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1 Executive summary

The WP2 report constitutes a follow-up of the WP1 report on seismogenic source models for Gronin-
gen. While the WP1 report was dedicated to reviewing existing NAM models, the WP2 report inspects
existing alternative approaches and knowledge gaps. To this end, we collected more than 20 alterna-
tive models representing members of established approaches and techniques. Further variations of
each model type may exist, but have not been included for the sake of simplicity.

The range of model types may be grouped into (1) deterministic physical models, (2) machine learning
approaches, (3) purely statistical and empirical models and (4) so-called hybrid models integrating
physical and statistical approaches into one framework. Additionally to reviewing and discussing
the individual models, we present knowledge gaps that affect almost all of the existing seismogenic
source models. The final discussion concentrates on evaluating the strengths and weaknesses of
each model class rather than trying to rank individual models.

Physical models and deterministic scenarios were mostly developed to investigate specific aspects of
the triggering and rupture process of induced earthquakes. They cannot be directly applied to seis-
mic hazard studies, because of limited computational power as well as unknown model parameters
and initial conditions. However, they serve to improve the process understanding and to enhance
concepts for seismicity models. Typically, quasi-static triggering approaches are implemented. For
Groningen, almost all seismicity occurs within or close to the reservoir layer. Many of the suggested
models assume that the earthquakes are triggered at normal fault offsets, where differential field
compaction and pore pressure variations lead to increased Coulomb stress that may exceed the fric-
tional strength on the fault. A key question addressed by physical models is how fault geometry
and throw impact the probability of earthquake triggering, and whether and how so-called runaway
events can rupture the overburden or basement. Other studies investigated how large the remaining
elastic deformation can become if inelastic deformation and creep is accounted for in order to better
understand the time-dependent potential for larger magnitude earthquakes.

Machine learning (ML) could present a possibility to bypass the problem of incomplete and poten-
tially biased process understanding, as it extracts relevant patterns and information directly from the
available multivariate data sets without requiring insight into the underlying physical mechanisms. Al-
though first tests and applications of machine learning are available for Groningen, the comparison
to baseline models shows no significant improvement and the ML model accuracy and forecasting
power remains limited by the small number of earthquakes available for model training. Another
drawback of the machine learning approaches is that predictions of the seismicity are problematic
due to the fact that future stress scenarios that are not covered in the historic training dataset.

Empirical statistical models avoid any physical constraint as well, but implement - in contrast to ML -
parametric relations between observables and use basic statistical models as e.g. the Poisson model
to account for aleatoric variability. Examples of such empirical relations are the Gutenberg-Richter
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magnitude distribution, the Omori aftershock decay and linear or nonlinear relations between pro-
duction volume and seismicity rate. Statistical models can be strong in making short term forecasts,
as for instance the prediction of aftershock activity from ETAS-type models or the prediction of the
cumulative seismicity. However, a drawback similarly to machine learning is that purely statistical
models are often unable to provide reliable predictions for system states evolving outside the range
covered during the learning period. In practice, statistical forecasts are often only reasonable for slow
system changes, where model parameter can be adapted appropriately.

Hybrid models combine the physical model results with statistical approaches. In particular, they
are based on modelled stress values in the seismogenic zone and a triggering criterion leading to a
forecast of the average rate. The natural variability in magnitude and time is accounted for by the
statistical Gutenberg-Richter and Poisson models, while aftershocks are at times included employing
the ETAS model. Hybrid models are the preferential model class towards time-dependent hazard as-
sessment for induced seismicity, as they are able to forecast induced seismicity for loading scenarios
outside the range of previous production. The newest NAM model represents an entity of such hybrid
models.

Hybrid models depend on their specific input parameters. Among them, reservoir loading, fault struc-
ture and initial stress state play a key role. For instance, the level of the initial stress state on faults
is crucial for the triggering and rupture of induced earthquakes. If the initial stress is low, no earth-
quakes will be triggered. In contrast, faults which are already critically stressed in the beginning can
be immediately triggered. Some of the seismicity models assume that the delayed onset in Gronin-
gen's induced seismicity is because of the low stress state on faults. Subcritical and variable initial
stress conditions are assumed to explain the observed delayed and then accelerated seismicity. In
particular, the NAM model assumes that the stress level is always in the tail of the distribution of
stress values on faults, which allows the application of the extreme value theory. Alternatively, rate-
and-state models assume that nonlinear evolving frictional instabilities lead to the triggering of in-
duced earthquakes. They implicitly consider a time-dependent nucleation process, and therefore can
naturally explain a time delay in the seismic response on stress loading scenarios. Which of those
models is more appropriate remains unclear as long as the absolute stress cannot be precisely mea-
sured.

Almost all of the alternative hybrid models assume a time-independent magnitude distribution, based
on the empirical Gutenberg-Richter relation, which only involves one model parameter. In contrast,
the newest NAM model suggests a stress-dependent magnitude distribution with variable b-value
and tapering at large magnitudes. The impact of a modified, more complex but less constrained
frequency-magnitude distribution on the prediction of larger magnitudes can be significant, and
therefore the question is of high relevance for seismic hazard assessment. More research is required
before a final conclusion may be reached.
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All hybrid models possess strengths and weaknesses and cannot be easily compared. For instance,
they have been often developed with regard to different aims and tasks: some are specialised to
forecast the cumulative number of events, others to reproduce the spatiotemporal event distribu-
tion; some are strong in predicting aftershocks, others to recover the long term trend of seismicity. A
majority of the hybrid models is based on reservoir models and reasonable physical considerations,
but the validity of those assumptions is not always clear. So far, it is unknown whether the assump-
tion of the NAM model holds that the stress level is in the tail of the on-fault stress distribution or
whether rate-state triggering is applicable. The lack of knowledge and uncertainties need to be con-
sidered by seismicity models, a topic which should receive increased attention in future refinements
of seismogenic models.

For a quantitative comparison of the alternative models, a systematic testing approach would be
essential. In such a testing infrastructure, models could be run and tested for unseen future data by
researchers who are independent of the model developers. Such an approach could ensure the best
usage of existing seismogenic models for Groningen and could help to implement a proper weighting
in so-called ensemble models for seismic hazard assessments.
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2 Introduction

Seismogenic models describe the seismicity, in particular the rate of earthquakes as a function of
time, space, and magnitude. These models, also called seismicity models, are thus the backbone of
any seismic hazard assessment. Traditional seismic hazard calculations assume time-independent
models, specifically the Poisson process with constant seismicity rate, while the spatial component
is described either by geologically defined areal sources with uniform rate, or by smoothing of his-
toric seismicity assuming that earthquakes will occur in the future in the same location with the
same rate. Furthermore, magnitudes are traditionally assumed to follow a time-independent trend,
a Gutenberg-Richter distribution with fixed a and b-value, as observed in the past. The underlying as-
sumptions are the independence of earthquakes and the stationarity of the earthquake generation
process.

However, earthquakes cannot be treated as independent events. The most important types of short-
and intermediate-time earthquake interactions are aftershock sequences. Aftershocks are associated
with a main shock. Their occurrence rate generally scales exponentially with the main shock magni-
tude and decays with time according to a power-law, the so-called Omori-Utsu law (Utsu et al., 1995).
The duration of aftershock sequences is typically in the range of weeks to months, but it is expected
to inversely scale with the tectonic stressing rate and can thus be much longer in low seismicity zones
and shorter for induced seismicity with high stressing rates (Dieterich, 1994). The spatiotemporal
patterns of aftershocks can be well modelled by the statistical Epidemic-Type Aftershock Sequence
(ETAS) model, which explains the activity by a superposition of ongoing Omori-Utsu type aftershock
sequences triggered by past events and a time-independent background rate (Ogata, 1988; Ogata,
1998). Thus, in a formal sense, ETAS type models do not distinguish between fore-, main- and after-
shocks, and their forecasts are only based on the number and magnitudes of previous events and a
tectonic background rate of mainshocks.

While the underlying mechanisms are still unclear, statistical seismicity models, particularly the ETAS
model, are sufficiently well tested to be used for official earthquake warnings. There is often a de-
mand for authoritative forecasts of triggered events in the aftermath of a major damaging earthquake
(Jordan et al., 2014). Aftershock models incorporating the Omori-Utsu law, such as ETAS or simpler
alternatives, are generally used to provide such short term forecasts, with a time horizon of weeks,
months or perhaps a year; as done e.g. in Italy, California, and New Zealand. An ideal Operational
Earthquake Forecasting (OEF) system would be integrated with seismic hazard and risk tools. How-
ever, so far, the time-dependence of the seismicity is usually ignored for seismic hazard assessment.

