eisner Seismik Mon-Thurs
34 Charles Vlek University of Groningen Wed-Thurs
35 David Dempsey University of Auckland Thursday (remote)
36 Andrzej Kijko University of Pretoria Thursday (remote)
37 Annemarie Muntendam-Bos SodM Mon-Thurs
38 Niels Grobbe SodM Mon-Thurs
39 Jorien van der Wal SodM Mon-Thurs
40 Jaap Breunese TNO Mon-Thurs
41 Dirk Kraaijpoel TNO Mon-Thurs
42 Sander Osinga TNO Mon-Thurs
43 Frans Aben TNO Mon-Thurs
44 Bouko Vogelaar TNO Mon-Thurs
45 Maarten Pluymaekers TNO Mon-Thurs
46 Ylona van Dinther Utrecht University Wed-Thurs
47 Vincent van der Heiden Utrecht University Mon-Thurs
48 Pauline Kruiver KNMI Mon-Thurs
49 Karin van Thienen-Visser Ministry of Economic Affairs and Climate Mon-Thurs
50 Frank Wilschut Ministry of Economic Affairs and Climate Monday
51 Dirk Doornhof Independent consultant Mon-Thurs
52 Femke Vossepoel TU Delft / KEM Panel Tues-Wed
53 Ipo Ritsema Deltares / KEM panel Mon-Thurs
54 lunio lervolino University of Naples / KEM panel Mon-Thurs
55 Pierre-Yves Bard University of Grenoble / KEM panel Mon-Wed
56 Stefan Wiemer SED, ETHZ / KEM panel Mon-Tues
57 André Niemeijer Utrecht University Mon-Thurs




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

9 September 2022






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

9 September 2022
Introduction

This report describes the second assessment of maximum magnitude (Mmax) made by
the Groningen Mmax Panel, which is charged with developing a distribution of Mmax for
the Groningen gas field that is appropriate for use in a probabilistic seismic hazard
analysis (PSHA) and subsequent probabilistic risk analyses (PRA). The first assessment
by the Panel was made in 2016 (Groningen Mmax Panel, 2016) and the same Panel was
reassembled to make another assessment in light of significant new data and information
that have been developed for the project. To provide the Panel with the applicable new
information, the Groningen Mmax Workshop Il was held in Amsterdam on 13-17 June
2022. The agenda for that workshop and all presentation materials were provided to the
Panel. The presentations and several supporting documents from the literature form the
fundamental basis for the Panel’s updated assessment. The members of the Panel offer
their sincere appreciation for the presentations made at the workshop and for the efforts
by the organizers to provide information to the Panel. In particular, the stellar work of Dr
Julian Bommer in conducting, facilitating, and organizing the workshop is gratefully
acknowledged.

The intended product and context for the assessment of Mmax is the same as it was
during the first assessment in 2016. The definition of Mmax is in the context of its common
use in seismic source characterization for PSHA. 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.” Mmax, as it is defined for PSHA and used here, is a time-independent upper
bound. This assessment applies only to the seismicity interpreted to be caused by gas
extraction from the Groningen field and is not intended to be an assessment for the
maximum magnitude of naturally occurring tectonic earthquakes in the region. The Mmax
is assessed as a time-independent parameter and is understood to describe an upper
bound during the lifetime of a reservoir given the specific usage and production, in our
case for Groningen. If the usage and production would change, another distribution for
Mmax may need to be derived. The assessment of Mmax is a required input of all PSHAs.
Such assessments are done routinely for purposes of engineering hazard analyses, risk
analyses, and safety assessments.

This assessment of Mmax for the Groningen field is intended to capture the center, body,
and range of technically defensible interpretations (CBR of TDI; 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 tectonic and operational factors relating to the Groningen field,
analyses of observed seismicity, 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
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technically-defensible distribution whose shape and limits reflect the Panel’s knowledge
and assessment of the uncertainties after due consideration of the available pertinent
information. (See comments at the end of this document pertaining to the process
followed by the Panel).

Note that the assessment, like all assessments for purposes of seismic hazard analysis,
is intended to be a description of the future hazards. This assessment takes into
consideration the features, events, and processes that have happened in the past (e.g.,
the locations, rates, and sizes of past earthquakes), but it is also takes account of
processes or events that have not (yet) been observed at Groningen but have some
chance of occurrence based on comparisons to analogous case histories. This is
especially true for rare phenomena like Mmax that may not have been witnessed in the
relatively short observational record.

The Panel would like to acknowledge and compliment the significant work done by and
for the Groningen Mmax project since the 2016 workshop. The new data and analyses
conducted during this period are useful in reducing uncertainties in key aspects pertaining
to Mmax. These include: characteristics of the field, spatial and temporal distributions of
seismicity, geodetic strain, better defined conceptual and rheological models, etc. The
Panel is pleased to note that the new information and actions, on the whole, were
consistent with the recommendations made in the Panel’'s 2016 report.

Logic Trees

The logic tree that expresses the Panel’s updated assessment of Mmax for the Groningen
field is given in Figure 1 and displays the key epistemic uncertainties. The first node of
the logic tree expresses the two basic processes that describe the sources of potential
future seismicity related to the Groningen field. The first branch indicates that the
seismicity at Groningen is and will be related to induced seismicity alone; that is, related
to the processes that are currently believed to occur because of the compaction of the
reservoir due to withdrawal of gas. This seismicity is assumed to be localized to the region
affected by the pore pressure reduction.

The second branch represents the occurrence of induced seismicity as well as seismicity
that is triggered by the operations of the gas withdrawal. As in the 2016 report, 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).” In contrast to induced earthquake
activity, triggered seismicity includes earthquakes whose ruptures extend significantly
beyond the region affected by the compaction associated with gas production. As
indicated during the discussions at the workshop, it can be concluded that triggered
seismicity has not been witnessed so far at Groningen, but the possibility of its occurrence
cannot be eliminated based on the existing data.
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Groningen Mmax Approach
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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).

The weights associated with the two branches of the first node of the logic tree are the
following:

Induced [0.9]
Triggered & induced [0.1]

The weights reflect a strong belief that the future seismicity of the Groningen field area
will occur as induced seismicity but with an acknowledgment that we cannot preclude the
possibility that the future seismicity will include both induced and triggered components.
The reasons for these weights are the following. There is abundant evidence that the
current seismicity within the Groningen area is the result of gas extraction processes and
associated compaction within the reservoir. For example, high-resolution earthquake
hypocenters confirm that nearly all of the observed seismicity initiates within the reservoir
horizon. Normal-faulting related to compaction in the reservoir units is identified based on
earthquake focal mechanisms. Geodetic data confirm subsidence at the surface of
several tens of centimeters as the reservoir is compacted and the spatial coincidence with
such subsidence and the extraction region is clear. The data that have been collected in
the past several years since the Panel last met, as presented and discussed at the
workshop have led to a more highly resolved spatial and temporal picture of persistent
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induced seismicity. Thus, the Panel gives high weight to the notion that such activity will
continue.

In contrast, the branch of the logic tree that represents the potential occurrence of both
induced and triggered events is given low weight for several reasons. As already noted,
there is reasonable evidence that the current observed seismicity does not include
earthquakes that would readily be considered as triggered events, although the period of
observation (five or six decades) is relatively short. Triggered events are commonly
associated with locations or regions characterized by the presence of more active
tectonics as shown, for example, by the presence of Quaternary faults, deformation
related to active faults or tectonic background seismicity. Such is not the case in the
Groningen region, which lies within what is considered to be a stable continental region
(SCR) well away from plate boundaries and observed Quaternary deformation. Although
faults and evidence of ancient fault movements lie within the Carboniferous units beneath
the reservoir and in nearby regions away from the reservoir, there is no evidence from
seismicity or other tectonic indicators that these units display evidence of near-critical
stresses that would be susceptible to triggering by the operations of the gas field. In fact,
the historical record of seismicity that predates the presence of the gas extraction
operation is remarkably quiescent. For example, the only event in the region found in the
European historical catalogue spanning the period 1000-1899 (https://emidius.eu/epica/)
is an event dated October 27, 1225, which is indicated without specific location from only
one source in the chronicle of the monastery of Witterwierum. Given this information, the
Panel regards the basis for the 1225 “event” being an earthquake as equivocal.

Despite the abundant evidence that triggered events are likely not included in the current
catalogue of events in the Groningen region and that evidence does not appear to be
present for critical stresses within the Carboniferous units beneath the reservoir (inferred
not from in situ measurements but rather from absence of documented rupture initiations),
the Panel finds that the potential for triggering cannot be definitively ruled out. Gas
extraction fields worldwide have arguably given rise to triggered seismicity, so this
possibility should be considered. As a result, the potential for triggered seismicity as well
as induced seismicity is included in the logic tree with a low weight.

The second node of the logic tree expresses the uncertainty in the approach to be taken
to assess Mmax, given that induced seismicity is the mechanism for future earthquakes
in the region. The two alternative approaches and their weights are the following:

Statistical and hybrid modeling [0.5]
Physical dimensions [0.5]

Statistical modeling of observed seismicity is a major activity that has been employed
using the Groningen seismicity catalogue and was the subject of several presentations at
the workshop. Hybrid modeling incorporates data related to stresses within the reservoir
and uses accepted failure criteria, such as Coulomb failure criteria or frictional constitutive
relations (e.g. rate-state), with physical modeling of stresses within the reservoir and
simulations to predict the spatial and temporal characteristics of seismicity that would be
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expected. This includes modeling focused on the maximum magnitudes of forecast
seismicity. As shown in the presentations at the workshop, such modeling is typically
calibrated and verified by comparisons to seismicity models. We call these approaches
“hybrid” and include them together with purely statistical approaches in the logic tree. The
hybrid models are those that consider scenarios where earthquakes sizes may grow
significantly larger than the field dimensions of the reservoir under production.

The seismicity and hybrid modeling approaches were discussed extensively at the
workshop and various magnitude assessments were provided that incorporate the
observed seismicity over the period of observation of the reservoir—generally in the
period from about 1991 to the present. For instance, presentations by Buijze et al.,
Ampuero et al. and van Dinther et al. used physics-based models and numerical
simulations to simulate rupture scenarios for different settings. Estimates of maximal
magnitudes, if presented, are in the range of moment magnitude M 4.1 and 4.6. However,
complex rupture geometries due to interaction of faults and possible jumps of slip
between faults were not yet considered, which could lead to magnitude estimates that are
somewhat larger. Based on the range of results from these models and taking account
of the relatively short period of seismicity observation, the Panel arrived at a distribution
of Mmax for the statistical and hybrid modeling branch shown in the logic tree in Figure
1.

An alternative approach to assessing Mmax, given the induced seismicity branch, is the
consideration of the dimensions of ruptures that might occur within the reservoir. This
approach considers the maximum dimensions, in terms of length and width, that fault
ruptures postulated to occur within the reservoir might have. The approach uses the
current knowledge of the structure of the reservoir, the spatial patterns of observed
seismicity (e.g., whether or not the seismicity exists beneath the reservoir in the
Carboniferous units or above the reservoir in the Zechstein units), as well as the locations,
patterns, and mechanisms of mapped faults within the reservoir. From these data,
dimensions of possible ruptures are estimated and they, in turn, are used to estimate the
associated magnitudes. For example, Stephen Bourne presented an assessment of the
maximum possible fault rupture widths that might be credible given the available data and
argued that empirical scaling relationships between rupture width and magnitude could
be used to assess Mmax for earthquakes occurring within the repository. Rupture
dimensions has been used for many years to assess Mmax for fault sources and a wide
array of empirical scaling relationships exist in the literature for this purpose.

The physical dimensions branch of the logic tree includes a consideration of physical
constraints on the stress perturbation induced by the reservoir usage together with
rheological models and existing fault structures. During the Groningen Mmax Panel 2016
workshop the argument was discussed that the total strain energy that may build-up
during the life-time of field production may be released in a single event — a scenario that
is highly unlikely and questionable. At the 2022 workshop, the presentations by van Eijs
et al. (day 1) and Spiers et al. (day 2) presented new results for Groningen showing that
only 30-60% of the built-up deformation is elastically stored. Moreover, the stored elastic
energy is released by a population of earthquakes that follow a frequency-magnitude
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distribution, not just by a single event. Therefore, the simplistic approach of relating the
total volume change to Mmax is not considered further in this assessment. Instead, to
develop the distribution, the Panel considered the potential dimensions of ruptures that
might occur within the reservoir as constrained by the thickness of the reservoir, the style
of faulting, possible lengths of ruptures that would initiate within the reservoir and not
extend significantly outside of it. This could also involve complex ruptures or uncommon
aspect ratio and rupture geometries, as partly observed for induced seismicity. An
example of a complex or uncommon induced event rupture is, among others, the Ekofisk
oil field Mw 4.4 rupture (for example, Dahm et al., 2015), or the Mw 5.5 Pohang (Grigoli
et al 2018) or the Mw 5.1 Fairfield Oklahoma earthquake (see e.g., Lopez-Comino and
Cesca, 2018).

The Panel then considered possible scaling relationships that would be applicable, such
as rupture length, width, and area for normal faulting (Thingbaijam et al., 2017; Leonard,
2014 for SCR and dip slip faulting) and the magnitudes that would be calculated for the
given rupture dimensions. These explorations suggest that magnitudes as large as M 5
to 5.5 are possible, but they would require very unusual rupture shapes with high length
to width aspect ratios. Thus, the weights assigned to M 5 and to 5.5 for the induced
rupture dimensions branch are very low but they are not zero.

The Panel considered the statistical/hybrid and rupture dimensions approaches as
potential means of assessing Mmax in the induced seismicity branch, and concluded that
they should be assigned equal weight. Based on the presentations at the workshop, it is
apparent that the statistical and hybrid modeling approaches have been and are currently
the focus of many of the studies of Groningen seismicity, but the use of rupture
dimensions to constrain maximum magnitudes also covers plausible scenarios of
earthquakes not included in the catalogue of observed earthquakes. Given the value of
both approaches, the Panel concluded that they should be equally weighted in the logic
tree for Mmax.

The Mmax distribution assessed by the Panel for the case where both induced and
triggered seismicity are assumed to occur is shown in the logic tree (Figure 1). The two
fundamental concepts used in assessing Mmax for this branch were the dimensions of
rupture that might be applicable if seismicity was not constrained to the reservoir and
appropriate analogues to the Groningen gas field and their associated observed
earthquakes.

The Panel considered the possibility that triggering processes might also entail the
triggering of faults within the Carboniferous units beneath the reservoir and/or structures
that would extend beyond the strict margins of the reservoir into the aquifer areas and
perhaps beyond. These possibilities would, obviously, lead to larger rupture dimensions
than ruptures confined to the reservoir itself.

The consideration of appropriate analogues to the Groningen gas field is an important
activity and must be carefully done. In general, the Panel found that the Groningen-
specific data and information—particularly that gathered since the last workshop—were
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very useful in defining the important attributes of the field and, in turn, in defining the
criteria that must be fulfilled in order to be considered an appropriate analogue. For
example, identified aspects of the Groningen gas field to be considered in drawing
analogies to other fields are the following:

o Gas extraction only, no injection
Stable continental region tectonically
Essentially no seismicity pre-operation, suggesting low tectonic stresses
Normal faulting regime
No Quaternary active faults in reservoir or in nearby region affected by the
stress perturbation

o Observed seismicity confined to reservoir
Given these attributes and reviewing the updated information on possible analogues in
the database, there are very few, if any, close analogues that would allow for a high
degree of confidence in their use in the Panel’s Mmax assessment. This is especially true
for the case where the Groningen seismicity source is assessed to be induced only and
even the case where triggering is assumed to occur.

o O O O

The characteristics of the Groningen field are in many respects unique and, as a result,
the use of some of the well-known possibly triggered earthquakes such as those at Gazli
was found by the Panel to be inappropriate. This is because their use would violate so
many of the criteria given above to draw meaningful and defensible analogies such that
the earthquake magnitudes at the locations could be confidently “imported” to the
Groningen field to help populate the Mmax distribution. Disregarding the clearly
indefensible cases, the consideration of analogues did expand the Mmax distribution to
include some larger triggered events and these are reflected in the distribution. For
instance, the maximal observed magnitude at the Lacq gas field was M 4.2, the maximal
magnitude of M 4.4 (e.g. Dahm et al., 2007) of the Rotenburg/Séhlingen/Vdlkerson gas
fields in North Germany, which occurred in a similar tectonic setting and Rotliegend
reservoir formation. In general, there are only a few case histories that might offer some
support for triggered earthquakes associated with gas extraction.

Mmax Distributions

Given the approaches and assessments in the logic tree, various estimates of Mmax were
developed by the Panel, as shown in Figure 1. The directly assessed conditional Mmax
distributions in the logic trees are discussed in this section as well as the total or
unconditional Mmax distribution across the entire logic tree.

Groningen Seismicity Source Alternatives

Although the branches of the logic tree have very different weights, the conditional Mmax
distributions (conditioned as having a weight of 1.0 for each branch) can be compared for
the two models of seismicity for Groningen, as shown in Figure 2. The Mmax distributions
overlap at about M 5 but are otherwise quite different. The induced seismicity model leads
to lower Mmax values because the approaches used are very specific to the Groningen
field and generally do not include scenarios that would entail magnitudes much larger
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than are modeled using observed seismicity or rupture dimensions that extend beyond
the immediate reservoir. In contrast, the triggered branch includes the consideration of
earthquake ruptures that extend beyond the immediate field as well as the consideration
of analogues in other regions that include the possibility of triggered earthquakes.
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Figure 2. Conditional probability distribution for Mmax for the two models of Groningen seismicity:
“induced seismicity only” (green) and “triggered and induced seismicity” (blue). The
conditional distributions are normalized to a weight of 1.0 for each model for ease of
comparison.

Mmax Approach, Given Induced Seismicity

As discussed above, the Panel made direct assessments of the Mmax distributions that
express the epistemic uncertainties in the Mmax approach taken, given the induced
seismicity branch of the logic tree. The resulting conditional Mmax distributions for the
two branches are shown as probability distributions in Figure 3. Somewhat surprisingly,
the Mmax distributions for the two approaches to characterizing the induced seismicity
Mmax are very similar even though they are based on very different conceptual models
and employ different types of data.
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Figure 3. Conditional probability distribution of the Mmax distribution for the Groningen seismicity
for the combined statistical and hybrid modelling approach (green) or the physical
dimensions approach (blue), after normalising each to a total probability of 1.0.

Unconditional Mmax Distribution

In addition to the Mmax distributions assessed directly by the Panel, the logic trees and
associated weights on the branches allow for calculation of the total (unconditional) Mmax
distribution across all of the elements of the logic tree. That Mmax distribution is shown
in Figure 4 and is compared to the Mmax distribution developed by the Panel in 2016.
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Figure 4. Probability distribution for Mmax for the Groningen seismicity source integrated across
all elements of the logic tree. Shown is the distribution for the current study (orange) as well
as the distribution for the 2016 study (grey).
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As can be seen, the Mmax distribution spans a range of magnitudes from M 4.0 to 6.5,
with the bulk of the probability mass in the range of M 4.0 to 5.0. In comparison to the
2016 distribution, there is considerably more weight at the M 4.0 level. This is largely
because the magnitude assessments using modeling of the observed seismicity and
evidence for ruptures to be confined to the reservoir are given more credibility than they
were in 2016 due to the improved data and understanding of the reservoir. Another
significant difference lies at the larger magnitudes of M 6.0 to 7.0. The consideration of
appropriate analogues as well as the better understanding of the Groningen
characteristics led to the rejection of analogues that were not judged to be defensible.
Thus, in general, the new data and studies conducted over the past six years have led to
a reduction in the uncertainties and this is reflected in the Mmax distribution itself.

Table 1 Assessed discrete Mmax distribution shown in Figure 4.

M Weight
4.0 0.27
4.5 0.405
5.0 0.1875
5.5 0.1075
6.0 0.025
6.5 0.005
7.0 0

The assessed Mmax distribution is represented discretely by the probability mass function
(PMF) shown above with values centered in 0.5 magnitude unit bins. In 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 centered on the magnitudes shown in Figure 3 and
listed in Table 1. The resulting CDF is shown in Figure 5.

Table 2. CDF of Mmax distribution shown in Figure 5.

M Cumulative
Probability

3.75 0

4.25 0.27

4.75 0.675

5.25 0.8625

5.75 0.97

6.25 0.995

6.75 1

Second Report by Panel on Mmax for Groningen 2022-09-09



09
/~
/
07
06 /
05 /
04
03 /
02
/
01 /
N4

35 4 45 5 55 6 6.5 7 75
Mmax (M)

Cumulative Probability

Figure 5: Assessed Mmax CDF.

Recommendations

Assuming that studies pertaining to seismic hazard will continue in the future at
Groningen, the Panel offers the following recommendations.

e We commend the project for continuing to improve the resolution of seismicity studies
that allow the detailed assessment of the locations of induced seismicity within the
reservoir. With respect to the seismogenic potential of the geologic units beneath the
reservoir horizon, reduction of uncertainty would best be done by obtaining information
on the stress state of the Carboniferous units. Such information could shed light on
the triggering of potential of faults within this unit that may be related to the gas
extraction process.

e Consider applying state of the art high-resolution data mining and machine learning
techniques, including automated phase picking and double-difference hypocentral
location, to analyze the seismicity from full-waveform digital data. Based on
applications elsewhere, this is likely to better resolve the locations of hypocenters and
determine whether events are located outside of the reservoir. It is also likely to
reduce the magnitude of completeness, and hence reduce the uncertainty in the
frequency-magnitude parameters by having a broader dynamic range and number of
observations.

e Conduct detailed studies to look at the geometry of the faults that are implied by the
seismicity (e g. dips of faults from focal mechanisms and source inversions), detailed
geometries can be used for constraining potential rupture dimensions.
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e Consider using Groningen as a test case for prospective operational earthquake
forecasting by submitting competing hypotheses for future seismicity, for instance to
Collaboratory for the Study of Earthquake Predictability (CSEP) testing platform.
Alternatively, an independent testing platform for induced seismicity may be
developed at Groningen. Typically, this will involve submitting five year forward
predictions for alternative event rate models developed using the extensive Groningen
database, including a suite of purely statistical and hybrid forecasting models. This
will also allow a more rigorous hypothesis test than retrospective ‘out of sample’
analyses.

A Note Regarding Process

Throughout the process of developing these assessments of Mmax for the Groningen
gas field, reference has been made to how the approach used “follows the broad
principles of the SSHAC guidelines for hazard assessment, following the current
implementation guidelines.” This is true from the standpoint of broadly defining the
products, roles of participants, the need to capture the CBR of TDI, and consideration of
alternative data, models, and methods. However, once one moves from the “broad
principles” and the “general spirit” of a SSHAC process to the details of exactly what is
required in regulatory implementation guidance, the process used for the assessment of
Mmax for Groningen falls far short of the requirements for a SSHAC project—even the
lowest SSHAC Level 1 process level. We offer our perceptions regarding this issue in
Attachment A because it has been raised in the materials provided to the Panel, such as
the workshop agendas, summaries of the first workshop process (Bommer & Van EIK,
2017), and the recent commentary provided in Bommer (2022). Although the Panel
argues that the technical assessment of Mmax documented in this report is defensible,
the assessment would be much more robust if it was an integrated component of a full
SSHAC study of seismic hazard and risk for Groningen.
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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
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Attachment A
Comments Regarding Process

Throughout the process of developing these assessments of Mmax for the Groningen
gas field, reference has been made to how the approach used “follows the broad
principles of the SSHAC guidelines for hazard assessment, following the current
implementation guidelines.” While this is true from the standpoint of broadly defining the
products as needing to capture the CBR of TDI, the general role of the Panel as technical
integrators, and the resource and proponent experts providing their data and
interpretations in a workshop environment that encourages the “challenge and defense”
that has marked SSHAC workshops for other projects. But once one moves from the
“broad principles” and the “general spirit” of a SSHAC process to the details of exactly
what is required in regulatory implementation guidance, the process used for the
assessment of Mmax for Groningen falls far short of the requirements for a SSHAC
project—even the lowest SSHAC Level 1 process level. We offer our perceptions
regarding this issue because it has been raised in the materials provided to the Panel,
such as the workshop agendas, summaries of the first workshop process (Bommer & Van
Elk, 2017), and the recent commentary provided in Bommer (2022).

In the interest of time and space in this document, we will provide our views on just a few
of the clear departures between this Groningen Mmax study and accepted practice for a
SSHAC study—particularly a study conducted at SSHAC Level 2 or 3. These example
departures relate to the development and evaluation of a project database, the integration
phase of a SSHAC project including feedback, and participatory peer review.

Development and Evaluation of Project Database

The first phase of a SSHAC process includes the identification, compilation and
evaluation of the data that the Technical Integration (T1) team identifies as being pertinent
to the assessments that they will be making. Typically, a comprehensive database is
developed and is made available to the Tl team for their consideration in a manner that
allows for adequate time and evaluation—typically over a period of months. As the project
proceeds, the project database continues to be supplemented with new information
identified by the Tl team and/or new data collected specifically for the project to reduce
uncertainties in the ultimate assessments. The evaluation of the database is an important
activity that allows the Tl team to consider the alternative datasets, models and methods
that have been proposed by the larger technical community.

In the case of the Groningen Mmax project, the expert panel faced the challenge of
entering the project in 2016—and coming back into the project after 6 years in 2022—
and attempting to absorb and evaluate a vast amount of new information, identified by
others, in a very short period of time. This does not conform to the SSHAC principle of
subject-matter experts becoming experts on the specific application through exposure to
the available data, methods, and models over several months of data compilation and
collection, evaluation, and integration.
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Integration Phase of the Project Including Feedback

After the data, models, and methods have been evaluated during the evaluation phase of
a SSHAC project, the model-building or integration phase is conducted. The models that
are built provide the technical assessments required for the technical products of the
study and the uncertainties are quantified such that the products reflect the CBR of TDI.
Typically, the model-building process is a collaborative process involving all members of
the Tl team as they assess the important technical approaches that will be followed, the
viability of alternative models and methods in light of the available data, and the proper
representation of uncertainties given current knowledge. This process typically requires
multiple meetings of the team, side calculations to understand the processes and
uncertainties, and consideration of feedback regarding the potential hazard significance
of the assessments being made. Feedback also provides a basis for prioritization of the
model-building process to focus on the assessments that are most important to the
hazard results and on the uncertainties that contribution most to the hazard uncertainties.

The model-building process for the Groningen Mmax assessment was contracted to
essentially a single one-day meeting of the Panel to consider the data and assessments
made by project participants, followed by remote correspondence amongst the Panel
members to consider the range of possible assessments and the technical defense of the
uncertainties quantified. No feedback was provided regarding hazard significance or
implications of the uncertainties quantified to their subsequent use in risk analyses. As a
result, the Panel was left to estimate the potential importance of the elements of their
assessments based on their own experience on other projects.

Participatory Peer Review

A hallmark of a SSHAC process is the continual peer review that occurs from a
participatory peer review panel (PPRP) throughout the course of the project. A PPRP
must have the experience and range of expertise that the Tl teams possess in order to
provide their commentary and feedback throughout the project. In addition, the PPRP is
charged with ensuring that a defensible SSHAC process has been followed such that the
products of the study capture the CBR of TDI. Experience has shown that the rigorous
process of peer review not only improves the quality and defensibility of the products of
a SSHAC hazard assessment, it provides the regulatory assurance that is required to
enhance public acceptance.