For seismic hazard assessment, therefore, the

earthquake catalogues are usually declustered Seismic hazard assessments of induced
before the parameters of the Poisson and seismicity require sophisticated models ac-
Gutenberg-Richter models are estimated. The counting for time-dependent driving forces.
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declustering is necessary in order to approxi-

mate a stationary Poisson model for the tectonic

mainshock activity. Declustering methods separate an earthquake catalogue into foreshocks, main-
shocks, and aftershocks. However, there is no unique way to do this and any algorithm has potential
pitfalls (van Stiphout et al., 2012). In any way, the assumption of a stationary driving force in standard
hazard estimations for natural seismicity is obviously inadequate in the context of anthropogenically
induced seismicity as in the Groningen gas production site. In this region, the tectonic forcing is
negligible leading to almost no activity outside the gas fields, while the activity inside the gas fields
is directly related to the time-dependent production of gas. Therefore, seismic hazard assessments
of induced seismicity require more sophisticated models incorporating the time-dependency of the
driving force.

To consider non-stationary driving forces, phys-

ical models have to be developed, implement- The change of Coulomb failure stress

ing earthquake trigger processes and rock fail- (ACFS) controls earthquake triggering.
ure criteria. In particular, the Coulomb failure

stress (CFS), i.e. the difference between the

shear stress and the product of the friction coefficient and compressive normal stress, is a key pa-
rameter controlling rock failure and earthquake triggering (Okada, 1992; King et al., 1994). Therefore,
physics-based seismicity models are almost all based on the CFS parameter, although in some cases
other variables are implemented as proxi for CFS, as for instance pore pressure change or reservoir
depletion. However, the specific approach how the trigger criterion is defined and how rupture nu-
cleates varies among models. For instance, a Coulomb failure model assumes a simple threshold
criterion for CFS, which after exceedance instantaneously leads to a mechanically triggered earth-
quake. The rate-and-state seismicity model assumes a frictional instability, where the co-seismic
rupture develops after an aseismic nucleation phase over a finite time depending on the level of the
CFS. Thus, the rate-and-state model can simulate time-dependent earthquake rates other than the
time function of the CFS loading, as for instance aftershocks. In contrast, the Coulomb failure model
cannot explain aftershock occurrence and is often combined with a statistical model to overcome
this limitation. Such a hybrid model, i.e. a combination of a physical and a statistical model, has for
instance been developed by NAM (Bourne and Oates, 2017b).

Independent of the question whether a threshold or a rate-and-state model is used, the knowledge
of the time dependent CFS function, or its time derivative (the change in CFS), is crucial to understand
time-dependent earthquake rates. This is clearly relevant for anthropogenic seismicity, but even at
plate boundaries, where the earthquakes are mainly related to the constant stressing rate from plate
motions, we see indications of non-stationarity triggered by different processes (Vidale and Shearer,
2006). Examples include so-called static CFS changes from mainshocks (King et al., 1994; Stein, 1999),
dynamic stress perturbations from seismic waves (Kilb et al., 2002; Felzer and Brodsky, 2006), or




Alternative models and knowledge gaps April 2020

stress changes induced by postseismic deformations such as afterslip (Perfettini and Avouac, 2004;
Perfettini et al., 2019), poroelastic (Nur and Booker, 1972; Jonsson et al., 2003) or visco-elastic relax-
ation (Pollitz et al., 1998). Some of these processes are active on overlapping time scales. Hence,
for example, both dynamic and static stress changes seem to be very important at short time scales,
while large scale poro- and visco-elastic changes may lead to temporally delayed triggering. Other
factors such as rupture type and small-scale slip heterogeneity may also have a first order effect on
the resulting seismicity patterns (Marsan, 2006; Narteau et al., 2009).

The NAM seismogenic model (Bourne and Oates, 2017a; Bourne et al., 2018) is a hybrid approach
with a combination of physical and statistical model components and was developed specifically for
Groningen. In this gas field, production takes place since 1963 and more than 270 earthquakes with
magnitude My > 1.5 have been recorded since 1986. In particular, the NAM model is based on
calculations of the time-dependent compaction strain and the assumption of statistically distributed
pre-stress values, which leads to a time-dependent seismicity rate modelled by an inhomogeneous
Poisson model as described in detail in our first report (WP1, 2019). However, although the model
is based on reasonable assumptions and explains the observed seismicity well within the confidence
intervals, it involves a number of assumptions which limits its predictive power. Therefore, the pur-
pose of this report is to review and discuss alternative model approaches and their advantages and
disadvantages.

In chapter 3, we introduce and discuss alternative models already applied or generally applicable in
the Groningen field with special emphasis on the involved physics, required input parameters and
uncertainties, particularly considering data availability. In section 3.1, we firstly focus on purely phys-
ical geomechanical models and their results. These models are useful to understand the physical
processes leading to induced seismicity in the Groningen field. However, they cannot account for
the unpredictability of small-scale processes and heterogeneities. Partly this is due to computational
costs, which prevent modelling of the earthquake process on scales of millimetres (or less) up to the
scale of tens of kilometres, and partly it is due to an insufficient knowledge of properties, initial con-
ditions and relevant processes in the reservoir and surrounding crust. Thus, for direct applications in
seismic hazard assessments, statistical models are needed, which can account for natural variability
and stochastic processes. Machine learning is one approach that can deal with the complex relations
between input variables and earthquake occurrences. In section 3.2, we introduce and discuss such a
purely data-driven approach to relate compaction to earthquake data in Groningen. Parametric sta-
tistical models relevant for the Groningen field are discussed in section 3.3, where purely empirical
and hybrid models are analysed. While the empirical models ignore important physical knowledge
and constraints, the model class of hybrid models, which includes the NAM model, combines the un-
derstanding of physical processes and stochastic components, and is thus most promising for seismic
hazard applications in Groningen.

In chapter 4, knowledge gaps and open questions are discussed. Among others, these gaps include
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the missing knowledge concerning the actual stress state, the likelihood to trigger neighbouring faults
and potential changes of the frequency-magnitude distribution. On the other hand, open questions
are related to the potential use of currently available high-precision data and the possibility of com-
parative model tests as currently ongoing in the context of natural seismicity within the Collaboratory
for the Study of Earthquake Predictability (CSEP, Michael and Werner, 2018).

Finally, in chapter 5, we summarise and discuss the strengths and weaknesses of the alternative
model approaches and the most important knowledge gaps that should be addressed in the future.
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3 Alternative models

The occurrence of felt earthquakes due to gas production in Groningen has initiated numerous stud-
ies and model attempts to understand and quantify triggered seismicity in this region. Partly, the
understanding of processes and model approaches, which have been developed for natural earth-
guakes and induced seismicity in other contexts and environments, have been used. In addition,
some model concepts have been developed specifically for the Groningen case. The whole band-
width of available models spans the range from fully deterministic models to purely empirical and
stochastic models. In this chapter, we summarise the most important model approaches. However,
due to the large number and variety of publications, we were forced to restrict our analysis and
cannot discuss all approaches in depth. In particular, we focus on differences to the NAM model ap-
proach and the models’ applicability to the Groningen field with respect to data availability. In table 1,
we provide an overview of the discussed model approaches and their key components, parameters
and previous application areas. Please note that this categorisation requires simplifications that can
be questioned. However, the purpose of this table is to provide a brief overview, while more detailed
descriptions of the models are given in the following sections.

Section 3.1 introduces mechanical models,

which are built to understand the triggering [ PTREeTRe 1o (SRR S AT Ao S R R T S
mechanism. The subsequent two sections focus of the alternative models discussed in this
on models that account for the generally incom- report.

plete understanding of the process, the limited
knowledge of the conditions in the crust, and the
randomness of the involved processes. In particular, a machine learning approach for Groningen is
described in section 3.2, and statistical and hybrid models are discussed in section 3.3.