No peer review process was invoked in the Groningen Mmax assessment process. The
Panel was provided with the applicable data and the charge to develop and document an
Mmax distribution that could be used for future hazard and risk assessments.
Independent peer review would have ensured that the process followed was defensible
and that the technical assessments made properly capture the CBR of TDI. Such peer
review would likely enhance the regulatory and public acceptance of the Panel's
assessments and conclusions.

Conclusions Regarding Process
Although the Panel argues that the technical assessment of Mmax documented in this
report is defensible, the assessment would be much more robust if it was an integrated
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component of a full SSHAC study of seismic hazard and risk for Groningen. It is our
understanding the attempt to apply SSHAC to this critical and controversial problem was
proposed but was frustrated by the regulator (summarized in Bommer, 2022). However,
if the decision to close the field is ever reversed and the hazard and risk study is ever
restarted, the Panel would strongly recommend that the study be conducted as a SSHAC
process.

Second Report by Panel on Mmax for Groningen 2022-09-09






Groningen Mmax Workshop |l

Infinity Building, South Amsterdam, The Netherlands

13-17 June 2022,

Presentations






Workshop on Maximum Magnitude of
earthquakes in Groningen

DAY 1

Monday 13t June: Intro/Groningen field/Tectonic Mmax/Induced and triggered earthquakes

Start End Speaker Presentation

8:30 9:00 | Julian Bommer Welcome. Introductions. Background and objectives of workshop.
09:00 | 09:15 | Ministerie EZK Importance of Mmax for the Groningen seismic risk assessment
9:15 10:15 | Clemens Visser Geology of the field. Past, present and future gas production.
10:15 | 10:45 Coffee break

10:45 11:30 | Rob van Eijs Subsidence and compaction of the gas field

11:30 | 12:15 | Bob Youngs Definition & estimation of Mmax for tectonic earthquakes
12:15 13:15 Lunch

13:15 14:00 | Helen Crowley Mmax values for (tectonic) seismic hazard and risk in Europe
14:00 | 14:45 | Matt Weingarten | Induced earthquakes related to gas production

14:45 | 15:15 Coffee break

15:15 16:30 | Gillian Foulger Induced & triggered earthquakes globally: larger events

16:30 | 17:00 All General discussion




International Workshop on Mmax for Groningen Seismicity
13-16 June 2022, Infinity Building, Amsterdam, NL

Background and Objectives
of the Workshop

Julian J Bommer



Welcome to Amsterdam!

Thank you all for being here and for your patience with organisation of this event
(and for those under contract to NAM, thank for your forbearance with the contracting process)

Those under contract should charge their time and expenses through the IQN system

There is absolutely no requirement for confidentiality in relation to this workshop,
indeed you are actively encouraged to publish any work undertaken for this event

and to disseminate your findings in the scientific literature
(an acknowledgement to NAM, where appropriate, would be appreciated)

Those who do publish their findings on Mmax in the Groningen field should feel
free to also charge the time spent on producing these papers



The Final Event in NAM'’s Scientific Study Programme

NAM has been asked to close their scientific study programme, hence work on the
ground-motion prediction and site response models, and on the fragility and
consequence models, has been terminated; the work on the seismic source model has
also been discontinued apart from this workshop focused on Mmax, which was originally
scheduled to have happened a long time ago but which fell foul of the pandemic:

16-18 November 2020

18-21 Oetober 2021

13-16 June 2022

We're finally here — and hopefully it will have been worth the wait



What is the Purpose of this Workshop?

To provide an opportunity for the Expert Panel on Mmax to review and possibly revise their
proposed Mmax model for Groningen from March 2016, in the light of new data and analyses

Following the principles of the SSHAC (Senior Seismic Hazard Analysis Committee) process,

the model will be a logic-tree with alternative values of Mmax to which relative weights are

assigned, with the objective of capturing the centre, the body, and the range of technically
defensible interpretations of the available data, methods and models

The Expert Panel’s deliberations will be informed by the presentations during the workshop,
their questions to the presenters, and also the discussions amongst all the participants, but
they are the sole intellectual authors of the final Mmax model



Member of original SSHAC,
leader of SSHAC PSHA projects
around the world

lan Main

Professor at Edinburgh
University, expert on rock
mechanics and seismology

Formerly at USNRC, expert on
PSHA and induced seismicity
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Hilmar Bungum

Formerly at NORSAR, expert on
PSHA in low seismicity areas

Torsten Dahm

Professor at GFZ Potsdam,
expert on induced seismicity

Art McGarr

US Geological Survey,
pioneering expert in the field of
induced seismicity

lvan Wong

Extensive experience in PSHA
for natural and induced
seismicity

Bob Youngs

Extensive experience in PSHA
and estimation of Mmax for
tectonic earthquakes



Is Mmax important?

Mmax is the largest earthquake magnitude considered in probabilistic seismic
hazard and risk analyses

Mmax is generally considered to represent the largest earthquake that could
occur on a given seismic source in the current tectonic regime

A great deal of attention has been given to the estimation of Mmax for tectonic
earthquakes, especially in regions of low seismicity, although it is a parameter
that does not exert a very strong influence on hazard estimates except for long-
period spectral accelerations and low annual exceedance frequencies



Mmax in PSHA for crustal earthquakes usually takes values in the range 6.5 - 8.0

And, infrequent earthquakes sample
fewer standard deviations of GMPE
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Mmax for Induced Seismicity

Whereas Mmax exerts only a modest influence on hazard estimates for natural seismicity, it can be a
very important — even critical — parameter when assessing the hazard due to induced earthquakes

At a USGS workshop in 2014 to discuss the inclusion of induced seismicity in the US national hazard
maps “Participants at the workshop felt that the USGS induced seismicity models should consider
the possibility of triggering large regional earthquakes and should consider the same maximum
magnitude distribution as was used for the tectonic earthquakes in the NSHM model which has a
mean of 7.0 but extends from M6.5 to M7.95 with low weights at the ends of the distribution”.

For cases of genuinely induced rather than triggered seismicity, such as Groningen, such an

approach could be considered very conservative since it would mean that in all hazard runs,

events of almost 3 units of magnitude larger than the biggest observed earthquake to date
would be considered in every realisation of future seismicity
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Mmax for Groningen (1/4)

KNMI estimated M 3.3 from trend in cumulative energy and M 3.5 £ 0.5

from geological considerations

KNMI estimated M 3.7 from trend in cumulative energy, M 3.8 from bounded Gutenberg-
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2004

2010

Mmax for Groningen (2/4)

KNMI applied a Bayesian approach to the earthquake catalogue from 1986 to 2003,
estimating a mean value of M 3.6 and an 84-percentile value of M 3.9
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KNMI estimated M 3.7 from trend in cumulative energy, M 3.9 from bounded Gutenberg-
Richter relationship (mean + ¢) and M 3.5 + 0.5 from geological considerations



2013

Mmax for Groningen (3/4)

KNMI concluded that based only on statistics of the earthquake catalogue, no reliable
estimate of a maximum probable earthquake in Groningen could be obtained

Pending more reliable constraints from geological information and geomechanical
modelling, KNMI decided to adopt a conservative upper limit on Mmax of M 5.0

Considering fault ruptures confined to the reservoir and with a maximum aspect ratio of 20,
KNMI estimated a maximum magnitude of M 4.9

Analyses by TNO determined estimates of M ~5
for faults confined to the reservoir, and M ~ 5.8
for ruptures that could extend to 5 km depth
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Mmax for Groningen (4/4)

2013 A report by SodM issued in January 2013 discussed possible values for Mmax of M 4.5,
M5.0and M 6.0

For the seismic hazard and risk model, NAM adopted a maximum magnitude of M 6.5,
derived from the assumption that all the strain accumulated from full production of
the reservoir is released seismically in single event

Internal discussions of the implications of this model led to the decision to appoint an

Expert Panel to make an independent assessment of an appropriate distribution for
this parameter



4 .
Introductions & Background 4 RESOURCE EXPERT PRESENTATIONS N
* Introduction: Induced Seismic Risk in Groningen (Jan van Elk, NAM) « Geology of the Groningen field (Clemens Visser, NAM)
°Applic§tion of SSHAC to Groniljg'e-n Mmax estimatipn (ulian B‘_’mmer) * Gas production in Groningen: history and perspectives (Leendert Geurtsen, Shell)
\_ " Objectives of Workshop & Definition of Mmax (Kevin Coppersmith) » Geomechanics: subsidence and compaction in Groningen (Rob van Eijs, NAM)

* History of earthquakes in Groningen (Bernard Dost, KNMI)
* Mmax estimation for natural earthquakes (Bob Youngs)

* History of KNMI Mmax estimates for Groningen (Bernard Dost, KNMI)
\ Q)verview of largest induced/triggered earthquakes (Gillian R Foulger, Durhamy

/ PROPONENT EXPERT PRESENTATIONS

* Making a large earthquake: what is physically possible? (Emily Brodsky, UCSC)
* Mmax estimation for Groningen (Serge Shapiro, Free University Berlin)

* Maximum magnitude of events in Groningen(Nora DeDontney, ExxonMobil)

* Groningen seismicity must have a maximum magnitude (Stephen Bourne, Shell)

* The largest possible and the largest expected earthquake for the Groningen
field (Gert Zéller, Potsdam University) [ EXPERT PANEL\
* Groningen fracture-mechanics seismicity model (Jenny Suckale, Stanford) (TI Team)
* TNO and other Mmax models for Groningen earthquakes (Steve Oates, Shell)* >
* Estimating maximum magnitude from 2D dynamic rupture simulations (Peter Kevin J Coppersmith (chair
w den Bogert, Shell) * Presentation as Resource Expert of proponent models j Jon P Ake
Hilmar Bungum
T Torsten Dahm
) Art McGarr
Groningen Database lan Main
Geology, field outline, earthquake catalog, recording networks, gas >l van Wong
production history, reservoir pressures, subsidence and compaction | QOb Youngs j

Observers




Propagate Significantly Out of Reservoir

Approach Or Trigger Local Faults 4.0
[0.1]
No 4.5
[0.75] [0.6]
Field Specific £ 0
[0.75] (0.3]
5.5
Yes [0.4]
6.0
10.25] 6.5 [0.3] 4.0
\ [0.2] Z [0.12]
7.0 4.5
Appropriate Analogs [0.1] / [0.25]
' - [0.3]
Analogs Gas & Oil Extraction £ c
®
' [0.15]
[0.25] [1.0] 6.0
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Probability

Boundary between induced and

triggered earthquakes
0.5 i
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I : 0.8
0.4 l 2z
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] In.
40 45 50 55 6.0 65 7.0 o_—————
3.5 4 4.5 5 5.5 6 6.5 7 7.5
Magnitude Mmax (moment magnitude)

Six years later, there is a wealth of additional data available and many new analyses have
been conducted, prompting consideration of whether this distribution requires updating



Monday 13t June: Intro/Groningen field/Tectonic Mmax/Induced and triggered earthquakes

Start End Speaker Presentation

8:30 9:00 | Julian Bommer Welcome. Introductions. Background and objectives of workshop.
09:00 | 09:15 | Ministerie EZK Importance of Mmax for the Groningen seismic risk assessment
9:15 10:15 | Clemens Visser Geology of the field. Past, present and future gas production.
10:15 10:45 Coffee break

10:45 11:30 | Rob van Eijs Subsidence and compaction of the gas field

11:30 12:15 | Bob Youngs Definition & estimation of Mmax for tectonic earthquakes
12:15 13:15 Lunch

13:15 14:00 | Helen Crowley Mmax values for (tectonic) seismic hazard and risk in Europe
14:00 14:45 | Matt Weingarten | Induced earthquakes related to gas production

14:45 15:15 Coffee break

15:15 16:30 | Gillian Foulger Induced & triggered earthquakes globally: larger events

16:30 17:00 All General discussion




Tuesday 14t" June: Groningen seismicity and fault ruptures

Start End Speaker Presentation

8:30 9:15 | Bernard Dost History of seismic monitoring in the Groningen field
9:15 10:30 | Steve Oates Groningen earthquakes: focal depths and fault ruptures
10:30 11:00 Coffee break

11:00 11:45 | Chris Spiers Properties of Groningen reservoir and fault rocks

11:45 12:30 | Rick Wentinck Geomechanical model of fault rupture in the Groningen field
12:30 13:30 Lunch

13:30 14:45 | Jean-P. Ampuero | Physics-based models of natural and induced seismicity
14:45 15:15 Coffee break

15:15 16:30 | Mark Zoback Crustal stresses and earthquake triggering

16:30 17:00 All General discussion




Wednesday 15 June: Groningen event-size distribution & Statistical estimates of Mmax

Start End Speaker Presentation

8:30 9:30 | Stephen Bourne Groningen seismological model and earthquake recurrence
9:30 10:15 | Laura Gulia Re-assessment of earthquake distribution for Groningen
10:15 10:45 Coffee break

10:45 11:30 | Jean-Ph. Avouac Recurrence model for Groningen earthquakes

11:30 12:15 | Zak Varty Recurrence model for Groningen earthquakes

12:15 13:15 Lunch

13:15 14:00 | AMuntendam-Bos | Groningen induced event-size distribution

14:00 14:45 | Sander Osinga Taper from recurrence relationship to Mmax

14:45 15:15 Coffee break

15:15 16:30 | Gert Zoller Proponent assessment for Mmax in the Groningen field
16:30 17:15 | Nepomuk Boitz Proponent assessment for Mmax in the Groningen field
17:15 18:00 All General discussion




Thursday 16" June: Proponent models for Mmax

Start End Speaker Presentation

8:30 9:15 David Dempsey™ Proponent assessment for Mmax in the Groningen field
9:15 10:0 | Andrzej Kijko™ Proponent assessment for Mmax in the Groningen field
10:00 10:30 Coffee break

10:30 11:15 | Leo Eisner Proponent assessment for Mmax in the Groningen field
11:15 12:00 | Charles Vlek Proponent assessment for Mmax in the Groningen field
12:00 13:00 Lunch

13:00 13:45 | Stephen Bourne Proponent assessment for Mmax in the Groningen field
13:45 14:45 | Loes Buijze Proponent assessment for Mmax in the Groningen field
14:45 15:15 Coffee break

15:15 15:45 | Ylona van Dinther | DEEPnI research project on Mmax in the Groningen field
15:45 16:30 All General discussion

* remote presentation




On Friday 17" June, when we all are back home or starting our journeys, the Expert Panel will
enter their “enclave” to deliberate on information and ideas presented and discussed during the
Workshop and whether this warrants an update of the Mmax distribution proposed 6 years ago

While priority will be given to the Expert Panel to address questions to presenters, discussion
amongst all of the participants is encouraged provided (1) it remains strictly focused on the topic
of the workshop, namely Mmax and the shape of the upper end of the magnitude-frequency
relationship for Groningen, and (2) all exchanges are courteous and respectful

You are reminded that we must have a copy of your presentation both
for the record and also for reference by the Expert Panel on Friday

Let’s enjoy a lively, informative and productive Workshop!
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Introduction

> Dr. Karin van Thienen-Visser
— Ministry of Economic Affairs and Climate Policy (Dutch: EZK)

— Coordinating specialist advisor deep subsurface
= ‘translate’ scientific insights into policy in the Netherlands
= Coordinate knowledge program on the effects of mining (KEM) since 2019

- Background
= PhD in seismology 2008 (Utrecht University)

= 11 years working in Geomechanics and Seismology at TNO (subsidence and induced
seismicity due to mining).




EZK policy on Groningen SHRA since 2016

Decision to transfer SHRA to public domain

2017: TNO was contracted to separately implement SHRA for Groningen
2020: Agreements on governance between EZK, SSM, TNO, (NAM)
2021: Special KEM subpanel for model development SHRA (joining in workshop)

é%zKl: First SHRA performed by TNO for annual production decision by minister of

Further scientific development of SHRA

Ensure finalization of NAM’s Study and Data Acquisition Plan, supervised by SSM;
including this workshop

Assignments to TNO (following advice SSM, KEM subpanel)
Studies as part of KEM programme
Note: SHRA analysis will also be needed after stop of gas production




Expectations of this workshop for EZK

\"4

A revisit on the elements that have implications for the expected
(maximum) magnitudes and their occurence rates

Pleased that scope of the workshop has been broadened to:
- Mmax distribution

— Use of taper

- Compatibility existing SHRA

Pleased that the workshop is now taking place.
Workshop fits in our policy of public SHRA development

\"4

\"4

\"4




What will we do with the results

> SSHAC panel will write their report to NAM
> NAM will include results in (close-out) SDAP report to SSM and EZK
> EZK will assign TNO to implement results in public SHRA

> EZK will decide on model versions to be used in following SHRA
calculations, after proposal TNO and consulting SSM and KEM
subpanel
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PRESENTATION OUTLINE

Introduction to Groningen
Discovery and historical overview
Tectonic setting

Depositional setting

Reservoir model

Gas production



GENERAL INTRODUCTION

Groningen
ared
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Discovery well Slochteren-1, drilled in1959




Area

Discovered

Wells drilled

Producing wells in 2012
Water injection wells
In-place volumes
Net-to-Gross

Porosity

Permeability

Gas saturation

862 km2
1959
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2

2900 Bcm
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1-1000 mD
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1930’s: Start of exploration activities

4 » zg';s..'%.
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Gravimetric surveys by the Bataafsche Petroleum Maatschappii-
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1940’s and early 1950’s:
In search for Zechstein carbonate oil accumulations
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1950’s exploration

== SEISMISCH GESCHOTEN LIJN
1958
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Fig. 3. — Carte en isobathes & lo base du Zechstein du
o champ de Groningen (1956)



1950’s exploration

== SEISMISCH GESCHOTEN LIJN
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champ de Groningen (1956)



1950’s exploration

T GAS WELL
4 ABANDONED WELL
= LOCATION
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First GRN wells drilled on
Zechstein salt pull-ups
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Fig. 3. — Carte en isobathes & lo base du Zechstein dou
champ de Groningen (1956)
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GIIP estimate August 39 1959 - 5 bcm

DISCOVERY WELL SLOCHTEREN-1

Notitie voor de heer Stheeman

Betreft: Reservoirinhoud van Slochteren thickness

Bij een grondwatervlak dat voor de bereke: 8 aangenomen
op 2710 meter, een totale poreuze lasgdikte van 25 meter, een gemid-
deld connate water gehalte van 30%, een basis oppervlakte van 6,45
eejl top oppervliakte van 2,25 en sen reservoirdruk T at, be-

de reservoirinhoud de Slochteren structuuy”’S miljard m3 gas

erbi) is de inhoud van fe dolomieten, die niet hth area
GlIP

beschouwing gelaten
Contact (GDT)

Oldenzaal, 3 augustus 1959
C.W.B.

water saturation

pressure
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Early1960’s: Appraisal prooves one
single closure - 1080 bcm

GRONINGEN GAS FIELD
DIAGRAMMATIC CROSS SECTION
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oop- Depht in matros below seq level

[6.2] Depht top sand below sea level
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Scale 1:200,000




1966: Northern appraisal - 2480 bcm
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1969: Appraisal/development - 2730 bcm

bl Sl ] = < 1 ! I

Additional southern clusters (6)

Appraisal wells (5)

New structure USQ and Eems-Dollard area
Seismic surveys in periphery (1100km)
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1970’s: Changing field development - 2809 bcm

Fl

DEVELOPMENT GRONINGEN FIELD

1959

Discovery well
Slochteren-1

1963-1970
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L
-

o

King Size Clusters
{12 wells each)

1996-....

PRESSURE HISTORY GRONINGEN FIELD

350
300 .UHM
280 ROT
200 - .
UHM : Northern Trend
ROT Southern Trend
= Observed pressures
150 ' 1 — - -
1960 1965 1970 1975 1980 1985

Time (Year)

rf mfl&?ﬂ?ﬁ%#f: LGS/

infilf we prassion

Late 60's - early 70's

Pressure lag between North and South of the field
Production preferentially from newly drilled northern

and central king-size clusters




1980’s: Continued appraisal - 2863 bcm
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ETVA ™ & 4 Alluvial fan
st Carboniferous
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2000’s: More technical developments - 2886 bcm

«  Seismic inversion for improved property modelling
«  Geochemistry and pressure monitoring
«  SW Periphery development

FITAFUTURE
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2012: High-resolution 3D models -
2917 becm

« Advanced static modelling approaches - Petrel
« High-resolution 3D model grid

Fuﬁ well stock used for property modelling
* Improved structural model

FITAFUTURE
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2018: More technical developments ~2890 bcm

« Extended model area to include lateral aquifers and Carboniferous layers
« Improved Froperty modeling using inversion-derived porosity cube
« Extensive fine-tuning of modelling steps

GIIP estimates (in 10° Nm?) through time
3500

3000

J

2500

2000

1500

1000

1950 1960 1970 1980 1990 2000 2010 2020
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Late Carboniferous Pangea

Supercontinent

Southern Permian

—30°N

Basin




Rotliegend thickness map
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L g Schematic cross-section
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. Depositional Tectonic Salt Plate
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Mid North Sea High
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Regional geological

s

overview
[ ] Cenozoic
[ ] Upper Cretaceous
[ ] Lower Cretaceous
[ ] Upper Jurassic
[ ] Lower and Middle Jurassic
[ ] Triassic
[ ] Upper Permian (Zechstein)
I Middle and Upper Permian {Rotliegend)
[ ] carboniferous and older
sSW NE
London=Brabant West Netherlands Central Netherlands TexellJsselmeer Friesland Lauwerszee Groningen
Massif Basin Basin High Platform Trough High
i 0
R 1 s e 6 iy e T R
2 =R ;j‘ﬁ T -“’-’-xym—
$4-
6 — — 6
20k
8 — C} _I'I"I: — A







Top_Rotliegend
structural map
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Top_Rotliegend
structural map

Next slide
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Detailed fault interpretation

Seen Probable Possible
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Strike-Slip Motion
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Groningen Fault throw points (m)

Groningen fault throw map
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DEPOSITIONAL SETTING
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Late Carboniferous Pangea
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Rotliegend thickness map
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Depositional setting

Alluvial fan

Aeolian dune

Dry sandflat
Damp sandflat
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N-S section through Groningen field
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Recent analogue - Chott eIij'e_'ridf':_dréd_,.




Dune and ephemeral fluvial facies
—

__Photbs courtesy Erin Smerek



Dune and ephemeral fluvial facies

LEENS. 14
014,06 mtr #2




mm-scale thi

Scales of observation

Rl

18 E195

| m-scale core slabs cm-scale
core plugs

FITAFUTURE




bl FITAFUTURE

RESERVOIR MODEL
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N-S section through saturation model
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W-E section through saturation model
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Location of production clusters

. Groningen gas field

Production clusters
m Loppersum
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® Central East
® Southeast
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@ Satellite locations
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Location of production clusters
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Cumulative production on January 1st 2022
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. Groningen gas field

Production clusters

m Loppersum

m Bierum
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= Central East
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@ Satellite locations
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. Groningen gas field

Production clusters

m Loppersum
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= Central East
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@ Satellite locations
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. Groningen gas field

Production clusters -
= Southeast & Southwest
w Loppersum qg )
m Bierum -
® Eemskanaal E
= Central East .
= Southeast ’
m Southwest ‘\ ,l\ ﬂ |
= A
Satellite locati l L
) o N A \NA VI, A
as VA WAL 711 Wi\
WA WY A/ \J Y [
0,0 v tr.._vl' = W Vv ]
& :&é o Ad b \\.'l-ec {1-‘,:\ {:.gu \:zg 1:?‘ 20\! x\@ 1?;3“ T x‘;\ﬂ \'?:‘45 «,:@ %] ‘%s‘-“\ ll?@:ﬂ‘ :av ,l; 'Ti'ow"ﬂ

NAM/OGW )



ANNUAL GAS PRODUCTION
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. Groningen gas field

Production clusters
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Overburden faulting and s

Thickness time [ms]
>600.00
550.00
500.00
450.00
400.00
350.00
300.00
250.00
200.00
150.00
100.00
50.00
0.00

§24000 | 232900 240?00 248000 256000 264000

R R TP 7 . . 0 R 0 O 25 T TR, TR
224000 232000 240000 248000 256000 264000

000919

000809

000265

000185

0009.5

00089S

000009



240000

Overburden
faults

248000 256000 264000

000919

000009 000809

000265

00095

000895

AR

240000

248000 256000 264000

NAM/OGW

224000

224000

< g g —
g} 12 8 g 81
g g g g g
iy & e T T T T T T T T T T T 2 0.
224000 22 232000 240000 243000 256000 264000 224

224000

232000 240000 248000 256000 264000

224000

568000 576000

00008%

00ogas 0009.8 0ooves 000Z6% 000009 00oe09 0oogke

00009%

576000
00089%  000SAS  OOOvES O00Z6  ODDOD9  0ODS0S  DOD9LS

568000

00009%

N 560000

[518] 560000

232000 240000 248000 258000 284000
232000 240000 248000 256000 264000

N 560000

600000

580000

Top_Zechstein

Zechstein thickness

A1R000

Base Lower North Sea

000948 000ves 000Z6% 00000% 00009 [ulale] )

00o=9%

616000
000918

R [ [T LT

584000 592000 £00000 608000
00026 000208

576000

000295

568000

000095

000009

000v8S

000945

Time (ms)
100

10000

20000 30000 40000 50000m




Seismically constrained porosity modelling
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Number of recorded earthquakes in the Groningen field

Selecteer de magnitude
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Compaction and
subsidence

Rob van Eijs, Onno van der Wal, Hermann Bahr, Gini Ketelaar,
Stijn Bierman, Ross Towe, Dirk Doornhof, Pepijn Kole
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® Why subsidence is a major concern
B Subsidence and compaction measurements
® Subsidence history matching and forecasting
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Compaction and subsidence

Mmax workshop June 2022

Subsidence at surface Gas production

Deformation of overburden layers

\

Reservoir layer shrinks due to productio
(compaction)
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Why subsidence is a major issue

«  Main Issue:
+  Parts of Groningen below
sea level

»  Considered to be an issue
already before start of
production

+  Subsidence mitigation:

+ 340 million Euro paid
« 570 million foreseen

Bron: Actueel Hoogtebestand Nederland (AHN)
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content

|
W Subsidence and Compaction measurements
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Data to constrain compaction and subsidence in Groningen —

geodetic measurements

InSar
(Interferometric Synthetic
Aperture Radar)

Optical (Spirit) levelling

|
|
|
J/ —

Hydrostatic levelling
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Global Positioning System

Objective: measure subsidence
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levelling network in the northern part of the
Netherlands - data since 1964

A Permanent GPS stations ® Levelling benchmark
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data since 1993

PS-InSAR scatterers

Persistent scatterer
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Integration of InSar and levelling

Mmax workshop June 2022

deformatie (mm)

007G0180

582
239 240 241 242 243 244
X (RD km)

-100
-150 j.:&‘f} .
%gﬂ . i | #
-200+ ' K e e %Qi' W
250 :
o 007G0180

-SQO 1 1 Il Il 1 I I L

93 a5 a8 01 04 06 09 12

Eemskanaal

'
o

NAM



Mmax workshop June 2022

Continuous GNSS monitoring
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Data to constrain compaction and subsidence in Groningen —
laboratory measurements