10
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Table 1 - Overview of the analysed models with their main properties

Name (page) Type® Model components® No. of parameters® | Applications References
basicRes (p.12) A rectangular reservoir, poroelasticity, CFS 6 generic Segall (1989)
basicRes+fault (p.12) A fault offsetting reservoir, poroelasticity, CFS >8 generic Jansen et al. (2019)
3D-Res (p.13) D 3D FEM model, faults, quasi-static large Groningen Sanz et al. (2015)
basicRes+quasistaticRup (p.14) D fault offsetting 2D reservoir, quasi-static rupture simulation >6 generic Van Wees et al. (2014, 2017a,b)
basicRes+dynRup (p.16) D fault offsetting 2D reservoir, dynamic rupture simulation >6 generic van den Bogert (2018), Buijze et al. (2017, 2019)
basicRes+quasidynRup-RS (p.20) D fault offsetting 1.5D reservoir, quasi-dynamic rupture simulation,RS 17 Groningen DeDontney and Lele (2018)
basicRes+flow (p.22) D fault offsetting 2D reservoir, fluid flow >6 generic Zbinden et al. (2017)
basicRes+salt (p.22) D 2D DEM model, faults, salt effects >8 generic Kettermann et al. (2017)
ML (p.23) ML features/predictors, ML-algorithms, out-of-sample tests > 40 (predictors) Groningen Limbeck et al. (2018), Lanz et al. (2019)
K2/K3 (p.26) S adaptive smoothing in space, time & magnitude 6-7 California Helmstetter & Werner (2012, 2014)
ETAS (p.27) SorH background events & aftershocks, Poisson, GR 9 worldwide Ogata (1988), Hainzl and Ogata (2005)
NC-model (p.30) S compaction/fault slip, activity rate 3-7 Groningen DeDontney (2017)
NV-model (p.31) S number-volume relation, Poisson, GR 3 Groningen Hettema et al. (2017), Vlek (2019)
Sl (p.33) H p, criticality, Poisson, GR 2 Groningen Shapiro et al. (2010), Shapiro (2018)
Wentinck (p.35) H p, Poisson, Weibull, GR 6 Groningen Wentinck (2015)
NAM (WP1) H €.z, p, CFS, Poisson, pdf(Sp), ¢, ETAS, GR > 13 Groningen Bourne and Oates (2017a), Bourne et al. (2018)
CMsub (p.37) H p, A, CFS, 1-D rupture propagation, ensemble simulation, GR >16 Groningen Dempsey and Suckale (2017)
visco-NAM (p.39) H €., CFS, Poisson, pdf(So), ¢ 5 Groningen Bourne and Oates (2018)
NAM-RS (p.41) H €, CFS, Poisson, RS 5 Groningen Bourne and Oates (2018)
Candela-RS (p.42) H p, CFS, RS 15 Groningen Candela et al. (2019)
Richter-RS (p.44) H D, €22, CFS, RS 4 Groningen Richter et al. (2019)

@1 A Analytic, D: purely deterministic, ML: machine learning; S: purely stochastic, H: hybrid

b p: pore pressure; e, ,: compaction strain; CFS: Coulomb failure stress; pdf(Sy): pre-stress distribution; ¢: extreme threshold failure;

GR: Gutenberg-Richter distribution; A: poroelastic path coefficient; RS: rate-and-state fault friction

¢: The number of parameters is partly difficult to estimate because of incomplete or unclear explanations. Parameters of the static/dynamic reservoir model are not included.

sde8 a3pajMmouy| pue s|apow aAleUIR|Y

0202 |14dy
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3.1 Physical models

To understand why earthquakes are triggered by fluid extraction, Segall (1989) applied the theory of
poroelasticity (e.g. Geertsma, 1973) to a simplified model setup (basicRes). For a horizontal, simpli-
fied reservoir as shown in Fig. 3.1, he derived an analytic expression describing the induced stress
changes. In response to a change in fluid mass per unit volume Am inside the reservoir, he showed
that the components of the induced stress tensor are given by

o 1 + Vu .
7(3.) = g U 0% | [ Am(5.0Gy (@07 - Am(i 1) 3.1)

with the shear modulus p, the fluid density po, the undrained Poisson’s ratio v, and Skempton'’s
coefficient B. The Green's function G;; is related to a point source of dilatation. This simple model
predict stress changes inside the reservoir, where Am # 0, and outside of the reservoir.

Earthquakes can be triggered by such stress changes in the seismogenic crust. In particular, an in-
dicative quantity for triggering is a positive change of the Coulomb failure stress (CFS),

ACFS = At + f(Aoy, + Ap) (3.2)

with 7,0, p, f being the shear stress, the normal stress (positive in case of extension), the pore pres-
sure, and the friction coefficient, respectively (Okada, 1992; King et al., 1994). Equation 3.1 indicates
ACFS > 0 and thus, assuming a negligible tectonic background stress, can explain potential trigger-
ing of reverse faulting both above and below the reservoir, as well as normal faulting on its flanks.
This result is illustrated by the focal mechanisms displayed in Fig. 3.1.

Earthquakes are usually associated with slip on

OSSR CHSAVIOIRERRCICRI-CUN  Analytic poroelastic solutions of induced
seismic profiles indicate the existence of faults stresses exist only for simplified model se-
with variability in fault density, orientations, and tups.

throws. The updated static reservoir model of
2015 comprises around 700 interpreted faults,
some with significant throws (SGS Horizon B.V., 2016). Most of the faults in the Groningen field have
offsets less than half the reservoir thickness (Buijze et al., 2017; Wentinck, 2015). Recently, Jansen
et al. (2019) provided analytic expressions for a normal fault offsetting a homogeneous reservoir of
infinite extension (basicRes+fault). The authors demonstrated that the development of infinite elas-
tic shear stresses on a displaced fault, at the internal and external reservoir-fault corners, implies that
even small amounts of injection or production will result in some amount of slip or other nonelastic
deformation. They also showed that there is a marked difference between the shear stress patterns
resulting from injection and production in a reservoir. In both situations two slip patches emerge, but
at the start of injection slip occurs immediately in the overburden and underburden, whereas during
production the slip may remain inside the reservoir.

12
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Fig. 3.1 - Poroelastic solution for a simplified reservoir (-1 < x < 1,1—A < z < 1+A) and plane-strain conditions
(no strain in y-direction). Contour lines indicate the normalised horizontal normal stress component o,
due to fluid extraction (positive in case of extension). Contour lines are not displayed in the production
zone. Focal mechanisms indicate planes of maximum shear stress, and sense of maximum shear on those
planes. Horizontal distance x and depth z are plotted in units of reservoir depth. The figure is modified
from Fig. 6 of Segall (1989).

For finite reservoirs, stresses on faults offsetting the reservoir cannot be calculated by analytic ex-
pressions particularly during rupture nucleation and propagation, which requires numerical models.
However, a three-dimensional modelling of the complete Groningen reservoir with sufficient resolu-
tion including dynamic effects of seismic events is not feasible due to the computational costs. Thus,
three-dimensional reservoir models are so far restricted to quasi-static approaches. An example is
the finite-element model of Sanz et al. (2015), which consists of two detailed submodels with horizon-
tal sizes of 16 x 20 km and 13 x 19 km, respectively, including faults and being embedded in a global
model of size 180 x 190 km consisting of 21 vertical layers (3D-Res). Such models can predict the
cumulative fault slip, but do not account for the nucleation and propagation of individual events and
thus cannot predict the radiated seismic energy (earthquake magnitudes) or the relation between
seismic and aseismic slip. Dynamic models require simulations with a much higher spatial resolu-
tion. Furthermore, the lack of detailed information of the true subsurface parameters and the initial
stress conditions as function of space would require the sampling of a huge number of alternative
model setups to quantify the epistemic uncertainties, which is impossible for the time being. Thus,
numerical geomechanical models focus so far on simplified, individual faults, mostly in 2D.
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van Wees et al. (2014; 2017a) studied such a

o _ Van Wees et al. (2014; 2017a,b) studied
simplified model of a fault offsetting a reser-

, . . . ] quasi-static earthquake nucleation and rup-
voir (basicRes+quasistaticRup). The model, il-

ture propagation for a simplified numerical

lustrated in Fig. 3.2A, incorporates two reservoir , ,
model of a fault offsetting a reservoir.

compartments, separated by a fault with a cer-
tain roughness (characterised by parameter ()
and a throw of half the reservoir thickness. This setup is considered to be representative for ma-
jor fault zones in the central area of the Groningen field, in the vicinity of which most seismic events
occurred. Their plane-strain finite element model had dimensions of 6 x 6 x 6 km. In this model, the
continuously declining pore-pressure in the reservoir induces a ACF'S on fault elements potentially
leading to the initiation of an earthquake rupture. After each load step, the stresses on the fault
patches are evaluated. If the yield stress is exceeded on a patch, slip occurs inducing stress changes
on the other patches. The rupture extension and propagation is calculated by an iterative proce-
dure until all stresses become subcritical. It should be noted that in the approach of van Wees et al.
(2017a), the earthquake initiation and propagation is described by a static-kinematic friction law with
guasi-static stress interaction, where stress changes occur instantaneously. Particularly, their model
belongs to the class of inherently discrete models, which have the property that individual cells may fail
independently, with the problem that they do not have a well-defined continuum limit (Rice, 1993).
In contrast, fully dynamic and continuous rupture models can only reproduce the observed richness
of slip complexity if the nucleation dimension is chosen sufficiently small (Cattania, 2019). Therefore,
comparable fully dynamic rupture simulations would be computationally very costly, which justifies
the approach of van Wees et al. (2017a).