90 T 18
tin-sity axial strain
: axial siress 16
Transmitter
14
Radial Displacement T
Measurement o 12
Viton Sleeve E -
Temperature | =
Radial = 10 %
7 =
Pressure Receiver o l:
& 8 3
Electrical @ e
Connections = 6
Pressure “ dial st
Temperature 2 i) Sircas s
[“ radial strain 4
2
Axial
pore pressure
Pressure
0
Axial Displacement 100 200 300 400 500
Measurement
fime [hr]
Hol et al. (2015) Objective: measure compressibility (Cm) of the rock
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Data to constrain compaction and subsidence in Groningen —
laboratory measurements

Some observations:

10
. * Cm increases with porosity
g A * Inelastic strain increases with porosity,
2 8 A typically 50% for a 20% porosity sample
S 7 * Time dependent behaviour: research objective in
E 4 DEEP.nl
(8]
£
¢ 4 A -
£
K e
3 O AA A
§% Ag B
e o )
A epfEo b B
41 op OpfE
0
0 5 10 15 20 25 30 35

porosity [7]

Pijnenburg et al. (2019) Inelastic Deformation of the
Slochteren Sandstone: Stress-Strain Relations and
Implications for Induced Seismicity in the Groningen Gas
Field. JGR Solid Earth
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axial strain E, [mstrain]

Mmax workshop June 2022

Data to constrain compaction and subsidence in Groningen —
laboratory measurements — MGT-3, Eemskanaal-12

Eemskanaal-12

C2-2a

—

0.4 Glitch due to increase of 0
laboratorium room temperature c
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»
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Data to constrain compaction and subsidence in Groningen —
In-situ compaction

Ah=h,, *AP, *C,

Reservoir druk (bar)
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Objective: measure compaction in the field
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strain ym/m

Mmax workshop June 2022

Data to constrain compaction and subsidence in Groningen —
In-situ compaction. Distributed Strain Sensing Measurement ZRP-3

maaiveld
strain vs AP
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A e — dc
—
=507 e M— —— Th——
ol RS \ ZEZ
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\ 'S.tc;cpteren‘za?ds.leep e
\ e ROS I
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AP from start DSS measurements  [bar]

Objective: measure compaction in the field

'
L 24

NAM



content

Mmax workshop June 2022

W Subsidence history matching and forecasting
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Subsidence — prognosis

Only based on first lab results N S ﬁ>‘ meter
+ Cm from core D N <

Analytical equations to forward predit - m"»««;-?'/,f_f .
subsidence (Geertsma, 1973) == \\\\ -
NN

‘}“ P/ ,;
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Subsidence — Maximum predicted subsidence at end of field life through time

Maximum predicted subsidence at end of field life (cm)
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year
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2030

Convergence of predictions

» More geodetic available
to constrain uncertainty

« Guidance from observations
above other fields (Ameland)

»  Analytical and numerical
models
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Forecasting subsidence — latest methodology (Shell, NAM) and results

@ Groningen long term
Statistical methodology for subsidence forecast

forecasting of subsidence
above the Groningen gas field

For the Rate Type Compaction isotach
Model (RTCiM) for reservoir compaction

M-report EPI02008201823, unrestricted
mmmmmm Original ves
mmmmmm updated ler values for model Uncerainty
mmmmmm ‘Appendia 8 adted gescrining the effect of muIlpIe eservair reaksations on the model
uncertaint
Unrestricted I n .
SR.20.00973 I n
Seplember 2020 —

Two reports: theory + application to Groningen field and aquifers
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https://nam-onderzoeksrapporten.data-app.nl/reports/download/groningen/en/d8970d78-f51a-4a3b-85d4-f80f42d055af
https://nam-onderzoeksrapporten.data-app.nl/reports/download/groningen/en/78d6b182-87d8-4f92-b76b-6fdbce28510d

Mmax workshop June 2022

Objectives

B Use statistical fechnique to history match historical levelling data
- Bayesian MCMC
® Investigate plausible depletion scenarios for lateral aquifers
- Thousands of possible scenarios investigated
® Investigate Compressibility correlations
- Correlation to Vp, porosity and uniform distribution
B Use a “versatile” compaction model
- RTCiM Rate Type compaction model
B Forecast subsidence — including uncertainty - for Groningen field and
aquifers
- Forecasts up to 2080. Uncertainty based on variance covariance

assessments for measurements and models
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Definition of aquifer areas

610000

600000

590000

580000 | 5

570000

560000 E b N @ I . L
220000 230000 240000 250000 260000 270000
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Pressure scenarios — prior uncertainty
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Compaction grids — prior uncertainty

Slowness Porosity
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Levelling campaigns
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Strain mstrain
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RTCIM

E=¢€45+ &

(D) =& L, [ e g
SO ={"gy ~ ma) %rer\ 5o ¢,

-1/b

ref

1 . - . : 1 ’ . : '
: © | = ZRPIA_102AV_corr : : H { — ZAP3A_LDZAV_COT
— Cmref:1,37e-05 Cmd:6.812-06 b:0.0179 : i i i L connerlA7e0s Cmde Ble 08 b0 0179

T 1 P SO S
c
Ju
\

-2 E -2
=
J
in

PR [T fresssmmsesen i ........................ ....................... 4 T ................

=4 -4

-5 L L L -5 i

50 100 150 200 230 300 350 250 300
Time [hour] LA

'
o

NAM



Model chain
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® @)

Porositv

uniform
Slowness

defined
spatial Cm
grid

Aquifer
realisations

MCMC

RTCiM-values Most likely aquifer
Lemp realisations

O,

Most likely
aquifer
realisations (3)

Inversion

New spatial
Cm-maps

O

New Cm-maps
based on most
likely aquifer
realisations

MCMC

FINAL RTCiM-values
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Pressure forecast
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Subsidence forecasts
+ confidence interval
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Step 1: initial parameter values and uncertainty

Mmax workshop June 2022

Cm from Slowness

Cm from Porosity
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MCKC

Step 2: aquifer scenarios
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Step 3: inversion: improve spatial fit

W'Clllllg E'Clllll!
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Porosity

Step 4: improve temporal fit
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Step 5: forecasting: up to 2080
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Conclusions

m Compaction behaviour of the Groningen cemented sandstone
can best be described by a (visco)-elasto-plastic model.
Based on lab studies and field observations

B measurements are matched by a Rate Type Compaction

Model

B MCMC work flow was successfully applied to improve
forecasting capabilities of subsidence, addressing multiple
sources of uncertainty

® Improved understanding of likely depletion in lateral aquifers
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What is Mmax for a Seismic Source in PSHA

* A seismic source describes where earthquakes occur spatially

* The occurrence in time of earthquakes associated with the source is
represented by
 a probability distribution for occurrence (e.g., Poisson, Brownian Passage Time)

 a probability distribution for earthquake magnitude (e.g., exponential,
characteristic, maximum moment), often termed a frequency-magnitude
distribution

* Mmax (mY) is the upper limit on earthquakes that can occur associated
with the seismic source, the upper truncation point of the frequency-
magnitude distribution



Why is it Imposed

* Occurs “naturally” for seismic sources defined on basis of specific
geologic structures through physical limits on the size of ruptures that
can occur

* For an individual fault, recurrence models such as characteristic (Youngs and
Coppersmith (1985) or Maximum Moment (Wesnousky, 1986) impose limit
through the size of the characteristic / maximum moment event

e Systems of connected faults contain limit based on maximum size of the
interconnected ruptures (e.g., Field et al., 2017)



Cumulative Rate (per yr)

Recurrence Models for Connected Fault Systems

Total long-term magnitude-frequency distribution Modified characteristic model to accommodate
for UCERF3 model (Field et. al., 2017) potential linked ruptures (Wooddell et al., 2014)
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Why is it Imposed

Imposed for zones or regions to produce a finite limit on the rate of seismic moment
release (e.g., Knopoff and Kagan, 1977; Main, 1995)

For unbounded G-R exponential magnitude-frequency distribution

* Rate of decrease in frequency N (M) « 10~?M
* Energy « 10°™ where c is factor in equation for moment M,(M) = 1
* E(M) o« N(M) X My(M) 10(c—DM therefore, as M — oo, E — 10(c~b)*

OCM+d

Truncation at Mmax needed for exponential magnitude-frequency distribution as
typically c > b, leading to infinite E at infinite M

”Soft” Mmax for models such as gamma magnitude-frequency distribution (Kagan,
1993; Main et al., 1999) in which rate of decay in magnitude-frequency is greater
than the rate of increase in seismic moment with magnitude



Mmax Assessments for Types of Seismic
Sources Used in PSHA for Tectonic Events

* 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 Methods 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)
* Stirling et al. (2013) (compilation)

Leonard (2014) (self-consistent scaling, ACR and SCR)

Somerville (2014) (CEUS area-moment)

Hanks and Bakun (2008, strike slip)

Anderson et al. (2017) (influence of slip rate)

* Thingbaijam et al. (2017)

* Moment magnitude scale, M
* Hanks and and Kanamori (1979) (given area, average slip, and crustal rigidity)



Addressing Statistical Variability in Empirical

Relationships

Mmax

Figure 2. General form and parameters of the Youngs and Coppersmith (1985) MFD.

Youngs & Coppersmith, 1985

 Empirical relationships give
expected M as a function of fault
dimensions

 Statistical variability addressed
by incorporating aleatory
variability about this estimate in

recurrence model

 Uniform boxcar
* Truncated normal



Epistemic Uncertainty in Mmax for Structure-
Specific Sources

e Uncertainty in assessing maximum rupture dimensions (perhaps
larger component of the two)

* Uncertainty in selection of appropriate empirical relationships



Mmax for 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



1. Maximum Observed Plus A

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

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

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



Statistical Assessment of A

* From Kijko (2004)

m =EM___, )+ _[me_m (m)dm

My

* 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

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



Statistical Estimates of A Require Large

Samples

* Performance of K-S estimator as
a function of sample size, N, and
magnitude range of sample.

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

Magnitude Max

Number of earthquakes

350

400




Uncertainty in Statistical Estimate of Mmax

e Variance in Mmax estimate is of the
order of A2+ o?(M_ .. .;.) (€.8., Kijko,
2004)

* Confidence limits for Mmax are
unbounded (Pisarenko, 1991; Kijko,
2004).

e Asymtotically PlmV<oo)=1-a
with a function of sample size

* Used as a basis for weighting method in
combination with others
(EPRI/DOE/NRC, 2012)

Fiducial distribution for Mmax (mY)
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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 assessing the distribution of Mmax



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



Stable Continental Regions SCR: Analogues to
CEUS for Assessing Mmax

J<

Wheeler (2009)
I Mesozoic-Cenozoic [ 7 1
IZI Extended Crust A

Paleozoic Extended
| - Crust

B A L0
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Petersen et al. (2014) SCR — Extended Margins

] 2008 NSHMP Mmax distribution

9 -
2014 NSHMP Mmax (Mesozoic and Paleozoic extended margin)

8 I 05 ® 2014 NSHMP Mmax (Paleozoic extended margin)
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Figure 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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Petersen et al. (2014) SCR — Cratons

05 - _ O 2008 NSHMP Mmax distribution
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Figure 20. Distribution of large earthquake magnitudes (79 earthquakes) for cratons in stable continental regions,
worldwide. Mmax distributions used in the 2008 and 2014 updates shown in the inset.
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Johnston et al. (1994) Bayesian Approach to
Assess distribution for m¥ (Mmax)

e Subdivide SCR into domains on the basis of

* Crustal type (extended or not extended)
e 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

for each super domain

max-obs
* Use distribution of m . .. adjusted for bias across super domains as a
prior distribution for m

e Used normal distributions for priors

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



Example Application Using Johnston et al.

(1994) Prlor for Extended Crust
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Likelihood Function for mY (M

max_obs)

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

* Likelihood of mY given observation of N earthquakes between
m, and maximum observed, m .. s

L[m]= 0 form"<m__ .
- [1—exp{—b In(10)(m" — mo)}TN form" >m

max —obs



Example Likelihood Functions for Mmax given

m

max-obs
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Results of Likelihood Function

* M,.,ons IS the most likely value of m¢

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

* Likelihood function integrates to infinity and cannot be used by
itself to define a distribution for mY (e.g., Zoéller and Holschneider,

2016)

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



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

* “bias correction” from m_... ., 10 MY based on distribution for m

) max-obs
glven mvY

* For a given value of m“ and N, estimate the median value of

mmax-obs ] mmax_obs

F[m

u
formy<m__ ... <m

max —obs ]

_[1-exp(-bINO) (M, e —mp) |
| 1—exp(-bIn(10)(m“ —m,)

» Use M" - ., to adjust from mean m, ., ., to mean mu



Bias Adjustment (2 of 3)

- Example:
mmax-obs =5.7
N(m<4.5)=10

mY = 6.3 produces M. .. =5.7

Therefore, bias adjustment from a mean
m of 5.7 iIs a mean mY of 6.3

max-obs




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., .,s 10 mean m4 (Mmax)



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)
e Significance of difference only marginal, included and alternate

single prior for all SCR




Distributions of M
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Bias Adjustments to Mean Mmax
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EPRI/DOE/NRC (2012) Updated Priors

R N

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
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3. Use of Maximum Rupture Dimensions

* Parallels methods used for geologic feature-specific seismic sources

e Estimate the maximum dimensions of ruptures

* Limits based on size of source
 Limits based on size of geologic structures in source

* Use empirical relationships between magnitude and rupture
dimensions



4. Seismicity and Geodetics Example

* Finite rate of moment release requires finite Mmax (e.g., Main, 1995)
or at least a decay in the relative frequency of earthquakes that it
greater than in increase in seismic moment with magnitude (e.g.,
Main and Burton, 1984)

» 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).



Examples from Main et al. (1999) for the UK

Mmax estimates based on assessment of seismic moment rate based on either

observed seismicity — dashed line

estimated tectonic moment rate — solid line
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Recent Applications for SCR Regions Outside
of Europe

e CEUS SSC — Bayesian (updated global priors) and Kijko (EPRI, USDOE,
& USNRC, 2012)

e US seismic hazard model — Global Analogs (Petersen et al., 2014)

* Thyspunt site, South Africa — Bayesian (updated global priors) and
Kijko (Bommer et al., 2015)

e Canada seismic hazard model (GSC) — Global Analogs (Adams et al.,
2015)

* Australia — multiple expert elicitation (Griffin et al., 2018)
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European seismic hazard and risk models

Released to the scientific community in December 2021, and to the media/public in April 2022.
Referred to herein by their acronyms: ESHM20 and ESRM20
The hazard model is an update to the ESHM13 model (output of the SHARE project)

All data, models and results are openly released (CC-By license) and can be found starting here:
www.efehr.org

This is not a complete presentation of the European hazard or risk models, but focuses on some
key elements that are of relevance to the definition of Mmax and its influence on the hazard and
risk results (with a focus on low seismicity areas including the Netherlands).

| led the development of ESRM2o0, but | was not a co-author of ESHM2o0, so | am presenting the
information to the best of my knowledge (from consulting the technical report and through
personal communication with Laureniu Danciu, lead author of ESHM20)


http://www.efegr.org/

ESHM2o0 Inputs - Catalogues

Historical: EPICA (1000 — 1899) Instrumental: EMEC (1900 — 2014)
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ESHM20 Inputs — Tectonic regionalisation

Geometry of the main plate
boundaries (Bird, 2003).

Subdivisions of the plate
interiors based on large-scale
geologic maps and tectonic
classifications (Asch, 2005;
Johnston, 1994; MUller et al.,
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ESHM20 Inputs — super zones

* Super zones provide a spatial proxy to describe tectonic features,
geological fault systems and seismicity patterns across Europe.

* Some parameters evaluated at the super zone level are then applied
at the level of seismogenic sources.

* Super-zones cover large geographical regions, and there are three
types in ESHM2o:
* completeness super zones (CSZ),
* tectonic super zones (TECTO)
* maximum magnitude super zones (MAXMAG).

Danciu et al. (2021)



ESHM20 Inputs — super zones

ESHM20: Completeness Super-Zones (CSZ) ESHM20: TECTO zones
CSZ: Earthquake : o
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Danciu et al. (2021)



ESHM20 Seismogenic Source Logic Tree

Source
Model

Danciu et al. (2021)

Zone-based
ASM (0.50)

Active Faults + Adaptive Kernel
Smoothed Seismicity (0.50)

- MFD]1 - TGR (0.60)

- Mmax01 (0.50)
- aGR1,bGR1(0.20) -

Mmax02 (0.40)
~ Mmax03 (0.10)
- Mmax01 (0.50)
- aGR2,bGR2 (0.60) + Mmax02 (0.40)
L Mmax03 (0.10)
Mmax01 (0.50)
- aGR3,bGR3 (0.20) Mmax02 (0.40)
Mmax03 (0.10)
Mmax01 (0.33)

- MFD2 - PARETO(0.40) — aCGR2bGR2 Mmax02 (0.34)

Mmax03 (0.33)

~ slip-rate-min (0.10)

+ Active Faults (fMthr) — bGRI(TECTO) < slip-rate-mean (0.50)

- slip-rate-max (0.40)

Mmax01 (0.50)
Mmax02 (0.40)
Mmax03 (0.10)
Mmax01 (0.50)
Mmax02 (0.40)
Mmax03 (0.10)
MmaxO01 (0.50)
Mmax02 (0.40)
Mmax03 (0.10)



ESHM20 — Area source model (ASM)

* Area sources from national models were obtained and harmonized at the
borders, guided by seismotectonic evidence, active faults, and major
geologic/tectonic features, if available. If not, then the seismicity patterns
are used: historical earthquake locations or recent clusters of seismicity.

* For each area source zone, based on declustered catalogue filtered for
completeness, the magnitude-frequency distribution (MFD) is computed:

Log, N =acr — ber*Mw

where N is the cumulative number of earthquakes per year equal to or greater than a magnitude M

Danciu et al. (2021)



ESHM 20 — Area source m odel (ASM)
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ESHM20 — Area source model (ASM)

Two representations of MFD:
* Double truncated Gutenberg-Richter MFD
* Tapered Pareto distribution (Kagan 1993)

"The Pareto has a faster decay of the rates towards the maximum
magnitude. In many area sources without events above Mw s, the rates
obtained in the magnitude interval 5 to 6 from the GR model could be
inflated. In these cases, the tapered Pareto distribution provides
alternative estimates for the rates in the moderate to large magnitude
range.”

Danciu et al. (2021)



ESHM20 — Mmax (ASM)

* A constant activity rate is assumed when applying the maximum

magnitude to the area sources (the MFDs converge towards the
same N (M > 0)).

Constant Seismicity Constant Moment
Rate Rate

Annual Number

Magnitude, m Magnitude, m

EXPLANATION
- . mu =6

MU=7 ——memU=8 Youngs and Coppersmith (1985)



ESHM20 — Mmax (ASM)

* EPRI approach (Johnston et al., 1994) for
stable continental regions

I Mmax

* "In low-to-moderate seismicity regions a |
single distribution was assumed, in analogy . e s 4
. table Continental Reglon
with the global analog approach (Wheeler —
1 Non-Extended Crust Mmax + 2a4M
2009, 2011): the magnitude of the largest Shiod

|
observed earthquake, with proper : M 20
consideration of its uncertainty, was taken as |

the lower value for the distribution of |

maximum magnitude ... whereas the other

values were obtained by 0.2 increments.” ESHM13 Mmax logic tree -
this has been collapsed to

3 branches in ESHM20

Woessner et al. (2015)



ESHM20 — Mmax (ASM)

For the double truncated GR:

Branch Weights Assumptions (Low-moderate seismicity regions)

Lower Value: Mmax observed, accounting for

MmaxLow 0.50 : :
magnitude uncertainty of 0.3 (analog approach)

MmaxMid 0.40 Mid Value: MmaxLow plus a magnitude increment
of (0.2+2%0.2)/2 = 0.3

MmaxUpper 016 Upper Value: MmaxLow plus a magnitude increment

of 3%0.2=0.6

Danciu et al. (2021)
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TruncGR Mmax
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6.9 (0.4) 6.3 (0.5)

7.2 (0.1) 6.6 (0.4)

6.9 (0.1)

Seismogenic
depth modelled Seismogenic
from 7km to depth modelled
13km with from 3km to
hypocentral 25km with
depth at 12.3km hypocentral

depth at 12.3km

_
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ESHM20 — Mmax (ASM)

* Tapered Pareto distribution requires corner magnitude which has been
estimated as a function of the observed maximum magnitude.

* A default logic tree of M_,,,,.,=6.0, 6.2 and 6.4 (equal weights) is used
for area sources with an observed maximum magnitude lower than 5.s.

Danciu et al. (2021)



For Mner = 6.0,
effM_ .. (at an

annual rate of
104) 5.4

For M =6.0,

corner —

effM_., 6.2

_
http://hazard.efehr.org

For these sources
Pareto M_ e,

6.0 (0.33)

6.2 (0.34)

6.4 (0.33)

From Mcorner =
6.0, effM, ., 5.2
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ESHM20 — Active faults (+ seismicity) model

* Seismic productivity is divided into two categories: background
seismicity and active faults; seismic productivity below a magnitude
threshold (i.e. M5.9) is in the background, and seismic productivity
above M-threshold is on active faults. Hence, active faults serve as a
spatial proxy for moderate-to-large magnitude events

* Minimum set of basic fault parameters that define the seismogenic
source model:

* Geometry (Location: Lat, Lon, Depth; Size: Length, Width; Orientation:
Strike, Dip)
* Behavior (Rake and Slip Rate).

* Arbitrary area model of Anderson and Luco (1983), a truncated
exponential magnitude-frequency distribution, is used to
characterize the seismic activity of each entry of the active faults.

Danciu et al. (2021)



ESHM20 — Active faults (Mmax)

* A constant seismic moment rate is assumed when assigning
maximum magnitude to active faults.

Constant Seismicity Constant Moment
Rate Rate

Annual Number of Earthquakes, N (m)

Magnitude, m Magnitude, m

EXPLANATION
- . mu =6

MU=7 ——memU=8 Youngs and Coppersmith (1985)




ESHM20 — Active faults (Mmax)

* The maximum magnitude of each fault source is obtained by use of
fault scaling laws (FSL).

* The generalized functional form between rupture dimensions (L, W,
A, D) and moment magnitude (Mw) is (X) = a + bME , where Xis the
rupture dimension under consideration and the coefficients a and b

are empirically determined.

* The FSL developed by Leonard (2014) is used for crustal ruptures and
by Allen and Hayes (2017) for subduction interface ruptures.

Danciu et al. (2021)



ESHM20 — Active faults (Mmax)

Branch Weights Assumptions

Lower Value: Most likely value of the event on the
MmaxLow 0.50 fault, based on the average fault area and the
resulting average maximum magnitude

Mid Value: Highest value maximum magnitude on
the fault, often coincides with the larger magnitude
MmaxMid 0.40 event on the fault buffers; measures the
uncertainties of the fault geometry to maximum
magnitude conversion;

Upper Value: Upper Maximum Magnitude to occur
on a fault, with a proxy from the TECTO range,
allowing the fault to capture larger magnitudes &
ruptures

MmaxUpper 0.10

Table provided by Laurentiu Danciu



ESHM20 — Active faults
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MmaxLow varies
from 6.3 to 7.3 for
the faults in the
Lower Rhine
Graben



Mmax
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“Mmax ...does not exert a very strong influence on hazard estimates except for long- period
spectral accelerations and low annual exceedance frequencies” Julian’s introductory slides
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Economic loss (M EUR)
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Note full correlation of logic tree branches assumed (all sources have same branch of Mmax) so impact might be
overstated, though most contribution to loss is only from one or two sources.
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Induced earthquakes related to gas production
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Gas Production Induced Seismicity
Two Cases Studies
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—
=
Gazli Lacq
Uzbekistan France
April 1976 M.7.0 Sept. 1978 M 4.2
May 1976 M_7.3 April 2016 M 4.0

March 1984 M.7.0
Adushkin et al. (2000) Segall et al. (1994)



Gas Production Induced Seismicity
Mechanism: Poroelasticity

Fluid-to-solid coupling Solid-to-fluid coupling
a change in fluid pressure produces a a change in applied stress produces a
stress change in porous material change in pore fluid pressure

Segall (1989)



Gas Production Induced Seismicity
Mechanism: Poroelasticity

v 5 3(vy, — V) 5 G: shear modulus
A+ % T A+ +v,) PO p:pore pressure
Am: Afluid mass content
26B(1+v)(1 +w,) B a;j: Stress
v: drained Poisson ratio
v,: undrained Poisson ratio
&;;: Kronecker Delta function
B: Skempton’s coefficient

(1) ZGEU‘ = Jij —

(2) Am

Equation 1 relates strain to stress and pore pressure

Equation 2 relates changes in fluid mass content
to stress & pore pressure

Segall (1989)



Gas Production Induced Seismicity
Theoretical Example

Withdrawal of fluid from a
rectangular region of

: S F‘l(‘w P\“\ =
thickness T and depth D %YC\/ | \\R é/

\ -b/
2=

surrounded by low
permeability host rock T

Calculated change in
horizontal normal stress o
yw (normalized)

Red = compression
Blue = tension

Segall (1989)



Gas Production Induced Seismicity
Theoretical Example

Withdrawal of fluid from a
rectangular region of
thickness T and depth D
surrounded by low
permeability host rock

Calculated change in
horizontal normal stress o
yw (normalized)

Reverse faulting predicted
above and below the
reservoir

Normal faults predicted to
slip on the reservoir flanks Red = compression

Blue = tension

Segall (1989)



Gas Production Induced Seismicity
Stress Change & Subsidence

Order of magnitude
estimates of extraction-
induced stress change:

stress change 2u

subsidence reservoir depth

Foru=10GPa & D =2 km

1 cm of subsidence yields a
stress change of ~0.1 MPa

Red = compression
Blue = tension

Segall (1989)



Gas Production Induced Seismicity
Two Cases Studies
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April 1976 M.7.0 Sept. 1978 M 4.2
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March 1984 M.7.0
Adushkin et al. (2000) Grasso et al. (2020)




Gas production Induced Seismicity
Gazli Field, Uzbekistan

Section b
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500" Isolines in meters
o  Wells

——— Tectonic discontinuities Sectionc

e

—-=-- (3asreservoir contour

Asymmetric anticline with dimensions 38 km by 12 km

Discovered in 1956 -- gas production began in 1962

Formations of Jurassic-Neocene age overlying Paleozoic-
aged sediments

Adushkin et al. (2000)



Gazli Field
Structural Background

b North Well no. South e N |
18 1210111 10 d 1 — —_ -

[ Gas
H o o s
. T e
1 Clay
|‘ 5 km >|
3 miles The field has 11 accumulations—10

gas and condensate, and one oil—all
located in Cretaceous sediments

Porosity of the sandstone is high and
averages 20 to 32%. Permeability of
all but one producing horizons ranges
from 675 to 1457 mD.

Adushkin et al. (2000)



Gazli Field
Gas Production & Water Injection (1962 — 1976)

b North Well no. South From 1966 — 1971, roughly 20 billion

18 12101 11 10 3 13 m?3/year of gas were produced.
B Gas Production peaked in 1971 and began
o to decline.
— Initial reservoir pressure: ~7 MPa
=3 cay 1976 reservoir pressure: ~3 MPa

1985 reservoir pressure: ~1.5 MPa
5 km
|‘ 3 miles >|

c Subsidence rates averaged 10.0

mm/yr in the period 1964 to 1968
and 19.2 mm/yr from 1968 to 1974
(total: ~15.5 cm)

Water Injection: from 1962-1976
roughly 600,000,000 m3 of water
was injected for pressure support

Simpson & Leith (1985) ; Adushkin et al. (2000)



Water Volumes
Major US Oil & Gas Basins

For context, Gazli water injection volume from 1962 — 1976 represents roughly one third of
water injection volume in Oklahoma from 2009 — 2016 (across 800+ Arbuckle wells).

Gazli 1962 — 1976: ~3.8 billion barrels injected

Oklahoma 2009 — 2016: ~9.8 billion barrels injected Scanlon, Weingarten et al. (2018)



Gazli Field
Major Seismic Events (1976 — 1984)

Bulletin of the Seismological Society of America, Vol. 75, No. 5, pp. 1465-1468, October 1985

THE 1976 AND 1984 GAZLI, USSR, EARTHQUAKES—WERE THEY
INDUCED?

By DAviD W. SIMPSON AND WILLIAM LEITH

On 19 March 1984, a magnitude Mg = 7.0 earthquake struck the desert town of
Gazli in Soviet Uzbekistan (Figure 1, inset). This event was unusual in that it
followed on the heels of two other events of the same magnitude that shook this
gas-producing region in 1976 (Aptekman et al., 1978; Kristy et al., 1980; Hartzell,
1980). Prior to 1976, this region had been relatively aseismic. All three events
resulted in extensive damage in the town of Gazli, which lies 50 km west of the
ancient city of Bukhara. The 1984 earthquake, which was centered (like those
before it) some 30 km to the north of Gazli (Figure 1), produced a maximum
intensity of 8 ball* in Gazli. Although more than one hundred people were injured,
only one death occurred. Pumping operations in the gas field, 15 km to the north,
were apparently interrupted for only a few hours.

Simpson & Leith (1985)



Gazli Field
Major Seismic Events (1976 — 1984)

Po— r'o Y- Ts |
— pipeline
—-—-canal

40N

F1G. 1. Sketch map of the Gazli area, with the epicenters of the 1976 and 1984 earthquakes plotted.
The line of the sketch cross-section of Figure 2 is indicated, I-1’.

Simpson & Leith (1985)



Gazli Field
Background
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Kristy et al. (1980)



Gazli Field
Major Seismic Events (1976 — 1984)
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Simpson & Leith (1985)



Gazli Field
1976 & 1984 Surface Deformation

March 1984 May 1976 April 1976

%

A,

——- Vertical displacement after the earthquakes in 1976, in mm
— Vertical displacement after the earthquakes in 1984, in mm
<~ A boundary of gas accumulation
® Epicenters of the earthquakes on April 8 and May 17, 1976 and March 20, 1984

—— Tectonic faults

Adushkin et al. (2000)



Gazli Field
Evidence for Triggered Seismicity

1. Background quiescence prior to onset
of gas production.

2. The occurrence of two M = 7.0 events

followed by a third, 8 years later does 1 mGazli ,_q_astfie_lc'i canal&res. 1’
not follow any typical foreshock- ! e T = :
aftershock pattern. The entire Qe s
sequence, however, has included a B
high level of aftershock activity. . \® 84/03/19

N

3. Mass., \./vithdrawgl has significantly b 76,/04/08

modified effective stresses at depth. \\

-20 km

4. Source modeling of the 1984
earthquake indicates that the rupture
propagated downward which is
uncommon for thrust mechanism
events (Eyidogan et al., 1985).

Simpson & Leith (1985); Grasso (1992)



Gazli Field
Transition to Gas Storage (1988 — 1993)
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Gazli Field

Seismicity (1988 — 1993 deployment)

Deployment located hundreds of
earthquakes in the vicinity of the
gas field — many >M4.0 — with an
M4.7 being the largest event

Plotnikova et al. (1996) found gas
extraction was followed by a
decrease in the earthquake
frequency

Gas injection was associated with
an increase of seismic event
numbers by 40-60%
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Gas Production Induced Seismicity
Two Cases Studies

___________ o= o = =
NN
o
=
Gazli Lacq
Uzbekistan France
April 1976 M.7.0 Sept. 1978 M 4.2
May 1976 M.7.3 April 2016 M 4.0
March 1984 M.7.0
Adushkin et al. (2000) Grasso et al. (2021)




Gas production Induced Seismicity
Lacqg Oil & Gas Field

One of the best-documented cases of
gas production related seismicity

S N
Shallow oil reservoir (0.7 km) , _
Deep gas reservoir (3.2 — 5.5 km) tL Molasse
Quick facts: et M
(1) Qil production start date: 1950 \
(2) Gas production start date: 1957 | Cower tbian X' e
(3) Shallow wastewater disposal: 1955 | T:e":“pf::"a", | \p — .
(4) Deep wastewater disposal: 1974 \‘”35: o o

(5) Highly overpressured reservoir: +30
MPa above hydrostatic prior to

pumping

Grasso et al. (2021)



Gas production Induced Seismicity
Lacqg Oil & Gas Field

Gas field produced 254 billion m3 of gas
from 1957 — 2012. Gas production S N
reduced to a negligible value by 2012. o
é X
Cumulative water injection is ~24.4 < FRN Sy o
million m3since 1974 s S =N e,
Fractured limestone reservoir is highly \
permeable: 50 -10,000 mD = ,
Lower Aptian .
lipeeneat R
Large pressure depletion across the km 3

reservoir in excess of ~60 MPa

Grasso et al. (2021)



Lacq Olil & Gas Field
Regional Seismicity
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Lacq Gas Field
Spatial Distribution of Seismicity
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Lacqg Gas Fleld
Temporal Evolution of Seismicity
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Lacq Gas Field
Subsidence
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Lacq Gas Field
Subsidence

gas pressure drop (MPa)
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surface subsidence (mm)

Segall, Grasso and Mossop (1994)



Lacq Gas Field
Poroelastic Modeling

Poroelastic stressing and induced seismicity
near the Lacq gas field, southwestern France

Paul Segall
Department of Geophysics, Stanford University, Stanford, California

Jean-Robert Grasso

Laboratoire de Géophysique Interne et Tectonophysique, Observatoire de Grenoble, Grenoble
France

Antony Mossop

Department of Geophysics, Stanford University, Stanford, California

Abstract. Hundreds of shallow, small to moderate earthquakes have occurred
near the Lacq deep gas tield in southwestern France since 1969. These earthquakes
are clearly separated from tectonic seismicity occurring in the Pyrenees, 25 km
to the southwest. The induced seismicity began when the reservoir pressure
had declined by ~ 30 MPa. Repeated leveling over the field shows localized
subsidence reaching a maximum of 60 mm in 1989. Segall (1989) suggested that
poroelastic stressing, associated with volumetric contraction of the reservoir rocks,
is responsible for induced seismicity associated with fluid extraction. To test
this model, we compare the observed subsidence and hypocentral distributions
with the predicted displacement and stress fields. We find that the relationship
between average reservoir pressure drop and subsidence is remarkably linear, lending
support to the linear poroelastic model. Displacements and stresses are computed

Segall, Grasso and Mossop (1994)



Lacqg Gas Fleld
Poroelastic Modeling

Table 1. Parameters Used in Calculations

Symbol Quantity Value

o Biot Coeflicient 0.25

v Poisson’s Ratio 0.25

P Shear Modulus 2.3 x 10* MPa
Ap Pressure Decline 60 MPa

T Reserveir Thickness 250 m

d Reservoir Depth 3.5 km

R Reservoir Radius 7.0 km

o

! - 1

10 12 14 16 18 20

HADIUS (o, direction)

Segall, Grasso and Mossop (1994)

DEPTH (o, direction



Lacqg Gas Fleld
Poroelastic Modeling

Thrust (o, vertical, 6, N45°E)
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Lacq Gas Field
Influence of Water Injection?

Did Wastewater Disposal Drive the Longest
Seismic Swarm Triggered by Fluid
Manipulations? Lacqg, France, 1969-2016

Jean-Robert Grasso™ ", Daniel Amorese?, and Abror Karimov'

ABSTRACT
The activation of tectonics and anthropogenic swarms in time and space and size remains
challenging for seismologists. One remarkably long swarm is the Lacq swarm. It has been
ongoing since 1969 and is located in a compound oil-gas field with a complex fluid manipu-
lation history. Based on the overlap between the volumes where poroelastic model pre-
dicts stresses buildup and those where earthquakes occur, gas reservoir depletion was
proposed to control the Lacq seismic swarm. The 2016 M,, 3.9, the largest event on the
site, is located within a few kilometers downward the deep injection well. It questions
the possible interactions between the 1955-2016 wastewater injections and the Lacq seis-
micity. Revisiting 60 yr of fluid manipulation history and seismicity indicates that the
impacts of the wastewater injections on the Lacq seismicity were previously undereval-
uated. The main lines of evidence toward a wastewater injection cause are (1) cumulative
injected volume enough in 1969 to trigger M,, 3 events, onset of Lacq seismicity; (2) 1976
injection below the gas reservoir occurs only a few years before the sharp increase in seis-
micity. It matches the onset of deep seismicity (below the gas reservoir, at the injection
depth); (3) the (2007-2010) 2-3 folds increase in injection rate precedes 2013, 2016 top
largest events; and (4) 75% of the 2013-2016 events cluster within 4-8 km depths, that
is, close to and downward the 4.5 km deep injection well. As quantified by changepoint

Grasso et al. (2021)



Lacq Gas Field
Gas production & Water injection (1969-2016)

TABLE 1
Fluid Manipulation Phases, 1955-2016, Lacq Field

Lacq Fluid Manipulations (1955-2016)

Fluid Manipulation Phase Extraction Operation (Depth, Type) Injection Operation (Depth, Type)
Phase | (1955-1974) 3-5 km, Gas reservoir 0.7 km, Wastewater

Phase Il (1974-2006) 3-5 km, Gas reservoir 4.5 km, Wastewater

Phase Il (2006-2012) 3-5 km, Gas reservoir 0.7 and 4.5 km, Wastewater
Phase IV (2013-2016) Negligible 4.5 km, Wastewater

1955 is the onset of the gas extraction.

Grasso et al. (2021)



Lacq Gas Field
Gas production & Water injection (1969-2016)
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Induced earthquakes related to gas production

Reviewed two classic case studies of gas production induced
earthquakes at Gazli, Uzbekistan and Lacqg, France

Both fields were located relatively seismically quiescent regions
prior to the onset of gas production

Both fields fit the established mechanism for gas extraction related
events: poroelastic response to mass removal

One underappreciated aspect of both the Gazli and Lacq cases may
be the combined effects of stresses induced by gas extraction and
pressure increases from deep(er) water injection. Further modeling
of the combined effect may be warranted.
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Invited review
Global review of human-induced earthquakes n |

Gillian R. Foulger™+, Miles P. Wilson®, Jon G. Gluyas”, Bruce R. Julian®, Richard J. Davies"

* Department of Barth Sdeces, Duwham Untversity, Durham DH1 3LE, UK
® School of Chill Enginesring and Geasciences, Newcastle Untversity, Newcassie upon Tyne NE1 7RU, UK

ABSTRACT

The Human-induced Earthqunke Database HiQuake, i a comprehensive recard of earthquake sequences pos-
tulated ®© be induced by anthropogenic activity. It contains over 700 cases spanning the period 1868-2016.
Activities that have been proposed to induce earthquakes include the impoundment of water reservoirs, erecting
tall buildings, coastal engineering, quarrying, extraction of groundwater, coal, minerals, gas odl and geothermal
fluids, excavation of tunnels, and adding material to the subsurface by allowing abandoned mines to flood and
injecting fluid for waste disposal, enhanced il recovery, hydrofracturing, gas storage and carbon sequestration.
Nixlear explasions induce earthquakes but evidence for chemical explosions doing so is weak Because it &
currently impossible © determine with 100% certainty which earthquakes are induced and which not, HiQuake
includes all earthquake sequences propased on scientific grounds to have been humandnduced regardless of
credibility. Challenges to constructing HiQuake include underreporting which is —30% of M —4 events, —60%
of M —3 events and —90% of M —2 events The amount of stress relessed in an induced earthquake & not
necesmrily the same as the anthropogenic stress added became pre existing tectonic stress may also be released.
Thus earthquakes disproportionately large compared with the ssociated industrial activity may be induced.
Knowledge of the magnitude of the largest earthquake that might be induced by a project, My, & impaortant for
hazard reduction. Observed Myax correlates positively with the scale of sssociated industrial projects, fluid
injection pressure and rate, and the yield of nuckar devices. It correlates negatively with cakulated inducing
stress change, likely becawe the Iatter correlates inversely with project scale. The largest earthquake reparted to
dae © be induced by fluid injection is the 2016 M 58 Pawnee, OKkahoma earthquake, by waternservoir
impoundment the 2008 M —8 Wenchuan, People's Republic of China, earthquake, and by mass removal the
1976 M 7.3 Gadi, Uzbekistan earthquake. The minimum amount of anthropogenic stress neaded to induce an



HiQuake: www.Inducedearthquakes.org

DM The Database About Induced Seismicity Resources v Contribute Research Profiles Citation and Disclaimer Funding and Acknowledgements

THE HUMAN-INDUCED EARTHQUAKE DATABASE N

‘:;'-A "Gwpnmnd : - j
o

Puerto Rico

Nigeria /&

pnezuela $ & 2 Elbionia B
. Guyana Keyboard shortcuts | Map data ©2022 Google, INEG! Imagery ©2022 NASA, TerraMetrics | Terms of Use

Fracking

33%
5 > 2 : i 25%
Projects with reported induced seismicity
ir impoundment
Wi and Ga
The Human-Induced Earthquake Database (HiQuake)
The Human-Induced Ear uake Datab. (HiQuake) i Geotherma
-date database of thquake
tr red by human activity.
Waste fiuid disposal
The data are freely available to 4%
own ana Nuclear explosions

We enc ur to keep the database up to date and accurate. If you have



http://www.inducedearthquakes.org/

HiQuake: Website analytics

* Released: 26th January 2017

 Total number visits: 412,638

* No. multi-visit users: 3,560
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Problems

» Starting problem: No way of knowing If a
proposal of human-induction correct or not

— Upfront decision: — include all proposals
— Opinion on reliability user’s responsibility

* Ending problem: Stakeholders wanted guidance
on reliability of cases

— But a non-verifiable post-dictive problem!

— necessitated expert-opinion approach
— will be bias and noise

— We focused on reducing both bias and noise




How to assess the strength of cases?

 To reduce bias among expert opinions — use
guestionnaires

 History of questionnaires:
— Davis & Frohlich [1993]
— Davis et al. [1995]
— Frohlich et al. [2016]
— Verdon et al. [2019]




Example: Davis & Frohlich [1993]

Designed for fluid injection
7 questions
> 5 yes = probably induced
4 yes = ambiguous
< 3 yes = unlikely to be induced

1. Background seismicity: Are these events the first known earthquakes of this character in the
region?

2. Temporal correlation: Is there a clear correlation between the time of injection and the times of
seismic activity?

3a. Spatial correlation: Are epicenters near the wells?

3b. Spatial correlation: Do some earthquakes occur at depths comparable to the depth of
injection?

3c. Local geology: If some earthquakes occur away from wells, are there known geologic
structures that may channel fluid flow to the sites of the earthquakes?

4a. Injection practices: Are changes in fluid pressure sufficient to encourage seismic or aseismic
failure at the bottom of the well?

4b. Injection practices: Are changes in fluid pressure sufficient to encourage seismic or aseismic
failure at the hypocentral locations?



Example: Davis & Frohlich [190”’

Designed for fluid injection
7 questions b
> 5 yes = probably ir. ? ( O \O\GC

4 yes = ambiguoL
< 3 yes = unlikely to be in

- \!
1. Background seismicity: Are these events the first known e (\a ' C‘ed

region? -~ (eg’&(\

2. Temporal correlation: Is there a clear correlation between the C,
I - X!

seismic activity? .

3a. Spatial correlation: Are epicenters near the wells? P

3b. Spatial correlation: Do some earthquakes occur at depths compat . the depth of

injection?

3c. Local geology: If some earthquakes occur away from wells, are there known geologic
structures that may channel fluid flow to the sites of the earthquakes?

4a. Injection practices: Are changes in fluid pressure sufficient to encourage seismic or aseismic
failure at the bottom of the well?

4b. Injection practices: Are changes in fluid pressure sufficient to encourage seismic or aseismic
failure at the hypocentral locations?



Structure of Project: Three Phases

Goal: Produce the best possible gradings for all
the cases In HiQuake

1. Design & trial suite of questionnaire schemes

2. Develop a final, generic scheme — E-PIE
3. Apply to all 1235 cases in HiQuake

12



Phase 1: Design & trial suite of
guestionnaire schemes



Phase 1: Design & trial schemes

* Three questionnaire schemes developed:

— “Strength of Case” (SoC; “quick”) scheme —
subjective

— “Generic Verdon” (GV) scheme — hybrid
— “Number of Evidence” (NOE) scheme — objective

subjective hybrid objective

—

SoC GV NoE

14



Strength of Case (SoC; “quick™) scheme

* Subjective

2 Case weak/unlikely
3 Case moderate/plausible
4 Case strong/likely

15



Generic Verdon (GV) scheme

* Hybrid, 7 questions

6. Is there a plausible mechanism to have caused the events?

a. No significant pore-pressure increase or decrease occurred that can be linked in a plausible manner to the -5
event hypocentral position
b. Some pore-pressure or poroelastic stress change occurred (increase in pore-pressure or positive Coulomb +2
Failure Stress [CFS]>0.1 MPa, or a decrease in pore pressure of > 1 MPa) that can be linked in a plausible
manner to the event hypocentral position
c. A large pore-pressure or poroelastic stress change occurred (increase in pore pressure or positive CFS >1 +5
MPa, or a decrease in pore pressure of > 5 MPa) that can be linked in a plausible manner to the event
hypocentral position
6. Do the non-seismic data, e.g. pore-pressure changes, support the suggested induction process?
a. The non-seismic data provide little or no support for the proposed induction process -5
b. The non-seismic data support the proposed induction process to some extent 2
¢. The non-seismic data support the proposed induction process strongly 5

Verdon JP, Baptie BJ, Bommer JJ (2019) An Improved Framework for
Discriminating Seismicity Induced by Industrial Activities from Natural
Earthquakes. Seismol Res Lett 90: 1592-1611

16




Number of Evidence (NoE) scheme

* Objective

Wi O U1 & W I =

Background seismicity
Epicentral location
Hypocentral depth

Temporal correlations
Physical model

Stress: industrial
Swarm/aftershock activity
Stress

Earthquake magnitude
b-value

Total number of earthquakes
Focal mechanisms

Direct nucleation effects observed
Surface deformation

17



Results studied

Applied to 55 large-M,,, Cases

Two result types:
— Dataset quality
— Strength of evidence for human induction

Between-analyst correlations
Between-scheme correlations

18



Results between analyst: Generic Verdon
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Generic Verdon vs. Strength of Case (“‘quick™)
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Generic Verdon vs. Strength of Case (“‘quick™)
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Evidence for human-induction vs. My,
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Application to “natural” earthquakes

Case

Reykjanes Peninsula, Iceland

Coso geothermal field,

California

Lombok, Italy (2018)

Thilisi, Georgia (2002)

Evidence for human induction

Generic Verdon (%)

-17
-35
-24
-29
-52

-34

26

-34

Strength of Case (%)

20
20
20
20
20

20

20

20

Number of Evidence (%)

23



Application to “natural” earthquakes

Case

Reykjanes Peninsula, Iceland

Coso geothermal field,

California

Lombok, Italy (2018)

Thilisi, Georgia (2002)

Evidence for human induction

Generic Verdon (%)

-17
-35
-24
-29
-52

-34

-34

Strength of Case (%)

20
20
20
20
20

20

20

20

Number of Evidence (%)
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Phase 1: Conclusions

Developed & trialed 3 schemes:

— subjective SoC scheme
— hybrid GV scheme
— objective NoE scheme

Between-analyst variation: correlation coeff’s R ~ 0.8 to 0.4
Mean SoC (“quick’) results comparable to GV (R ~0.8)

M, ax correlates weakly negatively with evidence of induction
GV scheme may recognize new human-induced earthquakes
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Phase 2: Develop a final, generic
scheme

E-PIE

(Evaluating Proposals of human-
Induced Earthquakes)

26



Phase 2: E-PIE generic scheme

Orientation
How plausible is the proposed induction mechanism?
. Is it a well-established phenomenon?
* s it reported for multiple localities?
How wide, in space and time, is the range of likely environmental modulation?
+  (Only near-field, rapid response to operations likely
+  Up to medium-field, medium-term response to operations likely
*  Out to far-field, delayed response to operations likely

Proposed-induced earthquakes (PIEs)

Pre-industrial earthquakes

5. Pre-industrial earthquakes—epicenters: Is there evidence for pre-industrial earthquakes at or near the site of
the PIEs?

a. Insufficient information available

b. Pre-industrial earthquakes occurred at or near the site of the PIEs

c. Pre-industrial earthquakes occurred in the wider region around the site of the PIEs

d. Pre-industrial earthquakes did not oceur at or near the site of the PIEs or in the wider region around it

6. Pre-industrial earthquakes—hypocenters: Is there evidence for pre-industrial earthquakes in the same

1. PIEs-temporal: Did the PIE sequence onset before, during or after the industrial activity? 10 volume as the PIEs? 2
a. Insufficient information available a. Insufficient information available
b. The PIE sequence began before the onset of the industrial activity Exit b.  Pre-industrial earthquakes occurred at or near the site of the PIEs at similar or shallower depths
¢. The PIE sequence began while the industrial activity was minimal OR after its cessation ¢. Pre-industrial earthquakes oceurred in the wider region around the site of the PIEs at similar or shallower depths
d. The PIE sequence began while the industrial activity was substantial - d. Pre-industrial earthquakes did not occur at or near the site of the PIEs or in the wider region around it at similar
2. PIEs—epicenters: Is there spatial collocation between the PIEs and the likely area of environmental 100 or shallower depths

modulation by the industrial activity?

Additional data

4. Insufficient information available

b. The PIEs are outside the likely area of environmental modulation by the industrial activity

7. Focal mechanisms: Are the focal mechanisms consistent with a natural and/or induced earthquake cause?

4. Insufficient information available

c. The PIEs are peripheral to the likely area of environmental modulation by the industrial activity

d. The PIEs are within the likely area of environmental modulation by the industrial activity

3. PIEs-hypocenters: Is there spatial collocation between the PIEs and the likely volume of environmental
modulation by the industrial activity?

100

a. Insufficient information available

b. The PIEs are beneath the likely volume of environmental modulation by the industrial activity

c. The PIEs are peripheral to the base of the likely volume of environmental modulation by the industrial activity

d. The PIEs are within the likely volume of environmental modulation by the industrial activity

4. PIEs-temporal: Is there temporal correlation between the PIEs and specific industrial events?

100

4. Insufficient information available

b. There is little or no temporal correlation between the PIEs and specific industrial events

c. There is weak temporal correlation between the PIEs and specific industrial events

d. There is strong temporal correlation between the PIEs and specific industrial events

b. The focal mechanisms ARE consistent with the regional stress and NOT consistent with the proposed induction
mechanism

¢. The focal mechanisms ARE consistent with the regional stress and ARE consistent with the proposed induction
mechanism
OR
The focal mechanisms are NOT consistent with the regional stress and NOT consistent with the proposed
induction mechanism

d. The focal mechanisms are MOT consistent with the regional stress and ARE consistent with the proposed
induction mechanism

8. Other—seismic data: Are there other seismic data to support a natural or induced cause, e.g., swarm,
foreshock-aftershock pattern, b-value, total number of earthquakes, stress release corresponding to the
earthquake magnitude or seismicity?

a. Insufficient information available

b. Other seismic data support a natural origin

c. Other seismic data are equivocal

d. Other seismic data support an induced origin

9. Other-non-seismic data: Are there non-seismic data that support a natural or induced cause, e.g., direct
nucleation effects, precursory surface deformation?

a. Insufficient information available

b. The non-seismic data support a natural origin

¢. The non-seismic data are equivocal

d. The non-seismic data support an induced origin




nase 2. Develop a final, generic scheme

Orientation
How plausible is the proposed induction mechanism?
Is it a well-established phenomenon?
Is it reported for multiple localities?
How wide, in space and time, is the range of likely environmental modulation?