The study of van Wees et al. (2014) and van Wees et al. (2017a) showed that ACF S-values are far
more pronounced on faults bounding or offsetting the reservoir than elsewhere. Furthermore, the
model is found to explain the delay in the onset of induced seismicity as well as the non-linear in-
crease in seismic moment observed in Groningen, if the faults producing induced seismicity are not
critically stressed at the onset of depletion. However, they also find a few important discrepancies to
the observations:

1. The observed b-value of b ~ 1 and maximum magnitudes of M., ~ 3.6 can only be reproduced
if the fault is critically stressed from the beginning. However, in this case, the model would
predict that induced seismicity occurred immediately after the start of production, which is in
contradiction to the observations. For an initially subcritical stress state, the b-value is larger
and the maximum magnitude smaller.

2. Quickly after the onset of the seismicity, the model predicts an almost linear increase of the
cumulative seismic moment with time, equivalent to a constant seismic moment release rate
(see yellow curves in Fig. 3.2B). This is not in agreement with the observed increase of the
seismic moment rate with time (Bourne et al., 2014).

14
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Fig. 3.2 - (A) Schematic model of a normal fault offsetting the reservoir (modified from Fig. 5 of van Wees et al.,
2017a). (B) Seismicity response to a shut-in of production at time 0: the shape of the cumulative seismic
moment release (red and yellow lines, right scale) and the corresponding compaction (blue lines, left scale)
are shown as function of time. The red curve is based on the heuristic correlation between compaction
and seismic moment of Bourne et al. (2014), while the yellow curve represents the prediction of the model
of van Wees et al. (2017b). The latter predicts much less activity after the shut-in compared to Bourne et al.
(2014). (B) is a modified version of Fig. 8 of van Wees et al. (2017b).

3. In the geomechanical model, 4 to 40 km of fault length would suffice to generate the observed
cumulative moment. This is about one order lower than expected from the distribution of
seismicity and faults in the field.

The authors discuss several possible explanations, including:

e The model only considers a single fault, while in reality, multiple faults with different orientation
are present. At first, only optimally oriented faults will be activated. However, at later stages
the progressive contribution of an increased number of reactivated faults will contribute to the
enhancement and nonlinear growth of seismic moment release.

e The model neglects the impact of absorption of stress by the salt cap rock and energy losses
through aseismic slip, which might explain the overestimation of the seismic moment release.

The first explanation is similar to the assumption of Bourne and Oates (2017b) that pre-stress val-
ues are broadly distributed and that only the tail of this distribution is close to the failure stress. As
Bourne and Oates (2017b) showed, this assumption can indeed explain the observed acceleration of
the seismic moment release. The second assumption is empirically used by Bourne et al. (2014) by
considering the strain partitioning coefficient . However, the extrapolation of the empirical strain
partitioning function of Bourne et al. (2014) is questioned by the model results of van Wees et al.
(2017b), who extended their previous model to account for viscoelastic material behaviour. In partic-
ular, van Wees et al. (2017b) considered Kelvin-Chain rheology leading to ongoing compaction after
cessation of reservoir production. After shut-in, the model predicts an abrupt decrease of seismicity,
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in contrast to the smooth prolongation predicted by Bourne et al. (2014). This point is highlighted in
Fig. 3.2B, where the shape of the predicted cumulative seismic moment release as function of time is
compared for both models.

For the same model setup (Fig. 3.2A), van den
Bogert (2018) and Buijze et al. (2017, 2019),
explored the fully dynamic initiation and prop-

For the same model setup of a single fault
offsetting a reservoir, van den Bogert (2018)

agation of ruptures, including their waveforms and Buijze et al. (2017, 2019) studied dy-

and source-time functions (basicRes+dynRup),

namic earthquake nucleation and rupture

in order to understand the impact of reservoir propagation.

depletion, reservoir offset and thickness on the
occurrence of fault instability and the magnitude
of the simulated earthquakes. For this purpose, they used a 2D crustal model with dimensions of 6
x 6 km, described as a linear-elastic half-space, incorporating a horizontal homogeneously depleting
reservoir with offset. The cross-cutting 1D fault is straight and behaves according to a Mohr-Coulomb
friction law with linear slip-weakening relationship. For the model setup adapted to the Groningen
field, van den Bogert (2018) conducted more than 250 dynamic rupture simulations with varying
reservoir offsets, reservoir thicknesses, and different parameters of the linear slip-weakening rela-
tionship.

In the simulations, fault slip occurs at a fault patch, once the shear stress reaches the shear strength.
The slip reduces the shear strength (slip-weakening) and leads to stress changes on the whole fault.
The fault slip is aseismic as long as incremental reservoir depletion is required to increase the slip
displacement and propagate the slip patch. A seismic event occurs if no further incremental reser-
voir depletion is required and slip increases autonomously. The dynamic rupture simulations are
conducted using an implicit solution scheme in a commercially available finite-element software. The
simulations showed that seismic ruptures are always preceded by aseismic slip (nucleation phase),
which finally accelerates to seismic slip (rupture) when its size exceeds a critical length L. which ad-
heres to the analytical expression derived by Uenishi and Rice (2003).

The pressure drop A Pg necessary for triggering

seismic ruptures is found to be independent of
the reservoir width, but dependent on the slip-
weakening relationship and the reservoir offset.
In particular, it is found to strongly decrease for
increasing normalised reservoir offset (absolute
reservoir offset divided by reservoir thickness) in
the range between 0 and 1. Reservoirs with a

Larger fault offsets promote early rupture
nucleation, but have reduced down-dip rup-
ture sizes. In contrast, the smaller the offset,
the larger is the potential for rupture propa-

gation into the basement.

normalised offset of about 1 are most prone to fault slip and seismic rupture, while reservoirs with a
small normalised offset sustain a significantly larger reservoir depletion before the onset of seismic
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rupture (assuming the same in-situ stress and fault slip properties). Depletion causes critical stresses
at both the top of the hanging wall and base of the footwall. Whereas larger fault offsets promote
the nucleation of ruptures, they reduce the down-dip rupture size, because ruptures are more eas-
ily arrested in more stable stress regions, which formed during depletion. On the other hand, the
smaller the offset, the larger is the potential for rupture propagation into the underburden. Propa-
gation outside the reservoir interval is additionally promoted by critical in situ stress, a large stress
drop, and small fracture energy (Buijze et al., 2019). Apart from the offset, the onset of fault slip is
influenced by the orientation of the fault relative to the background stress field and the initial friction
coefficient. Furthermore, the necessary pressure drop decreases with increasing slope of the linear
slip-weakening relationship. The required pressure drop is found to influence the overall seismic cou-
pling: The larger the required pressure drop, the more ductile is the structural response to reservoir
depletion; that is, the fraction of aseismic to total slip increases.

Based on his findings, van den Bogert (2018)

suggested to separate the depletion pressure The absence of seismic events in some

APg into two parts places of the Groningen field might be the

result of varying friction parameters.

AP, = AP,(Sy, fs) + AP, (Wy) (3.3)

where AP, is the depletion pressure drop that is accommodated elastically and finally leads to the
onset of aseismic fault slip, and AP, is the depletion pressure drop that occurs during aseismic fault
slip until the initiation of the seismic rupture. AP, is found to be mainly dependent on the initial
stress condition Sy and the static friction coefficient fs. In particular, AP, increases with the ratio
between horizontal and vertical in situ stress, Ky = o5,/0, (Buijze et al., 2019). In contrast, AP,
is mainly influenced by the slope W} of the slip-weakening relation. Based on this result, van den
Bogert (2018) speculates that the absence of seismic events in some places of the Groningen field is
a consequence of specific slip-weakening parameters, in particular:

i) alarge value for the static friction coefficient,
i) a relatively small absolute value of the dynamic reduction of the friction coefficient,
iii) or asmall value for W; such that the critical slip length L. is larger than the reservoir thickness.

Based on these and similar considerations, Dempsey and Suckale (2017) developed a stochastic ap-
proach to account for variable friction properties in their seismogenic model for Groningen (see sec-
tion 3.3.2) which is as well used by DeDontney and Lele (2018).

Despite the simple two-dimensional model setup with planar layers and a straight (one-dimensional)
fault, the model already shows complexity in the rupture style with three different rupture mecha-
nisms identified by van den Bogert (2018): one associated with instability of a single slip patch, one
associated with the merging of two aseismic slip patches and the third associated with the merging
of the two slip patches after one of the slip patches has become unstable. The source-time function
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is distinctly different for each rupture mechanism, which may provide the possibility to associate ob-
served seismic events with these three rupture mechanisms. van den Bogert (2018) estimated the
corresponding moment magnitudes assuming that the slip distribution in strike direction is similar
to the simulated one in dip-direction. He found that the estimated moment magnitudes for all three
rupture mechanisms are in the range between 0.5 and 4, although that seismic rupture of a single
slip patch tends to yield a smaller moment magnitude. Thus, the simulated event magnitudes are in
agreement with observations. Furthermore, all three rupture mechanisms were shown to occur for
any reservoir thickness and offset if the fault strength is in an appropriate range and they all can be
described by universal scaling relations between moment magnitude, rupture length (L) and maxi-
mum relative slip (RSD), i.e., L(M) ~ exp(1.01M) and RSD ~ exp(1.35M). Assuming the validity of
this model, the relations allow the estimation of the local L and RSD values in the Groningen field

based on observed moment magnitudes.

While the model of van den Bogert (2018) and Buijze et al. (2017, 2019), represents an improve-
ment to the model of van Wees et al. (2017a) by accounting for fully dynamic rupture nucleation,
propagation, and termination, the study still suffers from a few shortcomings and simplifications, in
particular:

e The study uses only a 2D instead of 3D modelling environment. A 3D modelling approach was
deemed inappropriate, because either the element size would be too large or the computa-
tional costs would be too high.

e Non-linear and time-dependent behaviour of the reservoir and overburden formations (Sanz
et al., 2015) have not been taken into account. However, these may be relevant, because of the
salt body overlying the Groningen gas reservoir.

e Thermal aspects and (un)drained behaviour of the fault zone and adjacent formations are ig-
nored, which may play a role for earthquake nucleation in the Groningen field.

Wentinck (2018a,b,c) used recorded ground mo-

tions from accelerometers to constrain the rup- Some insights gathered from kinematic and
ture process of the two largest earthquakes dynamic source modelling of the two largest

in Groningen. In particular, Wentinck (2018c) earthquakes in the Groningen field.
performed a kinematic inversion of the M;3.6

Huizinge earthquake of 16th August 2012 based

on recordings of six accelerometers. This earthquake occurred close to a junction of two faults with
small to moderate throw (less than 30 m) and the slip plane was constrained to one of the two faults,
where a modified Brune source time function was considered for each patch on this plane, embed-
ded in a simplified version of NAM's seismic velocity model. Wentinck (2018c¢) found that the dimen-
sions of the rupture area could not be reliably determined and might require a calibrated model
for wave propagation and scattering in the shallow subsurface in the epicentral region. Further, the
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study indicated that the observed second peak likely was produced by S-wave reflections in the shal-
low subsurface instead of the occurrence of a second event as suggested by a precursory study of
Wentinck (2017). However, the analysis suffered in general from the large uncertainties related to the

small number of recordings and the unreliable orientation of accelerometers.

Wentinck (2018b) applied the same technique to the more recent Zeerijp earthquake on the 8" Jan-
uary 2018 with a magnitude of My, 3.4. In the meantime, the geophone and accelerometer network
had been substantially expanded (Dando et al., 2018), such that the number of records available for
analysis improved significantly. The hypocentre was located close to a minor fault in the reservoir
with relatively small throw (40 m); its strike corresponds well to the one derived by moment tensor
inversion, but not its dip. Ant-tracking of the fault geometry revealed differences to the values saved
in the NAM fault database (Wentinck, 2018b). As the rupture plane dimensions were still not well
constrained by seismic observations (Wentinck, 2018b), the source time function was extracted em-
ploying the empirical Green’s function (EGF) method. A uni-directional rupture along fault strike was
inferred (Wentinck, 2018b). From corner frequencies and apparent source time function, the rupture
dimension was estimated to be less than 400 m and the slip area considerably smaller than 1 km?,
hinting to a large breakdown stress drop during rupture of 3-5 MPa (Wentinck, 2018a). However, it is
well-known that such stress drop estimates involve large uncertainties.

Wentinck (2018a) also implemented a dynamic rupture modelling of the 2018 Zeerijp earthquake,
constrained by the available recordings. In contrast to kinematic inversions, dynamic source inver-
sions depend on the assumed pre-stress conditions, which was inferred from reservoir compaction
and pressure diffusion into the Carboniferous underburden. Additionally, main input parameters
were the static and dynamic friction coefficients as well as the so-called critical breakdown relative
displacement of the employed slip-weakening model of Ohnaka (2013). Before rupture, the shear
stress was estimated to be highest where the reservoir-anhydrite horizon is juxtaposed to the reser-
voir rock on the other fault side. However, a potential interplay with a reverse fault close to the
hypocentre was disregarded. No evidence of substantial fault propagation into the underlying Car-
boniferous could be observed indicating a considerably higher static or residual friction coefficient of
the Carboniferous compared with Rotliegend rocks. In addition, stress changes due to pressure de-
pletion in the uppermost part of the Carboniferous turned out to be important (Wentinck, 2018a). The
small peak rupture velocity implied, according to his modelling, that outside the nucleation patches
of the earthquake, fault stress conditions were far from critical (Wentinck, 2018a).

While slip-weakening friction laws are often em-

ployed for simplicity as in the applications dis- DeDontney and Lele (2018) combined a

cussed above, laboratory experiments indicate quasi-dynamic model with rate-and-state
that the force of resistance depends on the rel- friction.

ative displacement velocity as well as the state
of the fault surface after a previous slip event. Such a rate-and-state friction law was among oth-
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ers explored by DeDontney and Lele (2018), who used three different physical models to anal-
yse the impact of production fluctuation on the seismicity and above all on the seismic hazard
(basicRes+quasidynRup-RS). First, the distance range influenced by daily and seasonal production
was investigated with an analytic reservoir pressure model. Secondly, they used a rate-and-state
earthquake activity rate model (Dieterich, 1994) to compare the seismicity rates for different produc-
tion schemes similar to the models described in section 3.3.2. As third approach, they examined if
the hazard at Groningen changes for different production schemes employing an earthquake cycle
model. The latter considered the stress evolution on one fault described in 1.5D being subject to
rate-and-state friction in a quasi-dynamic model to create earthquake catalogues.

The analytic model assumed a radial symmetric permeable medium around a production well. Differ-
ent permeabilities were tested and daily as well as seasonal variations were simulated as sinusoidal
changes of 10% and 40% amplitudes, respectively. Both amplitude ratios are taken from observed
values. Modelled pressure variations were localised in distances up to 300 m around the well and
were amplified at the well for lower permeability. A test of this model using a data set of seven
months from a production well in the Groningen field with an additional depletion trend of 0.3 MPa/a
showed localised pressure variations up to 500 m from the well and a dominant yearly depletion sig-
nal. The result of this approach was that the daily and monthly variation had only local influence with
moderate amplitudes close to the wells, which applies only to a few faults. These findings are not
completely supported by the full numerical dynamic model of NAM, which shows significant annual
rate changes for the whole field (see also visco-NAM and NAM-RS model).

The second approach was a test of the influence of production fluctuations on seismicity rates mod-
elled with a rate-and-state earthquake activity rate model. The model was based on the formula
from Dieterich (1994) and seismicity rates were calculated for different stressing rate scenarios test-
ing model parameter sets derived from observations. The stressing rates were again simulated as
sinusoidal signals with 10% daily and 40% seasonal variation with a mean of 1 MPa/a over a period
of 8 to 10 years. The resulting earthquake rates were compared to earthquake rates arising from
a constant stressing rate. The background earthquake rate r was taken from the average observed
seismicity rate in the last years for events with M > 1.5 and M > 1.0 (25 events/a and 90 events/a,
respectively). According to this model setup, the earthquake rates showed no daily fluctuations, but
clear seasonal changes. For the lower background earthquake rate of 25 events/a, an increase of 0.5-
1.5 events per year was found, whereas for the higher background rate of 90 events/a, the increase
was around 6 events per year. These findings can explain why the earthquake catalogue for M > 1.5
shows no clear seasonal variations, whereas for smaller events a clear seasonal signature is found.
Overall the number of events is too small to come to statistically stable conclusions.