Only near-field, rapid response to operations likely
Up to medium-field, medium-term response to operations likely
Out to far-field, delayed response to operations likely

Proposed-induced earthquakes (PIEs)

PIEs—temporal: Did the PIE sequence onset before, during or after the industrial activity? 10
PIEs—epicenters: Is there spatial collocation between the PIEs and the likely area of environmental
z : : S 100
modulation by the industrial activity?
PIEs-hypocenters: Is there spatial collocation between the PIEs and the likely volume of environmental 100
modulation by the industrial activity?
PIEs-temporal: Is there temporal correlation between the PIEs and specific industrial events? 100
Pre-industrial earthquakes
. Pre-industrial earthquakes—epicenters: Is there evidence for pre-industrial earthquakes at or near the site of 10
the PIEs?
Pre-industrial earthquakes—hypocenters: Is there evidence for pre-industrial earthquakes in the same 10
volume as the PIEs?
Additional data
Focal mechanisms: Are the focal mechanisms consistent with a natural and/or induced earthquake cause? 10
. Other—seismic data: Are there other seismic data to support a natural or induced cause, e.g., swarm,
foreshock-aftershock pattern, b-value, total number of earthquakes, stress release corresponding to the 10
earthquake magnitude or seismicity?
Other—non-seismic data: Are there non-seismic data that support a natural or induced cause, e.g., direct 10

nucleation effects, precursory surface deformation?
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Phase 2: Develop a final, generic scheme

nnnnnnn
1 - ] L ””””””
. . M B | B | w=Analyst3
—

AAAAAAAA

Score results
5 analysts, 9 questions, 23 cases
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Phase 2: Logical im

Question # Answer b. (green) Answer c. (yellow) Answer d. (red)




Phase 2: E-PIE — Display of results

Groningen

many authors

Equivocal

(Qs 7 & 8)

Pohang 2017 Deep penetrating bombing

Mo data Matural Equivocal Mo data

Equivocal

Grigoli et al. 2018 Balassanian 2005
Kim et al. 2018
McGarr 2018
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Phase 2: E-PIE test on 23 cases

-1 0 +1

Ranked Case  Natural Equivocal Induced

1st
Cannikin #5

2nd

Groningen #9

3rd

Preese Hall later #19

4th

The Geysers #11

Quantifying the results

Ansa = 0 T ——
Ansb = -1
Ansc = 0
Ansd = +1

median completeness
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Ranked Case

1st
Cannikin #5

2nd

Groningen #9

3rd

Preese Hall later #19

4th

The Geysers #11

5th

KTB experiment, 1994 #15

6th
N201-H24 fracking
well pad #6

7th
Pohang, 2017 #16

8th

Koyna #3

Oth

Gazli #1

10th

Decatur, llinois, CCS #13

Natural

Phase 2: Test on 23 cases

Equivocal

Induced




Phase 2: Test on 23 cases

01
14th

President Brand Mine #14

07
15th

Folkestone #4

16th
Ghorka #2

17th

Preese Hall early #18

18th

Wenchuan / Zipingpu #10 -

09
09

19th

Brockham early #20

09
0.9

20th 1 0.9

Brockham late #21
21st

Deep penetrating
bombing #17

22nd

Selemo and Lesedi
pilot pods #7

23rd

Horse Hill late #23

(13
0.3
06
06

0.7
04

0.7
0.9

P ]

Equivocal Induced
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Phase 2: E-PIE
test on 23 cases

Ranked Case

st
Careibin 85

2nd
Groningen #9

3rd
Preese Mall later 119

4th
The Geysers 411

5th
KT experiment, 1594 415

6th
N201-H24 fracking
well pod #6

7th
Pohang, 2017 816

8th
Koyna 83

Sth
Gadli 1

10th
Gecatur, Hinols, CCS 413

11th
Prague, OK 414

12th
Taipei 101 28

13th
Horse Hill early 822

14th
President Brand Mine 414

15th
Folestore #4

16th
Ghorka #2

17th
Precse Hall carty 818

18th
Wenchuan { Zipingees 410

19th
Brockham early 820

20th
Brockham late 421

21st

Deep penetrating
bombing 817
22nd
Selemo and Lesed!
pilot pods #7
23rd

Natural




Phase 2: Analyst scatter vs
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. red: mean
. blue: median
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ase 2: Analyst scatter as ple charts

Analyst 1 Analyst 2 Analyst 3 Analyst 4 Analyst 5
Groningen Groningen Groningen Groningen Groningen
Equivocal Equivocal No data

No data No data
Equivocal

Equivocal

KTB experiment KTB experiment KTB experiment KTB experiment KTB experiment

Natural Equivocal No data No data No data
Equivocal Equivocal
No data
Natural
Equivocal
Pohang 2017 Pohang 2017 Pohang 2017 Pohang 2017 Pohang 2017
Nodata  atyral No data Natural No data Natural - No data
Equivocal @xa Equivocal

Deep penetrating bombing Deep penetrating bombing Deep penetrating bombing Deep penetrating bombing Deep penetrating bombing

Equivocal Equivocal Induced Equivocal

No data No data

Equivocal No data

No data

Equivocal
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Phase 2. Compare E-P

ESR*IAR vs. E-PIE data completeness/mean/median
150

/ . ® ESH ws. data completenass

oo ® ESR*| AR vs. E-PIE Miean
® ESH*| AR vs. E-PIE Median

E-HEdatampg.enusfmunfmedlan
3
\g
\-;\h
B
=
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Phase 2: Conclusions

* E-PIE performs well on test cases

* E-PIE repeatability good for strong cases,
poorer for weak cases

» E-PIE agrees well with Verdon et al. (2019)
fluid-injection scheme
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Phase 3: Grade all cases In
HiQuake



Phase 3: Apply to all cases in HIQuake

o B~ W

Plan of work

Multiple analysts score all cases using SoC
(““‘quick”) scheme

Single analyst score all cases using E-PIE
Analyze & publish results

Publish paper(s)

Upload to www.inducedearthguakes.org

41


http://www.inducedearthquakes.org/

Phase 3: Apply to all cases in HIQuake

o B~ W

Plan of work

Multiple analysts score all cases using SoC
(““quick”) scheme — 100%

Single analyst score all cases using E-PIE — 15%
Analyze results — 30%

Publish paper(s)

Upload to www.inducedearthquakes.org — to discuss

42
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Phase 3: Apply to all cases in HiIQuake

SoC (“quick’) score results (rounded averages)

Case Case Case
weak/ moderate/ strong/
unlikely  plausible likely

Earthquake cause (main class) Number of cases 0 2 3 4

CCs 3 0 0 0 0 1

Chemical explosion 1 0 1 0 0 0

Coal Bed Methane (CBM) 1 0 1 0 0 0
Construction 2 0 0 1 1 0
Conventional Oil and Gas 136 0 0 6 82 29

Deep penetrating bombs 4 0 4 0 0 0 0
Fracking 412 0 0 0 83 217 112
Geothermal 73 0 0 7 22 20 24
Groundwater extraction 8 0 0 0 5 3 0
Mining 303 0 3 72 101 53 74
Nuclear explosions 28 0 0 0 12 8 8
Oil and Gas 8 0 0 0 1 7 0
Oil and Gas/Waste fluid injection 4 0 0 0 0 0
Research 14 0 0 1 0 1 12
Waste fluid disposal 49 0 0 4 7 13 25
Water reservoir impoundment 189 0 2 23 82 52 30
Total 1235 0 11 114 400 404 306



Phase 3: Apply to all cases in HiQuake

SoC (“quick™) score results (rounded averages)

Conventional Qil and Gas
Groningen

\ 0; 0% 6’ 3%

@ Case very weak/ highly unlikely

O Case weak/ unlikely
O Case moderate/ plausible
82, 60%

O Case strong/ likely

@ Case very strong/ highly likely

Example: Conventional Oil and Gas (total 136 cases, e.g., Groningen) ”



Phase 3: Apply to all cases in HIQuake

SoC (“quick’) score results (rounded averages)

B case weak/ unlikely

O ¢ase moderate/ plausible

O Case strongf likely

B case very strong/ highly likely

Conventional Oil and Gas

0,0% 6 5%
BiCase very weak/ highty unlikely

BICase weak/ unlikely
DOCase moderate/ plausible
B2, 60%

DICase strong/ likely

BICase very strong/ highly likely

Groundwater extraction

0, 0%
BCase very weaky highly un likely

DCase weak/ unlikely
Dcase moderate/ plausible
DOCase strong/ likaly

W Case very strong/ highly lkely
Oil and Gas/Wate fluid injection

oo%  0.0%

- 0, 0%

=

B Casevery weak' highly unlikely

B case weaky unlikely

[Otase maderatef plausible

D Case stron g likely

4, 100% ’
B case very strang/ highly likely

B Case very weakd highly unlikely

o, 0%

oo% . Chemical explosion
0, 0%

0, 0%

BCase very weak/ highly unlikely
OCase weak! unlikely

Ocase moderate/ plausible
DCase strang/ lkely

B Case very strong/ highly likely

Deep penetrating bombs
0,0% o, 0%

E

@casevery weak/ highly unlikely
D case weak/ unlikely

O case moderate plausible

O case stron g/ |lkely

B casevery strong/ highly likely
Mining

BCase very weak/ highly unlikely

Dcase weak/ unlikely

Blcase moderata/ plausible
101, 33% Dcase strong/ likely

BCase very strong/ highly likely

Research

B case very weak/ highly unlikely
D case waak/ unllkely

Ocase moderate/ plausible
Dcase strong likely

@ case very strang/ highly likely

Coal Bed Methane (CBM)

0, 0% -0, 0%

0, 0%

0, 0%
B Case very weak/ highly unlikely

Dtase weak/ unlikely
Otase maderataf plausible
Ocase strongf lkely

B Case very strong/ highly likely

Fracking

0, 0% 0, 0%

Nuclear explosions

EICase very weak/ highly unlikely
83, 20%

DICase weak, unlikely
[DIcase moderate/ plausible

Ocase strong likaly

WCase very strong/ highly likely

0,0% g, 0%

.Zﬂi

@ Casevery weak/ highly unlikely

O ¢ase weak/ unlikely

O Case moderate plausible

D Case strong likely

8

B Case very strang/ highly likely

Waste fluid disposal

Bcasevery weak! highly unlikely
O Case weak, unlkely
Ocasemoderate/ plausible
Dtase strang/ liksly

B case very strong/ highly likkely

Construction
0, 0%

0, 0%

BICase very weak/ highty unlikely
DICase weak/ unlikely

DICase moderate/ plausible
DICase strong/ likely

BCase very strong/ highly likely

Geothermal

EICase very weak/ highty unlikely
DICase weak/ unlikely

[DICase moderate/ plausible
DItase strong likely

WCase very strong/ highly likely

0il and Gas
0,0% oy 00%

BiCase very weak/ highty unlikely
[EICase weak/ unlikely

DICase moderate/ plausible
DOcCase strong/ likely

WCase very strong/ highly likely

Water reservoir impoundment

2,1%
BCase very weak/ highly unlikely

O Case weak/ unlikely
Otase moderate/ plausible
DOCase strong/ likely

B Case very strong/ highly likely



Phase 3: Apply to all cases in HiIQuake

SoC (“quick’) score results (rounded averages)

404, 33%

11, 1%

Entire HiQuake database (total 1235 cases)

HiQuake

400, 32%

@ Case very weak/ highly unlikely

0 Case weak/ unlikely

O Case moderate/ plausible

O Case strong/ likely

@ Case very strong/ highly likely
46



Phase 3: Apply to all cases in HiQuake

Equivocal Induced

(Quickscore)

Natural

10

0.8

0.6

0.2

0.0

-0.2

-0.8

-1.0

E-PIE results

Correlation of SoC (“quick™) & E-PIE — 23 cases

L] L 3]
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Phase 3: Apply to all cases in HiIQuake
E-PIE results

158 cases

HiQuake

Entire HiQuake
database (total

1235 cases)
ONo data Quick
11, 1%
O Natural
O Equivocal

@ Induced

400, 32%

404, 33%




Phase 3: Conclusions

Average SoC (“quick™) scores complete for HiIQuake
— preliminary, noise reduced results

Application of E-PIE In progress
— will reduce bias
Good correlation between mean “quick” & E-PIE

Initial results suggest:

— 50-60% strong evidence for human induction
— 30-40% weak evidence for human induction
— 10% natural
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Deliverables to date

1. Submitted to Bulletin of the Seismological

Society of America: Human-Induced Earthquakes:
The Performance of Questionnaire Schemes

2. Submitted to Journal of Seismology:

Human-Induced Earthquakes: E-PIE — A Generic Tool for
Evaluating Proposals of Induced Earthquakes

3. HiQuake grading data to date
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o B~ W

Ongoing work

Plan of work

Multiple analysts score all cases using SoC (Quick)
scheme — 100%

Single analyst score all cases using E-PIE — 15%
Analyze results — 30%

Publish paper(s)

Upload to www.inducedearthquakes.org — to discuss
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That's all Jolhs

“And did you
find the orders
on how to
abandon ship
very clear,
somewhat clear:
or not clear
at all?”
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Workshop on Maximum Magnitude of
earthquakes in Groningen

DAY 2

Tuesday 14t June: Groningen seismicity and fault ruptures

Start End Speaker Presentation

8:30 9:15 | Bernard Dost History of seismic monitoring in the Groningen field
9:15 10:30 | Steve Oates Groningen earthquakes: focal depths and fault ruptures
10:30 | 11:00 Coffee break

11:00 | 11:45 | Chris Spiers Properties of Groningen reservoir and fault rocks

11:45 | 12:30 | Rick Wentinck Geomechanical model of fault rupture in the Groningen field
12:30 | 13:30 Lunch

13:30 | 14:45 | Jean-P. Ampuero | Physics-based models of natural and induced seismicity
14:45 | 15:15 Coffee break

15:15 | 16:30 | Mark Zoback Crustal stresses and earthquake triggering

16:30 | 17:00 All General discussion




%P Koninklijk Nederlands

Meteorologisch Instituut
Ministerie van Infrastructuur en Milieu
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History of seismic
monitoring in the
Groningen gas field

Bernard Dost, EImer Ruigrok, Jesper Spetzler,
Gert-Jan van den Hazel, Jordi Domingo,
Pauline Kruiver




Fig. 1 Seismic stations in the Netherlands in operation in 1989

Mmax workshop, June 14, 2022
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KNMI permanent network in 1989:

Natural seismicity was only observed in the SE of the Netherlands and no
induced seismicity was observed until 1986

WIT:
Grenet, Z (1951-1979), Press-Ewing Z,N,E (1963-66), Wilmore-MK-II SP, Z
(1966-93)
Streckeisen STS1 (1995-2013)

WTS:  Wilmore MK-II SP, Z (1974-1993)
Streckeisen STS2 (2000-present)

ENN/HGN:
Willmore MK-II (Z) (1980-1993)
Streckeisen STS1 (1993-present)
DBN:
Galitzin (1914-1994), Press-Ewing (1966-1987?),

Teledyne-Geotech SL210/220 (1976-1995),
Streckeisen STS-2 (1995-present)




Network development (1989-1995)

Assen network (temporary)

« Installed after the first induced events were recorded in
1986

« Operational 1989-1994 (orange circles)

« Instrumentation: Willmore MK III, Z (red triangles)

FSW experimental borehole

« Installed in 1991, 300m deep, 75m vertical sensor-spacing
« High noise environment, strong noise reduction with depth

« Most effective noise reduction at 75-150m depth

53.5°N .-

53°MN Feremmeee

52.5°N

53.5°N

-4 53°N

-1 32.5°N

FSW it : .
0 v 5‘I'E 6‘.‘E TLE
50 75m - -
v Fl il Pl
100 since at de de nts
E 150 \V4 Zeyen 1988-12-01 1994-06-01 53,053 6,544 HHZ
£ E'EE Westerbork  1988-12-01 1994-07-01 52,917 6,611 HHZ
& 200 Rolde 1989-02-01 1994-06-01 53,000 6,659 HHZ
250 \4 Laaghalerve  1989-09-01 1994-06-01 52,929 6,504 HHZ
en
300 YV Bovensmilde  1989-09-01 1995-01-01 52,997 6,460 HHZ
m Marwijksoor ~ 1989-09-01 1994-04-01 52,960 6,634 HHZ
¥ 1991 d
Mmax workshop, June 14, 2022 Witteveen 1993-11-16 2013-12-01 52,814 6,670 HHZ




Assen network

« Recording of the 1992-07-22 M 2.6,
Assen event

« Lowest trace: station WIT

 Only Z-component. In 1994 one of
the stations (WSB) was upgraded to
3C recording

« Due to high surface noise, no triggers
for small (M<2) Groningen events

Mmax workshop, June 14, 2022
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Network development (1995)

« Seismicity was mainly recorded around smaller gas fields

« Borehole network covering an area of app 100*50 km

« Borehole configuration: 200m depth, 50m vertical spacing

- ENM, WDB, ZLV, HWF, ENV, VLW, VBG were added in the NE
(Groningen, Drenthe)

« WMH, OTL and PPB in the West (Noord-Holland)

« Average inter-station distance: 20 km

« Surface accelerometers were added at locations of felt events

Network expansion (2009-2010)

« Additional boreholes to cover smaller fields outside Groningen
(NIW, SUH) and one in Groningen (SPY)

* Boreholes in Friesland (WYN, FDG, ZWE) for monitoring of
deep salt mining

Plans were developed to intensify monitoring of the
Groningen gas field and decrease inter-station distance
(2008).

Mmax workshop, June 14, 2022
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Network design

Based on measured average noise levels in FSW at 225m
depth, a magnitude treshold (Magnitude of Completeness,
MoC) was calculated for the NL network

Design criteria: Felt events have been reported for ML>1.8, so
a MoC= 1.5 was used as input

In 2013 (Figure right) all gas fields showing seismicity are
located within the MoC=1.5 contour

The network was not designed to optimise location accuracy.
Average inter-station distance ~20 km and average location

uncertainty estimated at ~ 1 km for events within the network.

Mmax workshop, June 14, 2022

53.5°N

53°N
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51.5°N

4°E 5°E 6°E 7°E

borehole geophone stations (blue triangle),
surface seismic stations (magenta triangle),
surface accelerometers (red stars)
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Network update

« In 2014 the Groningen network was updated, reducing the
average station distance in the field to ~5 km

« The new network allows a higher location accuracy and more
detailed studies (e.g. effect of variations in shallow velocity
structure, detailed source studies)

« The MoC in Groningen was lowered to ML~0.5

 Newly instrumented areas outside Groningen:

Twente (T, wastewater injection), Norg and Grijpskerk
(N & GK, both gas-storage), Zuid-Holland (ZH,
geothermal operations)

Mmax workshop, June 14, 2022
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Development of seismicity

« After 2000 production of the Groningen field increased and also seismicity increased.

50
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Annual preduction (Billion Nm3)
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Year

Temporal changes

2010

2015

2020

Number of earthquakes per year
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25 A

204

15 4

10 4

B Groningen
EEE Other regions

o -
1985 1990 1995 2000 2005

Year

Over time the b-value remained constant, while the
activity rate increased
Magnitude of completeness, derived from FM curves,
changed from ML 1.2 (2003-12) to ML 0.5 (2014-16)

Mmax workshop, June 14, 2022
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Spatial distribution of seismicity

« Top right (1986-2004): most activity at smaller fields
« Lower left (2004-2014): most activity at the Groningen
gas field

« Lower right (2014-2022): increasing number of small 53°N
events recorded in Groningen
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Groningen network

 G-network:
Geophone string, 50m vertical sensor
separation + surface accelerometer

e B-network:

Update of existing accelerometer
network installed in buildings

* Household network (TNO/NAM)

« 4 broad-band sensors co-located
with G stations

» Deep boreholes at reservoir
depth (ZRP, STDM)

« Other temporary surface stations
(NARS)

Mmax workshop, June 14, 2022
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Instrumentation

G-station

Household network

Mmax workshop, June 14, 2022
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50
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- - . 50
Seismic noise levels _ 40 100
m 150
= 200
Boreholes (top figure): S 30}
« Reduction of 20-30db between the surface sensor 2
and sensors at depth S20f
3
= Ty
Comparison measured noise levels (lower figure)
o ‘0 Il
« P90 rms velocities of the Z-component in the 5-40 , s AP -
Hz passband. T T T i
« The logarithmic mean over 122 geophones: 20| | [C—JGeophones
[ IBroadbands

-0.947 £ 0.328 (113 um/s) ol
» The logarithmic mean over 60 accelerometers:
0.467 £ 0.315 (2931 um/s)
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Sensor orientations

The orientations of the borehole sensors were unknown and

are determined using

 Check-shots

« Explosions

* Cross-correlation with surface sensors

Both with known location and timing

« Teleseismic events

Essential information for e.g. source studies

« 70*%5*3 = 1050 channels

The orientation of accelerometers in operation
before 2014 were only recently checked in

preparation of their publication on the KNMI
Web portal

Mmax workshop, June 14, 2022
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Max. cross-correlation coefficient with respect to the surface
accelerometer as a function of the rotation of the geophone for
different borehole levels (50,100, 150 and 200m depth).

Red lines: average rotation and = 1 standard deviation




Quality control
A difference in gain setting was found

* Gain settings between the accelerometers of the B- and G-
Recorded teleseismic events should show network and the later installed G710-800
similar amplitudes over the network accelerometers.

Fiji quake PKP max Z-comp particle velocity Data were not yet used in GMM development
6 %107 19-Aug-2018 00:19:37, Z-comp, [0.4 0.9] Hz . . )
%71200 It did influence Mw calculations, not the ML

calculations (based on 200m borehole
geophone signals)

Particle velocity [m/s]

10 20 30 40 50 60 70 80 20
Station No.

Mmax workshop, June 14, 2022




Quality control
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Triggered borehole data (1995-2011):

The maximum absolute amplitude value of
individual borehole channels , normalized with
respect to the average maximum absolute
amplitude of this channel

Periods of degrading amplitudes can easily be
identified.

KEM 11c: Quality assurance and publication of
the KNMI 1995-2013 induced seismicity data,
evaluation by NORSAR



Magnitude 0
3.5+t T_
Local magnitude (ML) ] r
» Fast calculation (max hor. comp. WA simulated 3.0 A

signal), based on 200m deep sensor data

251 | Aé.—

Moment magnitude (M) =2h Sl

« No saturation, based on physics - 20l Q}—H

« Calculated from earthquake spectra or through ] o]
moment tensor inversion

15+
Relation between M and ML required for hazard $
assessment 1.0} =
0.5 | — M=ML
— uncorrected relation Groningen
corrected relation Groningen
UI%.D 0.I5 l.IU 1.I5 2.ID 2.I5 3.ID 3.I5 4.0

MI

Mmax workshop, June 14, 2022




Earthquake location

> Accurate velocity model (NAM 3D)
> Rapid location using hypocenter software (uncertainty x,y,z ~0.5 km)
> Application of new location algorithms (e.g. EDT)
> Re-location using:
— Modified EDT method (Spetzler & Dost, 2017, GJI)
— Relative locations of clusters (Jagt et al., 2017, NJG)
- Moment tensor inversion (Willacy et al., 2018, 2019; Kuehn et al., 2020; Dost et al. (2020))

Mmax workshop, June 14, 2022




3D velocity model for Groningen
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> EW and NS transects of P-velocity model through the Groningen field. Shown are
averages in depth and velocity over a box with a 5 km radius.

> 3D model contains both P- and S-velocities (Romijn, 2017)

> S-N: Increase in the depth of the Chalk (CK) layer and a deepening of the top reservoir.

> W-E: a shallowing of the top reservoir

Mmax workshop, June 14, 2022




Hypocenter location

Vertical misfit function

Vertical profile for Event on 20140315190924

Misfit value (m*s2)
N o el N w e a [+)] ~ s3]

000 2200 2400 2600 2800 3000 3200 3400
Depth (m)

Depth (m)

Mmax workshop, June 14, 2022

Old network:
Interstation distance ~20 km
Location accuracy 0.5-1 km

New network:
Interstation distance 4-5 km

Velocity Cross-Section for Event 20140315190924 .
v Location accuracy 0.1-0.3 km
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Analysis of deep boreholes (NAM, microseismicity)
shows most events are confined to the reservoir
e.g. Pickering (2015)




Hypocenter location

Improved resolution shows good correlation
with existing faults

Addition of information on the earthquake
mechanism will corroborate or falsify this
apparent correlation
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Moment tensor solutions for Groningen

> M= 2.0, 2016-2019

> Method:
— Full waveform probabilistic optimization method
(Pyrocko/Grond)
> Results:

— Normal faulting, dip 50-700
— Re-activated faults are identified

— Locations from MT inversion are within 250m from
re-location solutions using other inversion methods.

— Double Couple (DC) solutions allow to distinguish
between neighboring faults

— A consistent negative isotropic component was found
(up to 50%).

Mmax workshop, June 14, 2022




Re-activated faults

8805 B026 5848
8473 8511 8545

Interpretation:

« Re-interpretation of faults using ant-tracking show
continuation in the Carboniferous

« Events occur mainly along faults with a small throw

Mmax workshop, June 14, 202220st et al., 2020, BSSA




KNMI Peak Accel. Map (in %g) : knmi2018anwg / 53.363 / 6.751
Jan B8, 2018 02:00:52 PMUTC M 3.4 N53.36 E6.75 Depth: 3.0km ID:knmi2018anwg

Data products

Open data policy: waveform data, event
Catalog, shakemaps (M>2.0), comparison
with GMM

Metwork: NL [HHZ] - (B2 traces / 2018-01-08T14:00:52)
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Conclusions piiiad

— Monitoring of the Groningen gas-field developed from a network capable to
detect events (1995-2014) to a network capable to study e.g. the relation
between seismicity and existing faults (>2014).

— Data are used in e.g. the development of Groningen GMMs.

— Dense borehole networks as the Groningen network require new ways of
(automated) quality control.

— Most events occur within the reservoir, which was also seen in microseismicity
studies using deep boreholes at reservoir level.

— Moment tensor inversion results show a good correspondence between
seismicity and known faults in Groningen.

— All data and products are open available from http://rdsa.knmi.nl .

Mmax workshop, June 14, 2022



http://rdsa.knmi.nl/

. Groningen earthquakes: focal depths and

fault ruptures




Summary

m Background

m Groningen subsurface velocity model

m Overview of induced earthquakes
m Event depths
m Initial difficulties
m Deep downhole array results
m Full waveform inversion results
m Empirical Green’s Function analysis
m EGF deconvolution
= Simple kinematic models of rupture
m Rupture propagation analysis

m Conclusions
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Groningen seismicity overview

m Earthquake locations from the
KNMI database (red dots); the
shallow borehole array locations
(green diamonds); deep borehole
arrays in SDM-1 and ZRP-1.

m Willacy et al Leading Edge 2020.
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Groningen velocity model around ZRP
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Finite difference modelling - DC source in reservoir

|[div u] and ||rot u|], max: 2.88628e-15 time: 0.56

Copyright of Shell Global Solutions International Footer Restricted



Finite difference modelling - DC source in reservoir

|div u) and |jrot uj|, max: 8.9355 |div u| and |jrot ul|, max: 5.8645e- |div u| and |jrot uf|, max: 5.11453e-1 |div u| and |jrot ul|, max: 5.39587e-12 ume: 0.304 |dv u| and |jrot u)|, max: 7.6224%-12 time: 0.440
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Groningen event depths

m KNMI's location workflow calculates epicentral location and assumes events in the reservoir at
depths of approximately 3km — motivated by sparseness of original near surface array,
difficulty to reliably pick S arrivals and need for a robust automated workflow.

m A number of discussions in the public domain following the 2012 Huizinge earthquake,
focused attention on the need to verify the event depths.

m NAM installed in-well geophone arrays in Stedum-1 and Zeerijp-1 with the main objective of

constraining event depths — are events in the reservoir, above the reservoir or below it2

Copyright of Shell Global Solutions International Footer Restricted 9



Deployment of deep arrays Stedum and Zeerijp

Redum-16T0-1)

Top of Kring =270
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ER
Stedum- 1: geometry as planned Stedum- 1: deployment 8 Oct 2013
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Depth (m)

2000

4000

233000

Groningen event depths - initial difficulties
m Initial event locations obtained by Magnitude (Baker-Hughes) placed the detected events deep

in the basement.

m KNMI observed that many events fell on the same sloping trajectory in a depth-offset plot

leading to the realization that the picked first arrivals were head waves but the inversion code

was treating these as direct arrivals resulting in incorrect locations.

m Resolving this led to events locating in and around the reservoir... (next slide)

Copyright of Shell Global Solutions International
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Magnitude deep array locations to Jan 20t 2015

m Event locations from Magnitude using revised data processing workflow.

All classes location: 387 events
387 < 500m
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Full Waveform Inversion results

m Typical FWI objective function example.

m Objective function displayed is one minus
the normalized cross-correlation coefficient
between observed and synthetic data.

m Obijective function strongly localized in

reservoir interval.

m Willacy et al Leading Edge 2020.
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Full Waveform Inversion results
m WE and NS profiles showing top

and base reservoir interfaces and o _ Tetfiary

FWI event locations projected onfo {78 Chak & S
; (T —A e

N

—

the sections. N
N Zechstein

® Magenta locations from deep —— e
downhole array; blue and red from | =
near-surface array (manual and 2 ~——— Carboniferous
automatic FWI workflows).

m Willacy et al Leading Edge 2020.
See also Willacy et al Leading Edge

2018.
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Groningen events in the reservoir?

m Groningen velocity structure (Rotliegend acts as a waveguide) leads to complex seismograms
(multiple arrivals, mode conversions, trapped waves etc...) on deep downhole array and near-
surface network data.

m Waveform complexity makes event location challenging — model-driven arrival picking needed.

m NAM-Magnitude workflow based on interpretive arrival picking locates events in and around
the reservoir.

m FWI results support this — FWI objective function strongly localised in reservoir interval.