The third approach was investigated with an earthquake cycle model to examine if the hazard at
Groningen changes due to production fluctuations. This model considered the stress evolution on
one fault with a rate-and-state friction to derive slip velocities on fault patches similar to Lapusta
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et al. (2000), and then build earthquake catalogues. The quasi-static stress changes on a fault in an
elastic half space due to uniform slip over each rectangular fault patch was calculated. The stiffness
matrix k controlled the shear stress caused by the slip and a dip-slip motion was assumed. This
model is "quasi-dynamic" (Rice, 1993) including instantaneous stress transfer, but employing a ra-
diative damping term for the energy flow that is proportional to the sliding velocity. The faults were
modelled as 1.5D, meaning that the rough planar faults were examined in either strike or dip direc-
tion. For the model in strike direction uniform stress changes were modelled, whereas in dip direction
non-uniform stress changes were modelled with the finite element software ABAQUS to include the
effect of fault offset. The evolution of the state variable 6 was described by two laws:

the aging law (Dieterich, 1994)
Ov ab

or the slip law (Ruina, 1983)
. Ov Ov

Here, Ly is the characteristic slip distance that is determined according to the cell size h, v is the
sliding velocity, « is a constitutive parameter and the parameters a and b are experimentally derived
coefficients describing nonlinear friction (for details see section 3.3.2 and equation 3.16). The initial
shear stress heterogeneity was assigned following the procedure in Dempsey and Suckale (2016),
where the shear stress is consistent with a fractal model.

The earthquake cycle model depends on sev-

eral parameter assumptions and the influence Daily and seasonal production fluctuations

of nine parameters was tested. These were have only a local impact around the produc-
the initial shear stress heterogeneity, the normal tion wells and no change in the seismic haz-

stress, the governing law (ageing or slip), the de- ard is found.

gree of rate weakening, the critical patch size,
the minimum velocity threshold, the strike and dip geometries of the faults, position-dependent
stress evolution and different fault loading scenarios. Aggregate catalogues are created consisting
of 91 individual catalogues to obtain the common character of the seismicity. For these aggregated
catalogues all tested parameters showed that the seismicity rates vary for fluctuating production
rates and different parameters, but the cumulative number of events did not change significantly nor
did the maximum magnitude for the tested time period. But after the majority of the fault patches
had slipped at least once, the initially heterogeneous shear stress levels became relatively uniform
over the slipped areas resulting in regular, large events. This loss of stress heterogeneity is not real-
istic and thus, the latter time period was not considered. Thus, there were two confining factors that
guestions the result:

e The flattening of the stress heterogeneity on the fault limits the time period of interpretation.
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e The test of only a few fault dip and strike angles can not fully represent the highly heteroge-
neous fault system at Groningen as well as fault interaction.

The role of fluid flow has been addressed by

Zbinden et al. (2017), who used a fully cou- Fluid flow and the effect of salt embedded

pled fluid flow and geomechanics 2D simulator, in fault zones can alter the forecasts signifi-
which accounted for stress-dependent perme- cantly.

ability and linear poroelasticity (basicRes+flow).
Results showed that fluid flow played a major
role in pore pressure and stress evolution within the fault. Fault strength was significantly reduced
due to flow into the fault zone from the neighbouring reservoir compartment and other formations.
In the case of well shut-in, a highly stressed fault zone could still be reactivated several decades after
production had ceased, although on average the shut-in resulted in a reduction of seismicity.

Salt intrusions in the faults might affect dynamic ruptures significantly, because they may intro-
duce a rate-dependency to fault movement and change the magnitude distribution of seismic events
(b, Mmaz). Although there are currently no subsurface data indicating the existence of salt-filled faults,
this might only be due to technical limitations. By means of analogue models, Kettermann et al. (2017)
demonstrated that salt from the Zechstein formation may flow down-dip into opening faults due to
gravitational flow. In particular, the authors analysed sandbox experiments with cohesive powder as
analogue for brittle anhydrites and carbonates with viscous salt analogues to explore the developing
fault geometry and the resulting distribution of salt in the faults. The analogue models also showed
lateral salt flow filling jogs in deeper parts of the fault. Based on these results, Kettermann et al.
(2017) analysed the effects of salt intrusions in a numerical discrete element model (basicRes+salt)
approach able to simulate the mechanical behaviour of brittle-elastic and granular materials includ-
ing ductile material behaviour (Abe and Urai, 2012). The simplified model consisted of a rough planar
(1D) fault embedded in a 2D elastic medium. Salt was distributed in a patchy pattern within the fault
zone of this model. Other fault zone processes which likely play a role, such as fault healing and rate-
and-state friction, were not considered. First model results demonstrated that the behaviour of the
fault becomes dependent on the shear loading rate due to the salt intrusions. This also resulted in a
modification of the frequency-magnitude distribution of the generated seismic events. However, due
to computational costs, the analysis could not explore larger parts of the parameter space of fault
geometry, salt rheology and loading rate. Thus, the complex interplay between stick-slip dynamics of
a fault and viscoelastic behaviour of salt contained within remains to be studied further.

Advantages and disadvantages of physical models are summarised as follows:

+ The conditions for rupture propagation into the over- or under-burden can be analysed, which
potentially constitutes input into estimates of the maximum possible magnitude of triggered
earthquakes.
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+ Effects of stress concentrations, fluid flow and complex rheology can be addressed.

- Deterministic physical models are highly specific and only derivable for individual studies of
earthquakes.

- Deterministic modelling of rupture nucleation and propagation comes with high computational
costs.

- Unknown initial conditions and structural/material properties prevent a direct application to
seismic hazard assessment.

3.2 Machine Learning (ML) approach

ML is a branch of statistical computer science, which has been applied successfully in a wide variety
of domains over the last decade (Jordan and Mitchell, 2015). ML consists of a collection of algorithms
and statistical models that enable computers to extract relevant patterns and information from large
data sets. Unlike physical modelling approaches in which scientists develop theories based on phys-
ical laws to compare with real-world observations, ML approaches learn directly from data without
explicitly reasoning about the underlying physical mechanisms (Bergen et al., 2019). However, the
outcome depends on the selection of input parameters and features, the learning strategy and test-
ing procedure as well as the setting of meta-parameters. The latter includes target quantity (e.g.
earthquakes exceeding a preset magnitude cutoff), spatial and temporal grid size and choice of the
ML algorithm, such as e.g. Decision Trees, K Nearest Neighbours, Support Vector Machines or Neural
Networks. The setup of an appropriate ML system for forecasting is therefore crucial. An inappropri-
ate use, such as in the recently published case for aftershock forecasting (DeVries et al., 2018), can
lead to misleading results as demonstrated by Mignan and Broccardo (2019) for the same case. As ev-
ery purely statistical method, ML should not be used to extrapolate behaviour outside the parameter
range of the test dataset.

Limbeck et al. (2018) and Lanz et al. (2019)

started to explore ML as an alternative approach
for forecasting production-induced seismicity in
the Groningen field. Both studies are closely
related, since the later is an extension of the

Unlike physical modelling approaches, ML
approaches learn directly from large data

sets without explicitly reasoning about the

underlying physical mechanisms.

methodology developed in the former study.
While the model of Limbeck et al. (2018) is lim-
ited to a cumulative prediction of the earthquake numbers in the whole field, Lanz et al. (2019)
extended the model for predictions in time and space. Furthermore, the former study did not re-
produce the strong decrease in seismicity after shut-in in the Groningen reservoir, and showed a
physically unlikely behaviour of an elevated activity in the very long term after production stopped.
In the extended model, the last shortcoming is avoided by introducing artificial ultimate states (with
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zero activity for the case that all time-derivatives of the features are zero).

The authors used a large set of potential predictors (features) created from all available data sources,
including earthquake event catalogues, static, dynamic and geomechanical reservoir model data,
fault information and seismic data. In particular, they used initially 45 different features, which
were finally down-selected to 22 features following cross-correlation threshold filtering and group-
ing; the particular quantities are provided in tables 12 and 17 of Limbeck et al. (2018). These features
were calculated on a spatial grid with a spacing of 1.5 km. To account for the freedom in the meta-
parameter selection, they analysed 300 different combinations, including different time periods (3, 6
or 12 months) and different spatial bandwidths for spatial kernel smoothing for feature generation
as well as 5 different ML algorithms. For each of the meta-parameter sets, the ML-model was trained
only with data recorded before the year 2013 and the hold-out set of observations between 2013
and 2016 were used for testing the forecast power of the models. This is necessary due to potential
over-fitting of the training data, which leads to a better performance in training data than for a hold-
out set. For the test data, the mean absolute error (MAE), the root mean square logarithmic error
(RMSLE), and the mean Poisson loss (MPL) were determined and compared relative to two baseline
models. The first assumed that the forecast rate was proportional to the change of depletion thick-
ness, i.e., pressure multiplied by reservoir thickness; the other considered a proportionality to the
change in strain thickness, i.e., vertical strain multiplied by reservoir thickness. The proportionality
factor was calculated field-wide from the observations in a look-back time period.