Copyright of Shell Global Solutions International Footer Restricted 16



Summary

m Background

m Groningen subsurface velocity model

m Overview of induced earthquakes
m Event depths
m Initial difficulties
m Deep downhole array results
m Full waveform inversion results
m Empirical Green’s Function analysis
m EGF deconvolution
= Simple kinematic models of rupture
m Rupture propagation analysis

m Conclusions
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EGFs in a nutshell - example 17123/18002 (M=1.7/3.4)
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EGF event pairs identified by high wave-form similarity

Collocated larger ‘parent’ event and smaller ‘child” event.
Deconvolution of parent seismogram by child removes common
propagation effects, leaving relative source time function (RSTF) — can
be seen as an expression of the propagating rupture.

Duration of RSTF = picked time between zero crossings.

Duration as a function of source-station azimuth fits simple model of
rupture propagation dominated by a starting and stopping phase.
Simple expression for Doppler broadening can be inverted for rupture
propagation strike, length and velocity.

Interpretation also supported by synthetic seismic models.
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Northing (m)

Cluster FWI results - van Dedem et al EAGE 2018

Full waveform results for events from 2015 to 2018
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Note: all events are located within the reservoir section
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van Dedem et al EAGE 2018

Cluster FWI results

Full waveform results of identified event clusters
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Mumber of events per day & event magnitude
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KNMI catalogue - foreshock-aftershock sequences

m Statistical evidence of temporal and spatial clustering seen calibration of the ETAS aftershock component

of the Groningen seismological models — in the region of 20% of the located Groningen earthquakes
should be regarded as aftershocks.
Example: observation of aftershock sequence on downhole array following M = 3, 13t February 2014.
Looking at catalogue as a whole:

m N/day for following 5 and 7 events plotted with event magnitude if M>2.2

m Shows in many cases coincidence of large events with bursts of seismicity — foreshock-aftershock

sequences.

—— Event magniude (M>=2.2)
— M/day next 5 events
—— M/day next 7 events

1000 2000 3000 4000 5000 G000 7000 8000
Time indaysfrom 5 dec 1991
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EGFs background - Li et al & Savage

Deconvolve seismograms from a pair of nearby events to give relative source time
function (eg. Li et al 1995):

Ui(t) = 5;(t) * P(¢£) * R(¢) * I(t) ; Ug(t) = Sg(t) » P(¢) * R(¢) * I(t)

Ui (8) * (Ug(E) ™ = 5,(8) * (Sg(0) ™" = 5, (1) = 5,(1)

The relative source time function only equals the source time function of the larger
event if the source time function of the smaller event is a delta function:

U(t) * (Ugx Sg )™t = §i(¢)

We use deconvolution implemented as a spectral division with additive noise:
U;(w)U)(w) (Berkhout 1977)

U(w)D(w) = U2(w) + N.max(U2(w))

Directional variation of pulse width and amplitude is usually analysed for rupture
direction by applying the theory in Savage’s paper for source directivity effects:
T(}) =T = ({/c)cos(y)); A(Y) = A/(1 — ({/c)cos(y)).
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EGF duration - simple kinematic rupture models

Summary of model expressions for duration in which starting- and stopping-phases dominate.

Unilateral rupture propagation:

A ~L 1 CC
t~2< - os¢>+wt

Bilateral rupture propagation:

L ¢
At =~ — 1+E|Cosq§| + w;

¢ Rei/,x’/
Both events (unilateral) propagating ruptures, N > 1 : g
(L+10D)
t ~ 1—£Cosqb + wy
¢ ¢ Rsi
At is independent of source-source offset. L
w, is a remaining wavelet width. ¢\

Azimuthal variation gives clean estimate

of length and strike.
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EGF - data processing workflow

EGF event pairs — Identified by high wave-form similarity (XCORR) — idented SIPMAP files.

Trace identing — Calculate ¢, the azimuth from N, from source and station coordinates.
Blanking — Traces are blanked outside a wide window to exclude the direct P arrivals.
Deconvolution — A spectral division algorithm with additive noise (SIPMAP/NOFDEC).
Trace scaling - Long gate AGC to balance amplitudes after deconvolution.

Stack — For each station offset/azimuth, sum RSTF of all levels and components.
Trace reject  — Where S/N is low, discard source-station offsets greater than 20km.
Duplicate traces— Copy traces to ¢ = 2 + ¢ to clearly show azimuthal periodicity.

SEGY output - DSCOUT/SEGY using standard SEGY headers.

Trace plotting - Plot traces (using INTViewer) sorted on azimuth, in the range [—m, 37].
Arrival picking — Pick duration as time between initial and final zero crossings of RSTF.

Model inversion— Invert for Doppler model parameters by fitting sinusoid with Excel Solver.
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Example input event pair data

— ™ BN B R e TR TN TS e o B i e T S R T R W 5 5
s 18,024 18,039 18.024 18.039 18.024 18,039 18.024 18,039 18.024 18,039 18.024 18,039 18, 024 18.039 18.024 18.039 18,024 18,033 SHT 17.124 18.002 17.12¢ 18.002 17.124 18.002 17.124 18.002 17.124 18.002 17.124 18.002 17.12¢ 18. 002 17.124 18.002 17.124 18.002
i ; ’ : ; ; : T ;
I 1 024/18039 |..| . 17124/18002
¥ 3 3
200 z 2000 3 3 1 3
- % = = 3 = 3 3 i
= == £ = : E
5000 L S —— = ¥ = £ L 3 3 - : E 3 £
s _ — = » <3 T § 1 3
o] = E = - = + 3 aom{ % 5 — £ = 2 i S+ 35 =
5 3 = —_— =4 = - F4 & e ¥ 3 E = 3 s == E
e % _—3 & = — — i § ——— T & ¢ § 3<% —S——u 0
z P = === — e et o 1 ] T § 1 s =T 3
3 : p———t— == 32—+ = 3 =t ¥ H =
5.000 3 z 3 H = = = = ; & ; = ?_‘ 5.000
3 3 3 § 3 E - s = - 3
7000 < I i 3 : t 31T 3 = 7000 3
i § E: § = = %
5000 1 E 3 H z H
i : 2 = § H
5.000 i = _% b3 5.000
* z 7
5 &= T | :
3 z
W mw W T L T T TR T T I I T T W W W w asaw w wm W R TR R F
o b wbw  mim  Wi®  Wi5 Wb Ws  Wow  WiD B0 o5 Wew o5 0% o5 Tom  Teom T06% o whw wbw  wiw  mie  wiw  wie mhe  vew  Uiw  Ute Ui wew Ut Utw i TUte vt Tbe
o o _7
18019/18039 .| | L ! i 1/0 4 17052
E 3 z 3 = -
2000 £ 2000 ]S =7 _;
— = =
3.000 ‘% § 3.000 = = = = = 755_ f—i = i Z
. A L = 3 = E 2 k3 = = = k3
- = L 3 == e === a== : = :
- = 4 - ‘“g —_— k- Y % E e E Z % 3 = 3 E = = ;
= s £ —_— = 3 s 3 % E E 3 3 E 3 = = =
50004 = 3 = =3 = 2 52 = —a— 3 5,000 = = = = z = E = =
= E——g— - = I & = ;1 3 3 % 3 k3 3 z
E P < £ —F F—=—SC 5 = =2 < C 3 - 3 ==
sooo] 2 = £ £ s St = =3 S = T == i = 5.000 = 3 3 £ . 3 =
5 — 7 — T T 1 = % 3 -
7000 ¥ 3 z g 3 23 % >t = % = %- = £ 7,000 z 3 = % %
E 2 2 1 = = = P 3 z
< 3 é S = E = E 3 L ¥
8,000 3 z 1 = z i 3 £ 4 12 = 2 = = 8,000 3 = £ ?
H i & = < 3 & S H
] g 57 z ] i
5,000 3 3 5,000 3 2 1
' § 3 : gt ' 1 i
10000 : H ks e 10000 1
: ¢ g 3 k4 : 3 s f E
. . . W W wam@min & @ B8
B S L L e
; ; 3
- ] ] 1] 7/16089
2.000 2 H
4 5
3,000 = ~
= = E- ?‘? 4 v
s 3 = = 3 3 z z 4 = 4
——— E L
E: E3 3 3 =
5.000 = E x % = -
5,000 s 5 z E X o
= 3 = T £ = 5
7.000 = _{ - =% £ 4
3 3 o p— = S
- 1 % ] H = § E
= =
5.000 & % % }
I !
I

Selection of highly correlated trace pairs with long gate AGC (E component, depth 150m, short epicentral distances).
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EGF RSTF - events 18024/18039 (M=1.6/1.8)

SHTPT NUM 18,024 18,024 18,024 18.024 18,024 18,024 18.024 18,024 18,024 18,024 18,024 18,024 18,024 18.024 18,024 18,024 18, DZl 18,024 18,024 18,024
SHTPTID 18.039 18,039 18.039 18.039 18,039 18,039 18.039 18,039 18,039 l! 039 18,039 18.039 18,039 18.039 18,039 18.039 18! 035 18.039 18,039 18,039
S Kt -
-180 147 109 72 -38 190 226 267 303 342 380 415 454 491 540
OFFSET ; :

0.551 {

|

0.604 b

65
0.65 ’\

0.704
075-
0.804
0.854
0.904
0,954

1.004

18,024 15.024

18.024

18,024

18,

024 18,024 18,0,

24

4«’

18,024

\! ,\— ‘\\1 \\

M"(

18.024 18024 18,024 18,024 18,024 18,024 18,024 18.024 18,024

18.039 18.039

18.039

18.039

18,

039 18,039

18.039

18.039

18039 18039 18,039 18,039 18,039 18,039 18,039 18035 18,038

-180

147

108

B

37 e 37

i
116 149 183 226 267 300 334 369 a1 453 451 528

18.024

18,024

18,

024 18,024 18,0,

24

18,024

18.024 18,024 18,024 18,024 18,024 18,024 15,024  18.024 18,024 18.024 18,024 18,024

18.039

18.038

18,

039 18,039

18.039

18.039

18.039 18.039  18.039 18,039 18,039 18,039 15,039  18.039 18,039 16,035 18,039 18,039

108

71

37 E 37

16 149 183 226 267 300 334 369 aa 253 481 529

0.20

Copyright of Shell Infernohona|

|
!
|
)

NN

( '-~,.— oy /

J

v

7

EAN(

‘\"

"\=

“(“(«(«««

e »\--. —_—

Footer

Duration of RSTF (s)

Duration of RSTF (s)

Duration of RSTF (s)

0.15

At = 1—§Cos(¢>—‘{J)

.2
g

0.00

-180 -B0 20 120 220 320 420 520

Source-station azimuth (degrees from N)

0.15

0.05
0.00
-180 -B0 20 120 220 320 420 520
Source-station azimuth (degrees from N)
0.15
0.10 ! f
o o~ s
0.05
0.00
-180 -80 20 120 220 320 420 520

Source-station azimuth (degrees from N)
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EGF RSTF - events 17124/18002 (M=0.4/3.4)

surpTum V128 17124 17024 17.124  17.124 17.124 17,124 17124 17024 17124 17124 17124 17124 17124 17.124 17.124 17124 17124 17124
sTpTip 15-002 18,002 18,002 18002 18.002 18.002 18,002 18.002 18,002 18,002 18.002  18.002 18.002 18,002 18,002 18.002 18,002 18,002 12.002
180 144 107 %7 £ 11 55 107 143 176 216 253 293 326 3711 503 B3

OFFSET 4 " "

1, 124 17.124

) ) ‘\w’”

/

\\\‘
| \

PR—— 17 124 17124 17124 17.124 17124 17124 17124 17124 17124 17124 17124 17124 17124 17124 17124 17124 17124
SHIPTID 15002 18,002 18.002 18.002  18.002 18.002 18.002 18,002 16,002 18,002 18,002  18.002 18.002 18,002 18,002 18.002 18,002 18,002 18,002
-180 144 -108 74 38 12 142 175 208 244 286 322 372 a3 463 502 535
OFFSET , s \ N +
0.00

17124 17024 17124 17124 17124 17124

|
\
Il
|
!
{

<lf(l ii l? il? Emt

i

17124 17124

17124

7
\‘::‘

17.124

17.124

17.124

17.124

llllﬂlﬂlll

-‘((l ii

17124 17.124 17,124 17124

SHTPT NUM L L " n " L L n
SHTPTID 18.002 18,002 18,002 18,002 18.002 18,002 18.002 18.002 18,002 18,002 18,002 18.002 18.002 18.002 18.002 18.002 18.002 18,002 18,002
-180 144 108 -74 38 12 53 103 142 175 208 244 286 322 372 413 463
OFFSET _‘ L L
0.00 1 i i i AT3R T
i 1 b b
i i ; i
b HEREH IR
J i AR R
010 i il y
3 1 i B R
i i) 8
K e I

<

m L 10.0D
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H

0.50

T

Footer

d

il

)

}5

} if

(\‘

g
o
L
ki o
il
s | 16
i

Duration of RSTF (s) Duration of RSTF (s)

Duration of RSTF (s)

0.25

Nt ~ —<1 —ECos(d) ‘{—')>

-180 -B0 20 120 220 320 520

Source-station azimuth (degrees from N)

0.250

0.200

0.150

=)
.
=)
=1

0.050

20 120 220 320 420

Source-station azimuth (degrees from N)

0.250

0.200

=
=
tn
=1

=
=
=
=

0.050

-180 -80 20 120 220 320 420

Source-station azimuth (degrees from N)
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EGF RSTF - events 17064/17052 (M=0.7/2.6)

surpTaum 0% 17,064 17,064  17.064 17,064  17.064 17.064 17,064 17.064  17.064  17.064 17.064 17,064 17,064 17,064 17,084 17,064  17.064 17,064 17.064
e T
5 1o 17052 17.052 17,052 17.052 17,052 17.052 17.052 17,052 17,052 17.052 17.052 17.052 13,052 17,02 17.052 17,02 17.052 17.052 17,052 17.052
180 120 82 47 a1 27 1 95 135 173 207 240 278 313 343 387 a2l 455 495 533
OFFSET | \ 4
0.0¢

SHTPT NUM

17,064

17,064

12,

17.064

17,064

p
17,064

17,064

17.064

17.064

17.064

17,064

17.064

17,064

17,064

17,064

p

S\ CSSCUSS AL

s

|

b
17.064

17.064

SHTPT ID

17,052

17.052

T

17.052

17.052

17.052

17.052

17.052

17.052

17.052

17.052

17.052

17.052

17.052

17.052

17.052

17.052

<46

EWY

61

95

172

207

241

279

387

a1

455

a4

532

OFFSET
0.00

’ / /l/III (( (
\\\

’//
o“

//—',, S

7 )
\(C&dl/,
(¢ :/ (
N\

\\\\\\

/I//// l( :(j'

P— 17,064  17.064 17,064 17,064 17,064 17.064  17.064 17,064 17,064  17.064 17.064 17,064 17,064 17064 17,064 17,064 17,064  17.064  17.064
s - 17.052  17.052 17,052 17,052 17,052 17.052 17.052 17,052 17,052 17,052 17.052 17,052 17,052  17.052  17.052 17,052 17,052  17.052  17.052
180 118 81 %6 EWY 27 61 95 134 172 207 241 278 314 349 387 a2 455 494 532
OFFSET L . s L ), . L 4 ) .
0.00 g
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Foote

r

Duration of RSTF (s) Duration of RSTF (s)

Duration of RSTF (s)

0.25

0.25

0.20

0.15

0.10

0.05

0.00

0.25

0.20

0.15

0.10

0.05

0.00

-B0 20

120

220

320

Source-station azimuth (degrees from N)

-B0 20

120

220

320

Source-station azimuth (degrees from N)

-B0 20

120

220

320

Source-station azimuth (degrees from N)
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EGF RSTF - events 16117/16089 (M=1.0/1.9)

B 16117 16117 16117 16.117 16117 16117 16117 16117 16117 16117 16117 16117 16.117 16117 16117 16117 16117
16.089 16,085 16089 16,089 16.089 16,089 16,089 16089 16089 15,089 16,089 16,089 16,089 16.089 16,085 16,089 16089 16,089
SHTPT ID N s
180 124 36 49 ] 56 50 125 161 199 236 274 311 368 a16 450 485 521
OFFSET . s 4 . 4 4 ' v 4

0.00

16117 16117 16117 16117 16117 16117 16117 16.117 16117 16117 16117 16117 16117 16117 16117 16117 16117 16117 16117 16117
SHTPT NUM s s i 1Y
SHTPTp 16089 16,089 16,089 16085 16089 16.089  16.089 16.085 16.089 16089 16,089 15089 16.089 15,089  16.089 16,089 16,089  16.089 16,089 16,089
180 Evn) E¥) 77 42 B 3 B 23 57 97 727 1 797 EENY EL @S w5 93 BY
OFFSET " 4 " 4 4 4 N " N 4 4 4 4
0.00 i

N

\'\

ll

(
\ \
AT AT ARG

 f ‘«((‘(. I(«Q ({ ("
L (CC LK

LTI 11 A

AN LT

‘11"’ i

/7

\n\

A AT SRR,

g
T CL

@@

ELT WA

f

16117 15117 16117 16117 16117 117 16117 16117 16117
SHTPT NUM L L " " L L N
16,089 16.089 16.085 16089 16,089 .089 16,085 16,089
SHTPT ID N L
-180 144 123 157 192 297 483 517
OFFSET 4 " 4 4
0.00

{
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Footer

0

—

‘~

|
4
0
Q
I

|
( /
S CINR—RER ‘\

_(—-

4‘(((((‘\(‘(((((((1
1((((((((((((((1

0.25 L 1 {C
T os(¢p =)

0.2

0.15

01

Duration of RSTF (s)

0.05

o * -
-180 -80 20 120 220 320

420

Source-station azimuth (degrees from N)

0.25

0.20

0.15

0.10

Duration of RSTF (s)

0.05

-180 -80 20 120 220 320

Source-station azimuth (degrees from N)

0.25

0.20

0.15

0.10

Duration of RSTF (s)

0.05

-180 -80 20 120 220 320

Source-station azimuth (degrees from N)
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EGF rupture directions v.

m Very good consistency with underlying fault map.
Quality metric based on L1-norm applied to
residuals: £ =1 —%/%,

m Displaying best 10 event pairs with § > 0.5

m Where FWI focal mechanisms are available, the
strike of the slip vector aligns with the rupture

propagation vector and the fault trace

Copyright of Shell International

mapped faults

570000 -

230000 235000 240000 245000 250000 255000 260000 265000 270000
Easting (m)

RESTRICTED 45



EGF rupture directions v. mapped faults

m Correlation with underlying fault map reduces as
we admit lower quality event pairs.

m Displaying best 22 event pairs with £ > 0.25

m For the event pairs with 0.50 > & > 0.25 (the beach
balls shown here), there is more variability in the
alignment of the strike of the slip vector with the

rupture propagation vector and the fault trace.

/ v U v v n v v " )
’ 230000 235000 240000 245000 250000 255000 260000 265000 270000
Easting (m)
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EGF rupture directions v. mapped faults

m Even for lowest quality event pairs still see
many correlations with underlying fault map.

m Displaying all 31 remaining events with
025>¢>0

230000 235000 240000 245000 250000 255000 260000 265000 270000
Easting (m)
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m Even for lowest quality event pairs still see
many correlations with underlying fault map.

m Displaying all 31 remaining events with
025>¢>0

580000 -

570000 -

1
230000 235000 240000 245000 250000 255000  26p000 265000 270000
Easting (m) 1

1
1
1
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EBN and NAM fault maps

Northing (m)

580000 -

ﬂllbi
g5
<4} e%m "P‘E‘Q

éif- e
YT 1 & 570000 -

Legend Cooednate System RD New

Projection: Double Sterecgraphic
ant-tracking extraction at RO_T —— fault model (NAM, 2016a) Oattom: Amaestoort |
High: 133191 = Groningen field outling 230000 235000 240000 245000 250000 255000 260000 265000 270000
Low :-1,29217 Easting (m)

m Additional details of EBN map required to explain some of the rupture vector directions observed.
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Estimation of slip velocity

Beresnev (2002) showed that maximum slip velocity is the source attribute which can

be inferred from the corner frequency. As follows for a Brune source model:

_2nf U 2mf.My

Vmazx e el
Here we are interested in finite ruptures for which we should not assume the Brune
model to be valid. The average slip divided by the duration should however give an
estimate for a lower bound on the average slip velocity:

5> U/At
We generally don’t know the slip displacement but believe we know the stress drop!
With stress drop and slip displacement approximately related by the shear modulus:

U= LpAc/U — v = LpAc/ uAt
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Data quality metric, §

EGF results - summary of attributes of all events

100
0.90
0.80
0.70
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0.00
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B0.00

1.00
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% 0.80
0.70
0.60
0.50
0.40
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0.00

Data quality metric, §
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Findings & Conclusions from EGF analysis
m See clear evidence of rupture propagation.

m Extracted rupture directions agree very well with EBN fault map for best quality
event pairs.

m RSTF durations are consistent with unilateral propagation between dominant
starting- and stopping-phases.

m Estimated dip direction rupture size can be contained within reservoir for all but one
event.

m Estimates of slip velocities (of the order of 0.1 to 1 m/s) and rupture velocities (up to
about 0.9 of the shear velocity) are consistent with other published studies.

m Processing simple synthetics recovers input parameter values provided use low

additive noise.

Copyright of Shell International Footer RESTRICTED 53



So. Where’s the catch?

m Rupture propagation lengths obtained from Doppler broadening fit look rather small
for the larger magnitude events.

m And why is rupture propagation always seen to be unilateral2 Do ruptures really run
between junctions as suggested by King and Nabelek?

m Iminishi and Takeo’s model suggests we may be seeing only the high frequency
stopping phases radiated by the rupture front where it is tangent to the boundary.

m This could explain our observations. ..

m ...but break the link between rupture length and observed propagation distance.

m To estimate dip direction rupture extent we need fo assume a representative stress

drop either explicitly as here or implicitly as in Leonard’s Mo-L-W-D correlations.
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Overall Conclusions

m Arrival time inversion and Full Waveform Inversion (FWI) workflows applied to deep downhole
array data and near surface network data show event hypocentres in and around reservoir.

m EGF analysis shows clear evidence of rupture propagation and, for all but the largest event
analysed, estimated dip direction rupture size can be contained within the reservoir.

m FWI locations generally show alignment of focal mechanism with top Rotliegend faults.

m For the highest quality EGF data, the azimuth of the horizontal component of the rupture vector

aligns with the fault trace and focal mechanism.
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EGF duration - unilateral rupture propagation

Consider a source model in which a starting phase and stopping phase

dominate:
2
Re; = {I? + Rs;”* — 2LRSiCOS(/)}1/

if Rs; » L,Re; ~ Rs;{1 — 2LCos¢/Rs;}/? = Rs; — LCos¢

Sl(t)=W(t)*[6 t—%)+6<t—£—&)]

¢ ¢ Rei
5,(6) = W(t) » [5 (t——)]
S,(t) * S7L(t) = 6(t) + 6 _E_ﬁ
() * Szt () = 6(¢) . R
Re; RS '
At ~ — — — + = —(1—£Cos¢> L
C c ( 4 C
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Groningen Mmax Workshop 11
Amsterdam, 13-17 June 2022

Properties of Groningen reservoir and fault rocks
Chris Spiers
Emeritus Professor,
HPT Laboratory, Faculty of Geosciences, Utrecht University

+
many colleagues and students

Two NAM-funded projects at UU (2015-2021):

1) Compaction of the Slochteren sandstone

2) Fault strength and stability

Aim = understand + quantify controlling physical processes
under in-situ conditions

5 Universiteit Utrecht




1 = * Multiple triaxial testing rigs
Wl - Direct shear rigs

. Ring shear testing rigs

* HT compaction cells

* Adsorption / dilatometry

* Permeametry

» Impedance spectroscopy

* True crustal HPT+Chemical
conditions




¥

4 t,;r_’?' hi ) - -
“"'tﬁn What processes control reservoir compaction?
l 11\1 Thanks to: Ronald Pijnenburg, Bart Verberne, Hadi Mehranpour,

t Jeroen van Stappen, Suzanne Hangx
il

i

1. Poro-elastic deformation - yes
2. Permanent compaction - plasticity / creep ???

Stress-strain field?
Stored energy?
Fault forcing?
Mmax?

reservoir

I T e



What processes control reservoir compaction?

Step 1: Samples for experiments and analysis

S830000

5920000

S910000

__ Universiteit Utrecht




N
:‘:; N % Universiteit Utrecht

N

Conventional triaxial compression experiments

(0, - 03) Slochteren sandstone (reservoir)
1 3 SDM-1 Well

ZRP-3a (drilled in 2015)

courtesy of NAM

Compression/relaxation tests

Hydrostatic stress-cycling
(increase P. at constant P,)

Axial stress-cycling
(at constant P, and P,)

*t T+ + 1

 Porosity = 12 - 26%

e £~ 1025l

-« T=100°C, P.<40MPa
 Pore fluid = 4M saline brine
« P.=P.-P,=1to 40 MPa

Triaxial pressure vessel
Pijnenburg et al (JGR 2018, 2019a,b)
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StreSS'CYC“ng tests (zrr-3a samples)

80.0 - load-cycled =
monotonically loaded behaviour

r*wwn

70.0
_ - Inelastic/plastic deformation
& 600 | = 30-60% of total
S I (cf. Hol et al., 2018; Van Eijs et al)
@ 500 | - - 30-60% of mechanical work
2 i is dissipated
g 40.0 ‘Sister samples’ ZRP-3a
=
© 300 |
= :
)
c 200 &
3 i

i P, =1MPa

»T P~ 0.1 MPa s

0.0 g

0.0 0.5 10 15 20 25 3.0
porosity reduction [%]

‘ Pijnenburg, Verberne, Hangx and Spiers

(o, + 203) /3 — pore pressure (JGR 2019q)
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Fit to plasticity model: Modified Cam-clay

Porosity 13% 21% 26%
160 inelastic porosity change data a 160 — inelastic porosity change data b 160 — inelastic porosity change data C
Cam-clay yield surface ---Cam-clay yield surface ---Cam-clay yield surface
140 rE IR z20 140 724 140 z84
Pp=13.4-13.9% @, =214-215% @ = 25%6 -12364“/(;
— S\ A T=100°C — T=100°C — _ = o
g 120 Brotmpast P 120 p-oimpas 120 P~01MPas
= 10 N = 100 = 100
2 4 4 j
4] 0 © g Pijnenburg et al.
% @ Iz JGR 2019a
3 2 2 60
= o c .
o o S 0 A
g %) %) ,-:5;'/; “ ; .
© © © H o 3 A \
20 o/ o VN
' f S VAT 2.0
* * - \ ‘1‘/2 . 0 jﬂof .E‘QJ l\‘.....‘ .‘l k 25
100 150 200 200 0 50 100 150 200
mean effective stress [MPa] mean effective stress [MPa] mean effective stress [MPa]

« Fair fit of Cam-clay model to data (M decreases with porosity esp > 20%)
« Add to (non)linear elastic law >>> compaction model

« Experiments show rate-sensitivity (10-20% more inel. e at ¢" ~ 102 s1)
~ Rate Type Compaction Model (Van Eijs et al 2019)
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Predicted in-situ stress evolution for 1-D compaction

80.0 CONTROL TESTS

stress-cycled sample (z74a)
menotonically loaded twin sam

70.0 Moo

ple (274b)

60.0

50.0

40.0

30.0

20.0

mean effective stress [MPa]

00 05 10 15 20 25 30
porosity reduction [%)]

assumed elastic

E,=8GPa; v, =0.2
14 GPa; v, = 0.2

m
Il

a

true elastic

E=15GPa; v =0.2
E=17 GPa; v =0.1

35

" assumed elastic a
" deformation
30 O
in-situ data (¢ = 19 £ 2%)
25 + 0

horizontal effective stress [MPa]
horizontal effective stress [MPa]

35 30 25 20 15 10 5 O
pore pressure [MPa]

35 :
“true elastic + b

inelastic deformation

O
in-situ data (¢ = 19 £ 2%)

30 |
25 |
20
15

10

35 30 25 20 15 10 &5 O
pore pressure [MPa]

 Including inelastic effect improves predictions of in-situ stress evolution
(at least in parts of the field where averaged porosity is high; ¢ = 19 £2%)

Pijnenburg et al. JGR 2019a
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Model comparison to 1-D depletion experiments

1-D Experimental data Hol et al., 2018 (Nature Scientific Reports)

model porosity: m— 13% = 21% 26%
experiment porosity: 16% 21% 23%
(ZRP3a 18CV) (ZRP3a 10AV) (ZRP3a 36BV)
35 0.6 | 0.6
S
o X 05 < 05 +
= 30 A= =
o © ‘_”
@ E 04 + 8 04 +
® 38 ©
2 25 £ 03 >03 -+
5 > O
[ — x
= 0 ®©
e in-situ stress data = ® 0-2 | S 02+
220 - van Eijs, 2015 = 9
N “ T 0.1 801 -
e 8 ©
< — [ I
15 SEEREENE ISR R SRR AR 00 P 00 SRR YRR A SR R L1
3530 25 20 1510 5 O 3530 25201510 5 O 3530 25201510 &5 O

pore pressure [MPa] pore pressure [MPa] pore pressure [MPa]
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Impact on M-max + rupture simulations

1) 50% plastic strain — 50% less energy — reduces M,, by only 0.2

Depletion-induced
stress (criticality)

/|

0 05
ScU ()

®=26.4%

Depth (m)

Dynamic rupture (p, = 0.6, u,=0.45,D_=0.01 m)

2700, App. IIEIastlc App. IIEIastlc : M(I:C . M(IZC

| App. Elastic
-2750% I i o] e MCC
2800} , § ;
2850 % E &-., 3 R
- 3 O b 1 %, 1 W 1 Foh

5 :: i‘ L p s 'f} ".o
a7 | ' /
’ i
2950 b
-3000}
3050F  [—— 005
— 005

31005 0115 1t 1t 1t 1

| 0.16s | ww -
3150} 0225 Loes BUI]ZE (P D thesis 2020) -

HE 027s i
_3200; 1 : 1 : 1 : 1 1

0 0.05 010 1 20 0.05 010 1 20 0.05 0.1

Shear slip (m) Slip rate on fault (m/s) Shear slip (m) Slip rate on fault (m/s)  Final shear slip (m)

2) M-CamClay elastoplasticity causes less slip (+ smaller rupture size,
depending on stress)



Pijnenburg et al.
JGR 2019b

See also
Pijnenburg &
Spiers, RMRE 2020




Failure plus slip-weakening

: Lt «  Simplified post failure behavior (slip weakening)

« Stress drop, stress transfer, magnitudes

Rate-and-state dependent friction (Dieterich/Ruina)

»  Coefficient of friction is function of velocity +
time/slip

 Reproduce many aspects of natural seismic cycles

Wi + Aseismic/seismic slip, stress drop, coseismic slip,
‘ postseismic creep...

Shear stress

Fault strength and stability

Luuk Hunfeld, Jianye Chen, Yuntao Ji, Loes Buijze, Dawin Baden, Andre Niemeijer

Stress paths on a fault during
depletion of a porous resenvoir
(extensional setting)

A: destabilizing A
B: stabilizing B
iy
mn;lo{'l‘-!
P
ey
111\0"“
sh' Shia)y ShiB) sv' SviABY
Effective normal stress
Shear stress
(d)
Ts= [J, Un o
T DR -----cccccoacecmcenannncecneVonacenans
X Ao,
sz “Idﬁn .........
Slip
Slow Fast | Slow
i a
b
# ]
a-b
(a-b}y

Dizplacemeant




U
ROTLIEGEND

NW USQUENT  cLpomp STEOUM resr  PAMUMSEN SCHLDEWOLDE s ZUIOWENDING SE
NN N AN DN N
CENOZOIC
A
1r
- CRETACEOUS
gz.. %’mmssm & :W,<
ZECHSTEIN
g_ 7< TENBOER
Q 3l
al

UU experiments have investigated:

(Scale effects)

Low-velocity / RSF friction (EQ nucleation)

ts
!;5555
Zechstein
rocksalt —=
Basal' 'z‘ééhstéin'

I
I I I I I l
[ [ I [

I I I
[ [ I [

I I I
| [

Slochteren
_§?n_9'.,s,.t.9ne

Dynamic friction and slip-weakening (simulated seismic slip)




N
§ N % Utrecht University

NS

Exposed equivalents of Groningen faults (?)

Clashach Fault, UK
Offset 20-100 m

- Slip localized on mm-cm wide zones filled
with fine-grained gouge material

- Mixing of gouge materials in faults

juxtaposing different lithologies




Velocity-stepping friction (RSF) experiments:
Low velocities

Simulated fault gouges

Direct shear

True reservoir P-T
conditions

In-situ pore fluid
(brine/gas)

Slip velocities 0.1-10
um/s

Direct shear set-up

After Samuelson &
Spiers (2012)

SIS

Triaxial apparatus



v LOW-V friction behaviour (RSF)

Velocity stepping tests -7

0.7 . . —— .

06l |____\ Slochteren Ss.|
g ~~<_Basal Zechstein
e 0.5_ \\\\ 7]
S Carboniferous =~
S04 [
= VT T
& Ten Boer claystone
o
‘é 03F [|VIwmss] 54 01 1 10 01 1 10
2
O 0.2} ]
=

01 Conditions

i T = 100°C |
o’ = 40 MPa

00 | 1 1 1 ]

0 1 2 3 4 5 6

Displacement [mm]

Hunfeld et al. (2017) JGR: Solid Earth

data
model

RSF-model
b = 0.0048
- (a-b) = 0.0034
d. = 0.0384 mm
eV,

1

v Yo

N

H

t a b

’ W
Displacement —

(a-b)>0 V-strengthening
(a-b)<0 V-weakening
(unstable)




o R Full RSF data set
Mechanical stratigraphy (strength & rate-dependence)

Groningen
stratigraphy a-b
; aTe 0.2 0.4 0.6 0.8 -0.015 0 0.015
: SRS : > Basal| | = | decreasing
Basal i Zechstein (BZ) velocity increasing
i | | | INi
IZIECIhSt|E|nI I |I I |Il II I [ BZ+TB | I -
| ] ] ] ] | o
o =
£ c
BZ+SS | | E’ ‘ [ 2
« 2
Ten Boer| 2 2
SIS Er Claystone (TB) ~ %“ . j;,f.,
Slochteren % E
Sand;;_i;q_rjel__l TB+SS I = -
2 Slochteren| —
Sandstone (SS) -
Results for all pore
. : i |
St fluids investigated
Carboniferous —
Shales/Silts| -

Hunfeld et al. (2017, 2019) JGR: Solid Earth
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Healing and reactivation experiments

0.2
0.18 B Basal Zechstein n
' @ Slochteren sandstone « Slide-Hold-Slide tests
016 - Ten Boer claystone under in-situ conditions
0.14 |
T T =100 °C
Z 012 | 0.°"=40MPa : . :
o « Major healing + stress drop in
g O 5 Basal Zechstein +
= 008 | Slochteren Sst gouges
C ..'-I
(@) ® . . .
B 006 | L. Compaction/Cementation
“ 00s | o o .
e
0.02 | ° 8. . .
o « None in Ten Boer or Carboniferous
N ?
-0.02 - L L
Seconds Hours Days Months Decades Hunfeld et al. (JGR, 2020)

Hold duration
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Dynamic weakening experiments at seismic slip rates

HV Weakening mechanisms :
« Melt lubrication
* FIaSh heatlng a 1.0 : ”7'\/?033?MIQ)Y)T/“[“F?{:’?: \De:?i?iqrf{:/ ‘r1l")1rr11v{())‘i;l>k.)ll.l)1t)r.,d(:hydr
« Carbonate decomposition
« Nanopowder lubrication
- . . 0.8
. Silica-gel lubrication (

« Thermal pressurization, o
deVOIatlzatlon & fI U Id IZatIOn 8 8 ,F:VE{;)I:r;‘,yfili“v{/“i;t; '()l:‘n:lsmuwal{w’;:\ ::-mt nanop. lubr. & dehydr.)
% HVR719 - serpentinite (Hirose & Bystricky, 2007)
8 2.6 MPa, V = 1.14 m s™' (flash heating & dehydr.)
Difficulties: § 04 FATIAC . Shaviin et 1) o, = 1.1 e
0
o L
« Large displacements (m) 0.2
« Low normal stress D,
0.0 == . :
0 1 2 3 4 5 6
« Often dry

Normalized slip, slip/D

Di Toro et al., Nature (2011)

Do these effects occur in induced events ??
(small displacements, high normal stress, wet)
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Low-to-High Velocity Rotary Shear Apparatus
China Earthquake Administration, Beijing
= (b

encode

Rotary Solid cylinder setup

colurmn normal load

@ Rotary side

(Ti-alloy)

ervo packl " W
for Motor

Pore pressure
loading panel

Torque “1 outer teflon
10— (confined)
Load cell -
12- : 3 | gouge layer
40
Actuator mm Stationary side

v (Ti-alloy)
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Simulated seismic slip experiments (M3-4)
China Earthquake Administration, Beijing

Seismic slip pulse:
« 10 -20 cm total slip 1 m/s
 Peak velocity = 1to 1.5 m/s

« Up to 10 MPa normal stress (solid cylinder)
« Up to 20 MPa normal stress (ring setup)

« Fluid-saturated gouge (1 atm)

Solid cylinder setup Q/
normal load Thermocouples

m Pr transducers .
QD/ Rotary side
(Ti-alloy)

Velocity

Slip ~10 cm

Hunfeld, Chen et al.
(GRL 2021)

outer teflon § &
sleeve )
(confined)

| gouge layer

Stationary side

v (Ti-alloy) Bottom piston (Ti-alloy)
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Simulated seismic slip experiments - solid cylinder

HO ' | ' ‘ ' ‘ normal load
« ~10 cm total slip J

. Basal « Peak velocity = 1 m/s |

8} Zechstein - 10 .MPa normal stress | e SO|.Id
- Fluid-saturated gouge Ncylinder
E teflon
O 00 sleeve
Y
Y
<v
S | g« outer teflon
C 04l g sleeve
'8 ' (confined)
O Ten Boer
L

0.2 Shear stress @

T,= L0,

Hunfeld, Chen et al. (GRL 2021)

Ty oA e Y

Tj: ‘Jd(iq e rrannnnnennsns s o N—— Ve

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Shear displacement [m]

« Dynamic weakening in all Groningen gouges except Ten Boer.
« Residual friction 0.3<u<0.4
« Slip weakening similar to model assumptions
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Simulated seismic slip experiments - ring

normal load

1.0 . . : : : Ring setup

« ~10 cm total slip @
 Peak velocity = 1 m/s
0.8}, - 20 MPa normal stress |  f-7T T inner teflon
— « Fluid-saturated gouge cylinder
2 Carboniferous outer teflon
D 06 sleeve
= (confined)
Y
g gouge layer
&)
40 mm

S o4 v
e
9
L

0.2 Shear stress

(d)
T,= l,C,

Hunfeld, Chen et al. (GRL 2021)

Ty oA e Y

Ty= O, Arremennn e e Ve

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Shear displacement [m]

« Dynamic weakening in all formations (strongest/fastest in Basal Zechstein)
« Residual friction 0.2<u<0.3
« High peak friction in clay-bearing gouges (TB & C) due to machine effects?
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W New approach — HV pressure vessel CEA
(Chen et al., submitted)

<

Upper piston
(Ti-alloy) —~——w

gouge ring

soft

material teflon

Upper boundary (UB)
sSensors .

confining _ NN
pressure T1 gl T2
_ Lower piston 5 -
Pump 1 water (Ti-alloy)
orN, P1 P2
. Lower boundary (LB)
Pump 2 Ring assembly

(28/40 mm)
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G oo Experimental conditions (chen et al., submitted)

16 m/s
* Initially room T
==
* ~15cm total slip (Pre-slip 1.6 mm/s for 0.4 m) §
* Peak velocity = ~1.6 m/s, Pulse duration ~ 0.3 s =
* |Improved confining conditions (no extrusion)
* Up to 31 MPa effective normal stress Slip ~15 Cr;
e Controlled fluid pressure (dry, < 0.5 MPa, up to 5MPa)
e Better Temperature and Pore fluid pressure measurements
Gouge Materials Experiments
Basal Zechstein (13 runs) Series I:
0, vary from 5 to 31 MPa
Carboniferous shale (14 runs)
Series II:
Sandstone (19 runs) 0,~10 MPa (dry, different Pf)

Grain size (<125/50 um)



Typical results — HV slip pulse

N

Blow-up of coseismic
8 _p hasee Upper houndary (UR)

n; ! H,, o © 7% 5 B. Zechstein Gouge
- tios - c Gouge ring
2 £ P;~ 5 MPa
@ ==
& & of =15.5 MPa o po
8 k2
S % Le Ty
L e Slip at LB
<
© 150 D)
2 Key observations
w© 100
"éi " « Gouge dilates as slip is initiated (H)
§ o
0 - « Pf at lower (slip) surface drops then
20.0 201 20.2 20.3 20.4 e increases
72
1.24 Friction E
E — . .
S {10 > « T increases at slip surface (< 200 °C)
o 0.8 O
= o
= O] c
E 4- 105 > - Weakening starts at 0.3 m/s
= 5
o 0] ; . . g .
< 0.0 100 2 « Min dynamic friction attained at ~ Vmax
>
20.0 20 1 202 20 3 204 W

Time (s) | (Chen et al., submitted)



All mechanical data - HV slip pulse

Key observations
+ Wet samples weaken markedly

 Dry (N2 saturated) much less

n': =4.5MPa, Pf = 0.5 MPa

Slochteren sandstone
saturated with water

=—===:q" =46 MPa, Pf =04 MPa
s 7 = 4.9 MPa, Pf, = 3.6 MPa
" = 8.3 MPa, Pf,= 1.7 MPa

0°®=9.6MPa, Pi' =4.4 MPa

n

=== =97 MPa, P{,= 0.3 MPa

n

_-—--rr: =10.5MPa, Pf = 0.5 MPa

= =m=1g" = 19.6 MPa, Pf, = 0.3 MPa
of =20.1 MPa, Pf, = 3.9 MPa

b =21.1MPa, Pf =23 MPa

 pp—————

T

0.2

0 0.05 0.1

PN
‘§ y % Utrecht University
KNy
A) ==m==:0®=4.7MPa, Pl =03 MPa
1 Carboniferous Shale oh=5MPa,P=38MPa "
°=8.3MPa, Pf = 1.
» dash lines: Pf < 0.5 MPa St vl
508+ solid lines: Pf, > 0.5 MPa i =
2 o~ 4°=9.7 MPa, Pf =03 MPa
O F N n i
= ’l - —nz =9.8 MPa, Pf = 5.1 MPa
8 0.6 Nt e ——— ©=9.9MPa, Pf,=0.1MPa |_
9 \\ .~"~\.~_ Nz |———:"=108MPa,Pf,=3.1MPa
x o, Ry O o° = 14.6 MPa, Pf, = 5.3 MPa
004+ ~ . T A ———? = 18.7 MPa. Pf. = 5.3 MPa I-
© S = —el ] | |=emei0=198MPa c
2 == \ . )
- | I ———=207 MFa 1 -
0.2+ Nz 1 f ——— =274 MPa
! ! —_—t=314MPa 4
! ! — 5 0.8 1
O T T T O
0 0.05 0.1 0.15 02 %
o .
8 0.6
B) ———-00=45MPa, TG
1 . °_ c
1 Basal Zechstein ——oGIN 6104
—-=-ioi=9sMP G
= I ————0®=98MPa, Lt
g 0.8 Nz | 0®=10.7 MPa 0.2 1
= +°=11.1 MPa
8 06 —n:=15,1MPa
9 ' —— 5® = 18.8 MPa 0
© 0°=19.3MPa
c 5
004 - 8 =21.8MPa
k& D)
j =
L 1
0.2
=
o 0.8
0 T 21(:3
0 0.2 3 68
30
g
3 0 04 -
All samples saturated with 3
pressurized water ... .

...except where indicated with N, 0

0 0.05

s 7® = 5.9 MPa, Pf = 2.8 MPa
Slochteren sandstone . :

saturated with N2

=" =10.7 MPa, Pf = 3.1 MPa
% =16.3MPa, P, =2.7 MPa

= o7 = 20.7 MPa, Pf, = 2.3 MPa

=== g? =21 MPa, P, =02 MPa

_n:=218MPa,PfI=27MPa

n: =26.6 MPa, Pf, =2 MPa

o2 =269 MPa, Pf,= 1.8 MPa

(Chen et al., submitted)

T T T T T

0.1 0.15 0.2
Displacement (m)
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Parameter Set I
> Peak friction (u,y)

» Min dynamic friction (ug)
> Dw & Gc
following Mizoguchi et al. (2007)

)e(an.OS.d/Dw)

Hq = Uss T (:upk — Uss

Parameter Set 11
> Peak stress ( T )
> Stress drop (A t)
> Weakening rate (W)

slip

Frictional Coefficient

08—

=
@

=
i

02§

High P data only

Ppre - - | . - .
T ] I ]
s Experimental data smoothed )
Least squares fitting curve using ju =, + (,,D-y“]‘exp[\og[o 05)'dDe)

0 datal

fitting region

Hy =0.877; [ =0.369; Dc=0.046m; (R2=0.966) G =0.074 MJ/m?

= | | | | | | J
0 002 0.04 006 008 04 012 0.14
E Displacement (Slip) (m)

E DDS‘ T T T T 1
c

O 004

o 002

ket

[=}

o 0

a] !

= 00 | | | | | | | 05
X 0 002 0.4 006 008 04 012 0.4
<

(Chen et al., submitted)

Quantifying dynamic slip weakening



Quantifying dynamic slip weakening

N

Carboniferous shale Basal Zechstein Slochteren sandstone

Parameter Set I

- ]
0.5 o 08 1 >>>>>
ﬂpk ~0 5 0.8 - %
0 1 x 06 \ 0.6 Loes Buijze
0.4 0.35 0.8 J-P Ampuero
034 o9 0.3 - 0.6 1
O ~
Ha o02- T 5o 0.25 ~o 0.4
O ~
0.1 0.2 T x 0.2
0.2 0.2 0.2
> N
’é‘O.15* N 0.15
= €\ 0.1 1 - N
0.1 N (o) N 0.1 N\
N O
Dw O~ © o~ \3\
0.05 T \\ O T T 0.05 T T
0.4 ‘ ‘ ‘ 0.4 0.4
o 0 .
E . o~ _
2021 o 09 © 0.2 1 o 0.2 'Y
2 o o) o) ?
Gc 0 T T T O T T T T 0 T T
0 10 20 30 40 O 5 10 15 20 25 0O 10 20 30 (Chen et al., submitted)

Effective normal stress (MPa)



\\‘Wi/

\

Z Utrecht University
‘ﬂAAL\

15

Quantifying dynamic slip weakening

Parameter Set II

A'] @ Basal Zechstein B} !
I{TF T,) . 0.70 + 0.05
08
o Slochteren sandstone ‘
10 ! +” 0.40 +0.08 -
R of
AT , . _- W
@: L a .y max
(MPa) Y. Ul S A (MPa 4t
51 Ef'..- -7 Carbeniferous shale /mm)
;,éf"fé 0.21 + 0.03 T 02t
&
0 : ' 0
0 10 20 30 40
0.4
C) Basal Zechstein
.___Wg.-e 19.5 + 2.6 (m")
0.3r 0,0
Wave 3
(MPa 0.2} ’ Slochleren sandstone
/mm) ‘ cf o._- < 8.5 + 1. 8m")
oL
L P o -
D1 ,/ - - - ﬁ_ _ - F;’S -&
_E&Q - Carboniferous shale|
0 e 3.4 £ 0.7(m")
0 10 20 30 40

Effective normal stress (MPa)

i W o Basal Zechstein
yoom 7 57.0 = 5.8(m")
’J
{‘C‘f Slochteren sandstone
! 22.4 = 3.9(m™")
ol o .*
. Aarc
Fa - r..‘.,-l'
2 f""&?“r-‘#a A
,/Df_ K- Carboniferous shale
#}:@ 10.9 + 2.5(m")
10 20 30 40

Lowest values in
Carboniferous
Shales/Siltstones

(Chen et al., submitted)
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What is the slip weakening mechanism?

Weakening mechanisms Evidence against

* Flash heating cf. dry experiment (no)

* Compaction-caused pressurization dilatation was observed (no)

* Thermal pressurization Pf decrease was observed (no)
* Phase transition high Pf_i (unlikely)

Clues

* Normal stress insensitive

*  Weakening when V > 0.2 m/s Flash s

« Re-strengthening as V decreases heating %‘

APy

* Weakening when T is low NN
@ 204 oy T ]
While 0 %I

»  Water must be involved Flash pressurization N

Dilatation ( pm)

(Chen et al., submitted)
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Latest HV slip pulse data vs depth

» From the perspective of frictional stability, Basal T—_ -
Zechstein is most likely to nucleate seismogenic slip rictional Strengt

0.0 0.5 1.0

Low—V pgg Hpk
Zechstein salt

Ha

t Hpk : Basal Zechstein ]
V -input
‘ Ten Boer Claystone

Slochteren

Ha ; Sandstone I

Shear strength

Displacement

o v ' . ) PAU Carboniferous
oy . A Vs gy A et
: o = . Shale
o 2w o o
N A I S

——__WRRRD AN T sl PUETERT

’

(Chen et al., submitted)
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Latest HV slip pulse data vs depth

Dw (cm) Fracture energy (MJ/m?)
0.0 10 ZQ 0.0 0.2 O'.4
o, = 30MPa SMPa

Zechstein salt
Basal Zechstein \ :l
Ten Boer Claystone

Slochteren

Sandstone :I

arboniferous ‘

Shale "
| Narrow range

/o, dependence |
Without o, dependence

Weakening rate (MPa/m)

0.0 500 1000
0, =5MPa  30MPa

v 6, dependence

(Chen et al., submitted)
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Conclusions

« Reservoir behaviour
Deformation is 30-60% plastic/dissipative (more at field loading rates)
Stored E for seismic release lower than expected — minor impact on M(max)
E-P Constitutive model - low strength at high porosity (> 20% )
improves predictions of stress evolution (?)
otherwise minor impact vs linear elastic assumption

« Fault behaviour under in-situ conditions
Basal Zechstein / Slochteren: strong + healing and instability prone
Ten Boer + Carboniferous: weaker, no healing
RSF behaviour characterized
Dynamic slip weakening characterised vs normal stress (flash pressurization?)
Carboniferous >>> lowest slip weakening rate, normal stress effects

« Impact of results on rupture / event modelling
Impact of sandstone plasticity — Loes Buijze
Dynamic slip weakening data - similar to model assumptions (e.g. Wentink)
- applied by Pablo Ampuero, Loes Buijze
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Virtual visit to UU HPT Lab
and
NAM Research Programme on Groningen ?

View these YouTube films - just released by NAM:

Full collection of NAM films (Jan van Elk & Dirk Doornhof 2020):
https://www.youtube.com/channel/UCt3ZLGygqvwITIwsUANWo7g

UU HPT Lab:

1) https://www.youtube.com/watch?v=9p uMjbsdns
2) https://www.youtube.com/watch?v=mDfn2QUh--Y
3) https://www.youtube.com/watch?v=5U otubQAyg

'
4

NAM Nederlandse Aardolie Maatschappij B.V.

& Universiteit Utrecht



https://www.youtube.com/channel/UCt3ZLGyqqvwJTlwsUANWo7g
https://www.youtube.com/watch?v=9p_uMjbsdns
https://www.youtube.com/watch?v=mDfn2QUh--Y
https://www.youtube.com/watch?v=5U_otubQAyg

RN
é N % Universiteit Utrecht
N

Identifying the inelastic mechanisms:
Sequential deformation + imaging + particle velocimetry

(0, -03)
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ZRP-3a Slocht. ss. » porosity reduction
P = 20% 4 experiments
Pc = P, = 40 MPa - Imaging after each
T=100" C experiment
¢ = 10> st

Pijnenburg, Verberne, Hangx and Spiers (JGR 2019b)
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Identifying the inelastic mechanisms — core data:

No significant difference in reservoir crack densities in 2015 versus

1965- Stage 3 deformation not reached!!!
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Similar results in 1-D Compaction (Shell)

1-D Compaction experiments (Hol et al., 2018)
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« 20-60% of total strain is inelastic in 1-D (uniaxial strain) compaction
experiments (Hol et al., 2018)

« Significant dissipation!



Are lab friction experiments not too small?

To model field scale behaviour
we must know fault properties
at least at the mesh scale - 1 m scale!

& Universiteit Utrecht




...ahd so to Japan

Large scale earthquake simulator
National Inst for Earth Sciences Research and Disaster Resilience
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Fault strength evolution: initial/static to dynamic

. . Hunfeld et al.
Groningen stratigraphy Friction coefficient u

il 0.3 0.4 0.5 0.6 0.7 (GRL, 2021)
i . Zechstein éalté
= Basal Zechstein / Slochteren

Basal Zechstein Sst show

-\ Ten Boer clay

.......... - V-weakening RSF behaviour
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« Largest dynamic strength drop
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Rupture arrest and runaway into the Carboniferous underburden

Mmax workshop organized by NAM - Amsterdam - June 2022

Rick Wentinck

in collaboration with Marloes Kortekaas, EBN



Content

1 Faults in the Carboniferous underburden

O Analytical model for rupture arrest on flat fault planes

O Dynamic rupture simulations of rupture arrest on faults with jogs and steps



Faults in the Carboniferous

 The opening of the North Atlantic about 140 Ma ago led to transtensional/wrench
faulting of pre-existing faults.
Large flower structures of faults in NW-SE direction were formed.

O Currently, there is a normal stress regime with a modest horizontal field stress
anisotropy from N-S tectonic compression.

O Discontinuities in major E-W faults and mild pop-up blocks suggest that parts of the
major NW-SE faults may function as 'step-overs' for the tectonic compression.
If so, the NW-SE faults could have been partly reactivated in the last millions of years.