The analysis showed that the most significant spatial features appear to be the topographic gradi-
ent of the reservoir, reservoir thickness variations along the major faults, and compressibility, which
are features that are likely to impact seismicity from the view of the physical Coulomb strain model,
particularly the NAM model (Bourne and Oates, 2017b). Overall, however, it was found that each of
the static features (such as fault properties) have less impact than any of the dynamic ones, such
as pore pressure. The results also demonstrated that ML models can qualitatively capture the neg-
ative trend in seismicity observed during the 2013-2016 hold-out period, like the baseline models.
However, although there was a relative match in trends, the models systematically underestimated
seismicity, meaning that extreme values in seismicity rates are not easily captured given the informa-
tion and models available at the moment. In comparison to the baseline models, the ML-algorithms
were found to be systematically better only with respect to the MAE value, while the RMSLE and MPL
measures showed improvement only for parts of the ML-models. Nevertheless, the Random For-
est (RF) algorithm yielded the best performance in all cases and a significantly better result than the
two baseline models. The second best was the Support Vector Machine with kernel function (KSVM),

which also showed significant improvements.

Based on the comprehensive analysis presented by Limbeck et al. (2018) and Lanz et al. (2019) the
advantages and problems can be summarised as follows:
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+ ML can extract relevant patterns and information from large and multivariate data sets of po-
tential predictors (features) recorded in the Groningen gas field.

+ Unlike physical modelling approaches, ML approaches learn directly from data without explicitly
assuming any underlying physical mechanisms as the NAM model and thus can avoid model
biases due to incomplete process understanding.

- The ML-models’ accuracy and forecasting power remain limited by the small training data set
with regard to the observed number of earthquakes.

- If the pressure development in the long term does not fall within the pressure range used in
the training data set, the ML-model will likely lead to wrong forecasts.

- Important features are based on the results of the static and dynamic reservoir models, which
are based on reservoir-flow history matches and forecasts. Thus, the quality of the ML-model
depends on the quality of these input data, similarly to the NAM model.

- Confidence bands for the forecasts cannot be easily derived for the space-time ML model, in
contrast to the NAM model.

- A separate magnitude model is required to complement the current spatiotemporal model.
This could be derived by a non-parametric ML-approach or by assuming a Gutenberg-Richter
distribution as done for the NAM model.

3.3 Statistical and hybrid models

Despite the extraordinary data sets available for the Groningen field (e.g., geodetic measurements,
drill cores and seismicity data), the information about the stress state and material properties are
limited, which prevents a fully deterministic approach for seismic hazard assessment. Thus, mod-
els accounting for these unknowns are required. In this context, two fundamental models play a
dominant role in statistical seismology: the Poisson and the Gutenberg-Richter models.

Independent of the spatial scale, region and the tectonic environment, the distribution of earth-
guake magnitudes m has been found to have a similar shape and can be well approximated by
the Gutenberg-Richter (GR) distribution (Gutenberg and Richter, 1956). The magnitude probability
density function (pdf) related to the GR law is given by

_ bIn(10)107b(m—Me)

pdf(m) N 1-— 10_b(Mmax—MC) (36)

for m distributed between M. and M,,.., where the b-value is typically close to one. From a phys-
ical point of view, this distribution must have an upper and lower bound (doubly truncated) due to
finite fault length and grain size, respectively. However, the physical lower bound is usually not ob-
servable, because of the limited detection capability of the seismic networks, which is related to the
completeness magnitude M.. The upper bound M, is difficult to estimate from earthquake data
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alone (Zoller and Holschneider, 2016a), but can be deduced from other observations such as the fault
length distribution or the seismic moment budget (Schmedes et al., 2005). As alternative to a sharp
truncation at M,,.., a tapered distribution at large magnitudes is also often used (Jackson and Kagan,
1999).

The Poisson process is known as the model of complete randomness. In a stationary Poisson point
process, events are independent of each other and the average rate X is constant. The correspond-
ing interevent-time distribution is then given by an exponential distribution, and the probability to
observe a number of NV events in a time interval At is given by

N
Pr(N) = (A%)e—w (3.7)

The probability to observe at least one event is calculated by 1 — e~ *2* (e.g. Zhuang et al., 2012).
Most of today’s probabilistic seismic hazard analyses are based on this model (Cornell, 1968). In an
inhomogeneous Poisson process, events are still independent of each other, but the average rate
changes over time. In this case, the following, more general equation applies (Zhuang et al., 2012)

t+At N t+ AL
Pr() = Ut ])\‘[('S)ds) e S A (3.8)

which is, e.g., used in the NAM model. All statistical models with relevance for the Groningen case,
which are described below, are based to some extent on these two fundamental models for seismic-

ity.
3.3.1 Purely data-driven models

Nonparametric kernel smoothing models (K2/K3)

The nonparametric kernel smoothing models represent statistical end members on the spectrum
of statistical seismicity models. None of the usual assumptions about earthquake clustering are
explicitly included such as the Omori-Utsu law (see Eq. 3.9) or the Utsu-Seki clustering law (large
earthquakes generate exponentially more aftershocks). Instead, the models use Gaussian kernels
to estimate seismicity as a function of time, space and magnitude (Helmstetter and Werner, 2012;
Helmstetter and Werner, 2014).

In standard seismic hazard assessments, adap-

tive smoothing is well-known for determining Nonparametric kernel smoothing is a flex-
the homogeneous spatial earthquake distribu- ible tool relying only on observed seismic-
tion. In this case, the bandwidth (standard de- ity, while ignoring any empirical or physical
viation) of the Gaussian kernel is set individually laws.

for each earthquake in the data set; in particu-
lar, it is proportional to the distance to the nth nearest neighbour, where the value of n is a model
parameter. This concept can be extended to space-time (K2) and even to space-time-magnitude (K3)
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as demonstrated by Helmstetter and Werner (2012, 2014). Whereas model K2 assumes addition-
ally a parameterised distribution for the magnitudes, specifically the Gutenberg-Richter magnitude
distribution with b = 1, model K3 uses kernels to estimate the (space-time-dependent) magnitude
distribution. The widths of the kernels adapt to the activity level: sparse seismicity (in space and time)
widens kernels; concentrated seismicity narrows kernels. The models thereby adjust to the current
seismicity rate, which is extrapolated over the forecast horizon. These nonparametric kernel models
offer maximum flexibility, at the cost of ignoring commonly observed empirical laws. Although the
smoothing method is simpler and requires fewer parameters than other statistical models as e.g. the
ETAS model, Helmstetter and Werner (2014) demonstrated for the application to seismicity in Califor-
nia that the obtained probability gains are surprisingly close to those of the ETAS model described in
the next section.

To our knowledge, the space-time-magnitude smoothing methods have yet not been applied to in-
duced seismicity. However, for short term forecasts, they might be a useful alternative in the context
of ensemble forecasts, because this model class does not rely on any physical or empirical law, which
might be not valid in the specific application.

The advantages and problems of implementing adaptive smoothing models to the Groningen case
can be summarised as follows:

+ The models automatically adapt to the existing spatial, temporal and magnitude resolution of
the input earthquake catalogue.

+ The models do not rely on any empirical or physical laws that might be wrong, biased, or in-
complete.

- The forecasts are limited to short time scales, because the forecasted rate is a decaying function
of the past activity.

- Forecasts are not meaningful if production will strongly vary in the forecast period.