O Intact Carboniferous shale has a cohesion strength > 10 MPa but the clay-rich rock
heals very slowly relative to the sandstone after reactivation?.
So, if reactivated, parts of the faults in the Carboniferous may have a relatively low
cohesion strength.

1) L. Hunfeld, PhD thesis Univ. Utrecht, (2020).



Rotliegend fault pattern and top of the Lower Carboniferous

black dots: M, = 1.5 tremors
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The carbonate platforms influence the structure of the
major faults in the reservoir and Upper Carboniferous
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Deep seated faults along seismic cross-section A-A'




Analytical model for rupture arrest and runaway

Originates from Galis et al. 2015 - 2019:

0 The reservoir is considered as a region of perturbed stress on a large fault plane
deeply penetrating into the Carboniferous.

O Outside the reservaoir, the fault is loaded by the field stress.

O The rupture starting in the reservoir is seen as a potential nucleation of a much larger
rupture in the rest of the fault plane outside the reservoir.

O Arrest and runaway conditions follow from an energy balance at the fracture tip and
much depends on fault dip, fault strike azimuth and cohesion strength in the fault zone.

O The model is mostly applicable for faults with no or little throw relative to the reservoir
thickness.
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Dip angle uncertainty
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Analytical model - main results

O Ruptures from M > 2 tremors with a low dip angle have potential to
penetrate into the Carboniferous if the fault zone has a low cohesion

strength.

O This holds even more for ruptures elongated along fault strike.

But

U Real faults are not flat but have jogs, steps and kinks.



Jogs and steps
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Central region of the Groningen field
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Indications for jogs - fault on Zeerijp M, 3.4 tremor 2018

depth of the tremor hypocentre .\

N
\
\

Marloes Kortekaas, EBN, The Netherlands, (2018).



Detalled geometry of fault Il from the seismic
attribute Ant-tracking

reservoir

v
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about 600 m
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Marloes Kortekaas, EBN, The Netherlands, (2017).




Indications for jogs - fault Il
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Dynamic rupture simulations with jogs, steps and Kkinks

The simulations include also:

O Non-uniform formations.
The porosity in the reservoir considerably varies over depth with a lateral continuity
over tenths to hundreds of meters.
The elastic moduli, the cohesion strength and peak resistance for fault slip strongly
vary with porosity and herewith thus with depth.

O Constitutive model for fault slip that includes the cohesion strength in the fault zone
and a smooth transition from elastic to non-elastic deformation.

L Pressure diffusion into Zechstein and Carboniferous.

L Horizontal field stress anisotropy.
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Reservoir sandstone properties
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Unconfined compressive strength (UCS) from a scratch test on ZRP-3a well cores from S. Hol et al. SGS-1,(2018).
UCS of intact Carboniferous shale 50 - 100 MPa from A. van der Linden et al., SGS-I, (2020).

Cohesion strength Sy~ 0.5 x UCS.



Constitutive model for slip resistance in fault zone

fault at 3 km depth with dip angle of 70°
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From Ohnaka, (2013).



Porosity over depth - central region
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2D simulations - slip resistance and loading

resistive stress
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2D simulations - arrest by jogs
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2D dynamic rupture simulations - results

O Rather smooth stress profile at the base of the reservaoir.

O Modest change in the strength parameter S between 1991 and 2022 relative to the
period before 1991.

O Relatively small jogs along fault dip stop ruptures propagating in dip direction.

But

O What about rupture arrest along fault strike?



3D simulations - step in fault plane
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3D simulations - step in fault plane
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3D simulations - step in fault plane
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3D simulations - two kinks and end of jog

0.14 s 0.16 s 0.24s

Rupture passes kinks, circumvents the end of a jog and penetrates into Carboniferous
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0.08

0.04

0.02



Simulations - summary

O Jogs and steps of tenths of meters can arrest ruptures rather than kinks or

plausible lateral variations in porosity.

L Passing these barriers is easier for more critically loaded faults.

O Jogs in the fault plane are effective barriers.

But, of limited lateral extent, they may be only local barriers.

O Steps locally reduce the load on the fault and can stop ruptures. They are

less effective than jogs.



Summary

O The analytical model indicates:
Ruptures of M, = 2.0 tremors had potential to penetrate into the Carboniferous if
the cohesion strength in the fault zone in this formation would be low due to tectonic

motions and poor healing.

O The simulations indicate:
Jogs and steps of tenths of meters are effective to arrest ruptures rather than kinks or
plausible lateral variations in porosity.
A plausible explanation for uni-directional ruptures along fault strike are rupture

barriers in the form of steps.

So far there are no indications that ruptures have propagated substantially into the
Carboniferous. Plausible reasons for this are a sufficient cohesion strength in the fault zone in

this formation and/or jogs and steps.



Simulations - other constraints/uncertainties considered

L Stress drop and rupture velocity.

0 Rake angle.

J Nucleation conditions.
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Derived stress drop
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3D simulations - more or less confined rupture

0.23s 0.31s

0.15s

Stress drop increased by reducing the high-velocity residual friction coefficient from p, = 0.3 to 0.2.

Figure shows results for pu, = 0.3. For lower p, values, ruptures pass these steps.
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3D simulations - effect of stress drop
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rake angle [degr.]
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Nucleation of tremors

In addition to fault geometry, the nucleation of a tremor in a simulation quite depends on
O horizontal field stress.
O peak resistance or cohesion strength of the sandstone.

O breakdown slip distance.
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Physics-based models of
natural and induced earthquakes
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Physics-based estimates of induced Mmax in the Groningen gas field, The Netherlands
J.P. Ampuero & H. Weng (Geoazur), L. Buijze (TNO) - Funded by NAM (2021/2022)

Efficient dynamic rupture modeling includes:

« Combined along-dip 2D LEFM and along-strike 2.5D LEFM
 Fault friction constrained by lab and seismological observations

« Groningen fault network geometry
* Models of fault stress induced by reservoir depletion

Rupture width
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Why physics-based modeling of Mmax?

To complement empirical methods
in situations where data is insufficient.

But risky: garbage in, garbage out.
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Challenges in earthquake mechanics

Deep process observed from the Earth’s surface
Seismological observation hampered by scattering and attenuation

Laboratory experiments do not reproduce all conditions at depth
Diversity of coupled physical processes involved
Complex non-linear system
Modeling needs multi-physics, multi-scale approaches
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Opportunities in earthquake mechanics

More earthquakes More data More computer power

March 11, 2011, NEAR EAST COAST OF HONSHU, JAPAN, M=8.9

LSGS large-earthquake catalog (Myy 8+) Chile
95
Alaska
2 F Sumatra
-E oL Kamchatka lapan
8 Ecuador Chile
c Ot
E |
£ s
2 r
ﬁ i ‘
& e 3 verical motion
B IR]Swwwivis,edulspud 2 83 down
i i | | | 1 { | 2011/03/11 05:52:35 UTC (372 s) Distance 85.0°/9452 km Azimuth 42.7° Reference Q33A
1900 1920 1840 1980 1980 2000 3 SKS 55 R1 B2 g
Year

1 1 1

1 Il 1 | 1 1 1 1 Il 1 1
00:10:00 00:30:00 00:50:00 01:10:00 01:30:00 01:50:00 02:10:00 02:30:00

Time Since Earthquake (hh:mm:ss)

+ More lab experiments
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Dynamic rupture modeling on complex fault systems

Network of faults activated by the event Slip rate evolution in our preferred
L . dynamic rupture model

-41°30 Australian:Plate

A

~42°30' o S

LN,

$2016/11/13
%" 11:02:56

Ulrich et al (2019)

Dynamic viability of the 2016 Mw
7.8 Kaikoura earthquake cascade on
weak crustal faults

172°30' 173°00' 173°30' 174°00' 174°30'
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Groningen fault model
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Overview

* Fracture mechanics of rupture arrest

e Rupture dynamics of very long ruptures
* Application to Groningen Mmax

SCIENCE ADVANCES | RESEARCH ARTICLE

GEOPHYSICS

Induced seismicity provides insight into why
earthquake ruptures stop

Martin Galis,'*" Jean Paul Ampuero,? P. Martin Mai,’ Frédéric Cappa®*
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T e A rupture triggered by injection
effects of injection can propagate beyond
(fluid pressure .
the pressurized zone

diffusion)
j/ if the fault has enough pre-stress.

Permeable
reservoir/
aquifer

Mmax Il Workshop 14/06/22 Ampuero - Physics-based earthquake modeling 10



Size of earthquakes induced by fluid injection

A simplified problem:

Pressurized
area

Earthquake
rupture area

4 1 4 2 . 4

Linear slip-weakening friction

Yield Strength T

Initial Stress T,

Sliding Strength T,

How far from the pressurized region
can an induced rupture grow?

Mmax Il Workshop 14/06/22 Ampuero - Physics-based earthquake modeling

Strength
GC
Slip
>

D(

Critical Slip-

weakening

distance
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Size of earthquakes induced by fluid injection

T T T T ] | 1 1 T

runaway (super-critical)
1 rupture : 1

S
E max
E
g ” i
© 2
5 2 Largest arrested
: rupture 2 M., gx—arr
© P
g 0 arrested (sub-critical) ruptures : Y
46- — .
2
© ©
(Galis et al 2017)
0 1 1
0.5 pore pressure / critical pore-pressure 1
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Dynamic
fracture
mechanics

Mmax Il Workshop 14/06/22

Fracture mechanics:
the crack-tip equation of motion

Balance between fracture energy and energy release rate
G- =G

For circular crack-like ruptures with rupture speed R(t)

T

Ordinary Differential Equation R = f(R, ..
Solve =2 R(t)

Rupture arrest if G, < G

Ampuero - Physics-based earthquake modeling 13



Rupture arrest criterion in fracture mechanics theory

Static stress concentration at rupture tip:

Ko
o~ —F—=

NG

where Ko =static stress intensity factor

Static energy release rate
Go = K¢/2u

Arrest criterion Gy = G, equivalent to:

Ky =K. =/ 2uG,

€1

=

Rupture grows dynamically if Ko>Kc
Rupture stops if Ko=Kc

Ko depends on stress drop At
Ko can be computed for any spatial distribution of At:

2 J-R At(r) J
— rdr
VR’ /R2 = 12

Ko(R)

Mmax Il Workshop 14/06/22 Ampuero - Physics-based earthquake modeling 14



Rupture arrest predicted by fracture mechanics theory

Stress drop
= background
+ concentration

At =15 — pgoo + UgP

Mmax Il Workshop 14/06/22

constant stress drop
no rupture

stopping rupture
runaway rupture

stress drop
At

(o2

A

=

_—

static
stress intensity
factor K,

crack radius R \

Special case:
concentrated stress is a single force F

AT(r) = A+ F - 0(r)/(27r)

F=pg-Ap- A,

F R
KD(R) = m + 2 &Tﬂ\/;

Rupture stops Rupture runs away
where K, = K, because K, = K, is never met

Ampuero - Physics-based earthquake modeling
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Rupture arrest in dynamic earthquake models
Is well predicted by fracture mechanics

Rupture nucleated at a highly stressed patch
) Runaway
16 wi o f N | s
[ ) 1| ruptures
4] s \_\ y A "".‘/
To 2 | e
S 1o K
o S,
= ’/
(48] ..-‘/
)
— 8t I 4 .
5 /3' Stopping
< et ruptures
PR T
- 5
Will it stop: gle = o S T
: : 0.1 0.5 1.0 T I
How does final rupture size depend : . . : To — 7d
on nucleation size and overstress? € increasing background stress T, €
Galis et al (2014)
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Rupture arrest in dynamic earthquake models
Is well predicted by fracture mechanics

Rupture nucleated at a highly stressed patch

Will it stop?

How does final rupture size depend
on nucleation size and overstress?

Mmax Il Workshop 14/06/22
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Size of earthquakes induced by fluid injection

Injection at steady rate + isotropic diffusion
—> size of self-arrested ruptures
from fracture mechanics

Fault at given distance from injection point
Each curve: a different injection rate

' Io_g 1’ . ‘103 Envelope: the largest self-arrested rupture

Net injected volume (m3)
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Fracture mechanics: My,qy < AV3/?

6
—15
—
P
N -13
3
E -2
o
= 7!
— 10 Z
c 10 @
) 0qQ
= -1 ,::S,.
g c
—1-2 QO
© 108 ®
3 -3
>
© -4
C
- <<(f‘> S -5
E B (9.,.'\- @ Laboratory experiments (cm-scale) (Goodfellow et al., 2015)
> 100 - ,/'\-' @ Insitu experiments (m-to-dam-scale) (De Barros et al., 2016, Duboeuf et al., 2017) —-6
g / @ Hydraulic fracturing (hm-to-km-scale) (Maxwell, 2013)
x i @ Scientific, fracturing, geothermal, disposal (km-scale) (Buijze et al., 2015) 127
© - Scientific, fracturing, geothermal, disposal (km-scale) (McGarr, 2014)
2 ¥ O  Hydraulic fracturing (hm-to-km-scale) (Atkinson et al., 2016) max. volume -8
| 1 1 1 1 | 1 1 L 1 | 1 1 .
o o0 e Galis et al (2017)

Injected volume AV (m3)
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Application:

Controlling fluid-induced seismicity

during a 6.1-km-deep geothermal
stimulation in Helsinki, Finland

Geophones

OTN-3 well

Stimulation: 49 days

18,160 m’ injected

Injection interval:

5.5-6.1 km (5 stages) s5

Well-head pressure:
60-90 MPa

)-80 Sa\83
Injection rate: \31
400-800 liters/min S2

(Kwiatek et al, 2019)

5 —— ---510‘5
Enhanced Geothermal Systems [

BAS - Basel (Switzerland) —
® CBN - Cooper Basin (Australia) i e
o STZ - Soultz-sous-Forets (France) =
> Hydrothermal reservoirs [ 41 015 —
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5 NBY - Newberry EGS (USA) CBN ] &
@ Scientific 3 (@) £
= KTB - Ultradeep well (Germany) BAS 1 &
= 110" €

o 3
] S Q
c 3 LT ] =
E & ] @
D
e o 107 @
o A §=
e <% 3]
o 2 e c
w " BER Q
S -0 410" &
Wasteéwater disposalCa =]
= ASH - Ashtabula (USA) =
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= Fracking =1 ] ©
BUK - Bowland Shale (UK) =
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1 010
10? 10° 104 10° 108

Cumulative volume injected (m?)

Fig. 5. Temporal evolution of maximum observed seismic moment versus
cumulative volume of injected fluid at each phase (P1 to P5). Colored circles
are from various injection projects (8, 19, 20). Maximum magnitude estimates
using different models are shown with solid, dashed, and dotted lines (8, 10, 15).
The v and b parameter values used in (8, 10) were calculated after the stimulation,
assuming geomechanical and seismic parameters from this study, and plotted for
comparison with the observed evolution of seismic moment (see Materials and
Methods).
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Laboratory quakes nucleated by a localized load
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Rubinstein, Cohen and Fineberg (2007)
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Size of laboratory quakes predicted by fracture mechanics
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Faults driven by localized loads

Fault loaded by deep creep

Stress concentration
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Latitude

2014 Iquique earthquake IPOC stations

Regional catalog by CSN Chile

foreshock swarms Seismic coupling by Metois et al (2013)
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Dip separation / reference rupture radius

Rupture shape of micro-earthquakes on the San Andreas fault

Rupture aspect ratio ~ 1.4 aftershocks/normalized area/event

(Rubin, 2002) T T T .

0102030405 0607 08091.01.7121.3 14x0.0
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

R L L I L I I L BN I L B
6 5 4 3 2 1 0 1 2 3 4 5 6

Strike separation / reference rupture radius Strike separation / nominal rupture radius

Fracture mechanics predicts aspectratio=1/(1—-v) = 1.4
where v is Poisson’s ratio
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Fixed-length
pressurized zone
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Depth-confined ruptures

Buijze et al (2019)
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Depth-confined ruptures

Along dip distance (km)

Mmax Il Workshop 14/06/22

Along strike distance (km)

Ampuero - Physics-based earthquake modeling

Potential At (MPa)

Potential slip (m)
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Overview

* Fracture mechanics of rupture arrest

* Rupture dynamics of very long ruptures

* Application to Groningen Mmax

JGR Solid Earth

RESEARCH ARTICLE  The Dynamics of Elongated Earthquake Ruptures

10.1029/2019JB01 7684 L 1 12
Huihui Weng and Jean-Paul Ampuero

Mmax Il Workshop 14/06/22 Ampuero - Physics-based earthquake modeling
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Earthquakes triggered by elongated overstressed regions

Galis et al (GJI 2019)
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Faults driven by localized loads

Fault loaded by deep creep

Stress concentration
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Earthquakes triggered by elongated overstressed regions

Galis et al (GJI 2019)
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Elongated earthquake ruptures

2004 Mw 9.3 Sumatra
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Pulses on long faults with finite seismogenic depth

Weng and Ampuero (2019, 2020)
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Pulses on faults with finite seismogenic depth
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A crack-tip equation of motion for large earthquakes

For circular ruptures:

. (Freund 1989)
Ge = g(R)

For long ruptures
with finite width W?
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Implications for rupture arrest
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Determine earthquake size

Rupture potential
L A

o(L) = f F(G./Go )dL

0

| Y | SN

Rupture arrest condition

(D(L1) = CD(Lz)

Analogy: gravity potential



Determine earthquake size

How to estimate?
Rupture potential
L

(L) = f F(G./Gy )dL

0

C13(111) = (D(Lz)




Arrest of long ruptures

Weng and Ampuero (2019)
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Constraints on energy release rate G,
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Fracture energy G,
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Physical constraints on earthquake size
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Connecting models of natural and induced earthquakes

Natural and induced seismicity share some common features
Opportunities to understand rupture processes at a fundamental level

Classical fracture mechanics provides useful insights on rupture initiation and arrest
New fracture mechanics theory can advance understanding of large earthquakes

A fluid injection into a reservoir B a stress concentration at an interplate interface A(1-G /G,
¢ 0

0 Ag AV/\VA Along str!;ke
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tir rsec g are ery
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Overview

 Fracture mechanics of rupture arrest

 Rupture dynamics of very long ruptures

* Application to Groningen Mmax

Connecting theory, simulations,
and observations of natural and induced earthquakes

Mmax || Workshop 14/06/22 Ampuero - Physics-based earthquake modeling
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Application to Groningen Mmax

Galis et al (2017, 2019)

Mmax Il Workshop 14/06/22

2D

Weng and Ampuero (2019, 2020)

2.5D

3D

[

Rupture arrest, Mmax

Ampuero - Physics-based earthquake modeling

Needs:

Map of faults and offsets

Map of reservoir thickness

Stressing rates due to compaction

Material strength: Gc vs D relation
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Application to Groningen Mmax

- -

Production-Induced slip

Rupture width
G 2G,

Potential stress
drop At

A1=0 , \

Energy ratio T

G/G,,=1

Rupture length J(1-G/G

dx<0

25D)
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Application to Groningen Mmax

With 3D theory extended to:
30
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Application to Groningen Mmax

Scaling of fracture energy vs slip
constrained by lab experiment and earthquake observations
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Application to Groningen Mmax
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Three Topics
1. Relevant Learnings From Injection Induced Seismicity
2. Poroelastic Stress Paths and Earthguakes Induced by Depletion

3. Mmax and the Potential for Faulting in the Carboniferous



Motivation — Can We Quantify Barriers to Fault Propagation
That Would Limit Mmax?
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Barriers to Fault Propagation are Lithologically Controlled,
Quantitatively Estimated and Can Help Understand Mmax
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Three Topics*
1. Relevant Learnings From Injection Induced Seismicity
2. Poroelastic Stress Paths and Earthguakes Induced by Depletion

3. Mmax and the Potential for Faulting in the Carboniferous

*From the perspective of field (and lab) data interpreted in the context of
basic geomechanical principles.



Three Topics

1. Relevant Learnings From Injection Induced Seismicity
« Applicability of Coulomb Faulting Theory
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Basement Fault Activation Before Larger
Earthquakes in Oklahoma and Kansas
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In Retrospect, Every Well Constrained Focal Plane Mechanism Has
One Plane Consistent With Prediction of Coulomb Faulting Theory
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The Same is True for Shallow Earthquakes in the Delaware Basin
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Three Topics
1. Relevant Learnings From Injection Induced Seismicity

« Itis Commonly Observed that Sedimentary Rocks (As Well As
Crystalline Basement) are in Frictional Equilibrium



Basement Earthquakes in Oklahoma were Triggered by Very Small
Pore Pressure Changes
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Basement Earthquakes in Oklahoma were Triggered by Very Small
Pore Pressure Changes
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Assessing Whether Optimally-Oriented Normal Faults are
Potentially Active is Straightforward
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Optimally-Oriented Normal Faults are Present in Groningen
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Three Topics

1. Relevant Learnings From Injection Induced Seismicity
« Applicability of Coulomb Faulting Theory

« Stress Magnitudes Vary Markedly with Lithology in Sedimentary
Seguences



Detailed Measurements of the Variation of S, With Depth
In the Midland Basin
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axial strain

Stress Relaxation Results in a More Isotropic Stress Field
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Complete Stress Relaxation in Shales and Mud Stones

A Measured pore pressure
: : 1000 | T — — Interpreted pore pressure gradient
MUItI_We” EXDerlment (MWX) NN + Mud-weight pressure, MWX-1
A D . X Mud-weight pressure, MWX-3
. . \ Y Fracture gradient in sand
Western Colorado — Piceance Basin (1981-1988) 2000 '\ N @ Fracture gradient in shale and mudstone
- Tight gas reservoirs (k = 1-10 uD) + ‘o N
) AN
- 3 vertical wells spaced hundreds of feet apart 3000 F\F N N\OT%A, i
\ \\ \ \\
4000 i \ . \ \ N\ 0.8% Ho
Normal faulting (S, > Sy 1ax > Shmin) _ N
o _ % 5000 |
Hydrocarbon generation in active zone 2
- P, exceeds hydrostatic (overpressure) 6000 - g "
- Fracture gradient in sands increases with P, 2R
7000 F —%
Fracture gradient in shales very close to S, (1.1 psi/ft) W,
. . . oy L =2
- Essentially total stress relaxation (high ductility) 8000 159
- Shale units likely act as frac barriers
9000 !
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Long Term Creep Experiments - Creep Constitutive Law

Short term experiments (3 hr) suggest logarithmic behavior x107° |
_ Lab Data ;‘!
ecreep (t) =4 Iog(t) — 8 Power Law f
© Logarithmic [
% —— Burgers f
Longer term experiments better fit by a power law Py . w— L j
&)
e (t)=Bt" &
creep 2
Q.
5 6
Power law describes both elastic and creep response @)
s : -
e ) ' i Ty E
J(6)=—= B 55—+
S 7]

107
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Logio(J(t)) [MPa™]

Viscoelastic Power Law

In log-log space, creep strain is linear with time

Discarded Data —e—Fitted Data -—-—Linear Fit
) « Separate elastic (grey) and creep (black) responses
ockS) o
-\\9—1\1(2 > ol : : :
nesV" et « Model parameters have simple interpretations
' /I ol i - B describes the elastic compliance

e 1 - B correlates with Young’'s modulus

B=4e-5 - n describes the time-dependent response

Power law model equivalent to Kelvin model in series

IRy A A A

100 102 104 108
Logqo(Time) [s]
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How Do We Implement The VSR Concept in Practice?

_ bULO Juuu l T
6000 — Sy
— Sv .
o —— Frictional bound
. Frictional bound ® M o DFIT
\ ® Measured DFIT easure
‘I"\ __________________ 6200 25
6500 4 "ﬂl Upper
\ .0 ® oo Wolfcamp
‘I"‘. e _____\ ______ B . e 7050
‘u‘l 6400
7000 \ . L]
} . Middle
7075
® Wolfcamp c600
Upper °
\ Wolfcamp
w) | L U Y [ S S & o
[¢] S 7500 - E S 7100
= '\ ®
= 6800 )
£ WMll;:ldle
° olfcam
I T B oo P
7125
8000 - \ Lower 7000 .
\ |
| Wolfcamp ‘| °
\ \
‘ , .
S I I N \
| eg ° Middle -
g ™ Wolfcamp ®
Iﬂl 7200 I‘I
. \ \
#01 Cline \ ﬂ
\ |
\ ‘5 Lower 775
\ "l Wolfcamp
\ 00 |
L JEV | \
Ellenburger ;
9003000 50‘00 GdOO 70b0 80’00 9000 “ u u ’ 7208 — —
. 000 5000 6000 7000 8000 9000 4000 5000 6000 7000 8000 9000
Measured Shmin (pSI) . Predicted StressISIP . Predicted StressISIP
Predicted / Measured Sy, (psi)

Predicted / Measured Sy, (psi)
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Predicting Variations of the Least Principal Stress
With Geophysical Logs and a Few S, ., Measurements

t—Tl

S — 853 = €yFE —
1 3 0 horzl_n

—n

K(Sy — Shmin) = €0 1—n Enhorz

t—n
5y = Shmin = €o k(1 —n) Enhorz

_ *
Sv T Shmin — netEhorz

Net = f(vclay: Vcalciter Vquartz» GR,p,Q, ¢)

Singh and Zoback (Geophysics, 2022)



Snmin Profile is Computed by Fitting n;; as a Function of Well Logs
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Singh and Zoback (Geophysics, 2022)

Step 1: Fit
Fit nZt = f(vclay: Vcalciter vquartz; GR» P, Q» ¢)

Minimize:

n p 2
RSStinear = z ) ()’i —Bo— z ) Bjxij>
i= j=
o . 2 p
RSS14550 :z_ 1<3’i_60_z_ 1Bjxij> +AZ|.BJ'|
i= j= <
J=1

n p P 2
RSSriage = z <3’i —Bo — Z Bjxij> + /12 B?
=1 Jj=1 =

Step 2: Predict
Predict n;; as a function of depth (z) and calculate:

Shmin(2) = Sy(2) — n¢e(2) Eporz(2)

Step 3: Use geological constraints
Use S, and frictional bounds to constrain the stress profile
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VSR Predicts 17 S,,, Measurements (R~ 0.9)
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Barriers to Fault Propagation are Lithologically Controlled,
Quantitatively Estimated and Can Help Understand Mmax
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Microseismic Triggering Pressure
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Microseismic b-Values are High and Highly Variable
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Three Topics

2. Poroelastic Stress Paths and Earthguakes Induced by Depletion
« Poroelastic Stress Paths for Beginners



Three Topics

2. Poroelastic Stress Paths and Earthguakes Induced by Depletion
« Poroelastic Stress Paths for Beginners
« Linear Elastic, AP is Homogeneous



Stress Path Within a Homogeneous Poroelastic Depleting Reservoir

NN NNy

© | I:l } APpP , ASH @
< L > L>>h

Using instantaneous application of force and pressure with no lateral strain:
V 1% K

Sy, =| — (S,))+aP|1—-——| a=1-—2

1—v 1-v K

g
Take the derivative of both sides and simplify

(1-2v) AP

@-v) °
AS

A — Hor
AP,

Stress Path

ASHor =

if v=025a=1 AS,,, = %APp
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Quantifying Biot Coefficient in Unconventional Formations
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a — 0; Solid rock frame with no pores (® — 0). No pore pressure influence

a — 1; Very compliant porous solid (K., — 0). Maximum pore pressure influence ”



Laboratory Measurements of the Biot Coefficient
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