ETAS models

Aftershock triggering following large earthquakes is ubiquitous in natural seismicity. Most after-
shocks occur close to the mainshock rupture with an occurrence rate R, which can be well described
by the Omori-Utsu law

Rt)=K-(t+¢)? (3.9)

where ¢ indicates the elapsed time since the mainshock (see Utsu et al., 1995, for a review). The
parameter K is known to depend on the mainshock magnitude M,,q;,, While p is typically in the
range 0.8-1.2 and independent of M,,,.i, (Utsu et al., 1995). The time-offset parameter c is generally
much less than one day, and is usually related to reduced detection ability of the operating seismic
network immediately after large events (Kagan, 2004; Hainzl, 2016).
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Large aftershocks trigger their own local aftershock sequence. To account for this secondary trig-
gering, the Epidemic Type Aftershock Sequence (ETAS) model has been developed. It is a stochastic
point process model that builds on the Omori-Utsu law and also takes stationary background seis-
micity and secondary aftershocks into account (Ogata, 1988; Ogata, 1998). In the ETAS model, each
earthquake with occurrence time ¢;, location Z;, and magnitudes m; has a magnitude-dependent abil-
ity to trigger aftershocks according to Ky 10%(™i—Me) (Utsu-Seki law), where o and K| are constants
and M, is the lower magnitude cut-off of the earthquakes under consideration (which must be equal
or larger than the completeness magnitude). In this model, the total rate is the sum of background
seismicity and ongoing aftershock sequences triggered by all past events. The total occurrence rate
of earthquakes is given at time ¢ and location 7 by

Ko 10(mi—=Me)
(t —t; + C)p

R(t,%) = p(@) + >

ity <t

9(|Z — 7)) (3.10)

with u being the background rate and g(r) a normalized spatial kernel, typically given by a power-
law decay as function of distance. A necessary condition for stability of forward simulations is that
the aftershock sequences decay sufficiently fast, namely with p > 1. Otherwise, the total number
of aftershocks would become infinite in the long term and seismicity would escalate with time. The
ETAS model represents an inhomogeneous Poisson model, where the local event rate depends on
the earthquake history (Zhuang et al., 2012). For forward simulations, an independent frequency-
magnitude distribution has to be assumed. For this purpose, the GR distribution (Eq. 3.6) is generally
used.

It is important to note that the model rate depends in a nonlinear way on the model parameters and
thus ETAS forecasts sensitively depend on the values of the ETAS-parameters. The branching ratio
n, defined as the average number of triggered aftershocks per event, depends on the four trigger-
ing parameters Ky, a, c and p, as well as on the parameters of the frequency-magnitude distribution
b, M. and M,,., (Helmstetter and Sornette, 2002). If the branching ratio is larger than one, the sim-
ulations are unstable and will lead to an escalating predicted event rate with time. However, fits of
the ETAS model to empirical data are found to often yield parameter estimates that correspond to
an overcritical branching ratio, n > 1 (Helmstetter and Sornette, 2002). The reasons are likely too
small sample sizes or catalogue lengths, catalogue incompleteness or inappropriateness of the ETAS
model to describe the observed data.

The ETAS model has been developed for natural seismicity, which is driven by tectonic plate motion.
In this case, the stress loading due to external forcing can be assumed to linearly increase in time
with a constant stressing rate. Thus, the assumption of a constant background rate p, combined
with aftershocks resulting from earthquake-induced stress changes, is reasonable. However, even
at plate boundaries, transient aseismic forcing such as fluid flow (Vidale and Shearer, 2006) or slow
slip events (Holtkamp and Brudzinski, 2011) are frequently occurring, leading to transient aseismic
stress-changes and triggered seismicity, which is not accounted for in the standard ETAS model. In
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particular, the assumption of a constant driving force becomes obviously inadequate in the context
of anthropogenically induced seismicity. For that reason, Hainzl and Ogata (2005) modified the ETAS
model to account for a time-dependent background forcing term p(t), which can be estimated from
earthquake catalogue data. An ETAS-model with an additional time-dependence of the triggering
parameters was applied by Llenos and Michael (2013) to induced activity in Oklahoma and Arkansas.
More sophisticated methods were introduced later to optimise the fitting procedure of the time-

dependent parameters (Kumazawa and Ogata, 2014; Marsan et al., 2013).

A fundamental problem of forecasting future seismicity with the modified ETAS model remains in
the unknown development of time-dependence of u(t) and other parameters. For the purpose of
seismic hazard assessments of earthquake swarms, USGS scientists currently investigate the use of
empirical models for the duration of swarms (Llenos and van der Elst, 2019). On the other hand,
they use the assumption of slowly changing forcing rates and estimate the future background rate
by the extrapolation of the inverted one in the recent past (Llenos and Michael, 2019). The latter
is similar to the adaptive smoothing approach (see subsection 3.3.1), but with distinction between
externally-triggered seismicity and earthquake-induced aftershocks.

Instead of a purely empirical approach, the fu-

ture forcing term can also be estimated based It is straightforward to combine the ETAS
el lgelelilailecReEICRRRINSYUENIGICI LI model with any deterministic stress model,
cally induced activity. For the year 2006 stimula- assuming that the background rate is simply
tion of a reservoir for an Enhanced Geothermal proportional to the stressing rate.

System (EGS) in Basel, Bachmann et al. (2011) as-
sumed that the background rate u(t) was simply
proportional to the injection flow rate, in agreement with the assumption of the Seismogenic Index
model (see below). They found that this model performs best in comparison to other statistical mod-
els. While a very simple approach was used in this case, the same approach can in principle be based
on more sophisticated forecasts of modelled induced stresses. Assuming a simple model, the so-
called Coulomb failure model, where earthquakes are instantaneously triggered if stress exceeds a
critical threshold and pre-stress (criticality values) is uniformly distributed, the induced activity rate is
proportional to the stressing rate (Hainzl et al., 2010a). The background rate of the ETAS model can
thus be assumed to be simply proportional to the calculated stressing rate S with u(Z,t) = kS(Z, 1),
where the proportionality factor « is a free model parameter (instead of u), which can be estimated
from the past activity. In this way, it is straightforward to combine the ETAS model with any de-
terministic stress model. The most recent NAM model by Bourne et al. (2018) represents such a
combination. However, in this case the background term is not simply proportional to the stressing
rate, because the pre-stress is not assumed to be uniform. Instead, the failure stress is assumed to
be in the tail of the pre-stress distribution, which leads to the application of the extreme value theory
(for details please see WP1, 2019).
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The advantages and problems of an ETAS application to the Groningen case can be summarised as

follows:
+ The ETAS model is an empirical model which can be simply fitted to earthquake catalogues.

+ It is successful in reproducing the most conspicuous spatiotemporal patterns of natural seis-
micity on time scales from minutes to decades.

+ It can be extended to account for time-dependent aseismic forcing.
+ The modified ETAS model can be easily combined with production-based stress models.

- If only based on catalogue information, the forecast power is limited due to the unknown future

forcing.

- The ETAS model depends non-linearly on the model parameters which leads to high sensitivity
of the forecasts to the parameters estimated from the data. Thus, the input catalogue needs to
include a sufficient number of aftershocks, otherwise the parameters are not well constrained
and forward simulations can become dubious. This necessary data requirement likely is not
fulfilled for the Groningen case, where only approximately 5% of the activity is classified as
aftershocks (Muntendam-Bos, 2020); see further discussion in Sec. 5.

- The approach needs an additional model for the magnitude probability distribution, where typ-
ically a GR distribution is assumed (Eq. 3.6).

Models based on empirical relations between seismicity and compaction (NC-model)

A number of different functional relations between the local compaction of the reservoir and the
cumulative number of triggered earthquakes has been tested by DeDontney (2017). In particular,
the author tested linear, quadratic, cubic and exponential relations, where the maximum likelihood
method and the Akaike Information Criterion (AIC) were used for data fitting and model comparison,
respectively. To explain that no earthquakes occurred in the beginning of gas production, a threshold
was imposed in the models as either a year or a deformation value, so only deformation that occurred
above this threshold was considered in generating the statistical model. As pointed out by DeDontney
(2017) it makes conceptually sense that a large amount of compaction has an effect, but a small
amount is negligible (a threshold value), but it is hard to elaborate an argument about how everything
changed during just one year, especially given the amount of variability in compaction across the field
in any given year. Nevertheless, regardless of the physical intuition, a reference year was found to be
consistently the better option (DeDontney, 2017).

Based on the fault slip model of Lele et al. (2016) based on deformation, DeDontney (2017) tested
the same set of relationships between seismicity rate and fault slip instead of compaction. However,
fault slip models were only available in sub-regions of the Groningen field. Furthermore, a spatial
smoothing was required to account for the uncertainties of the epicentre locations, which seldom
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can be directly associated with a given fault. Several kernel widths were tested with the result that
larger Gaussian kernels (standard deviation of 7 km) were found to yield better results. For the cor-
responding seismicity forecasts based on linear, quadratic, cubic or exponential relations, a temporal
threshold was found to provide better results compared to a deformation threshold, similar to the
results based on compaction data.

In the area where a fault slip model exists, the fault slip based metric was found to yield a signif-
icantly better representation of the observed seismicity than the compaction-based models. The
best fault slip-based seismological model forecasts lower activity rates over the next 30 years than a
compaction-based model (using an exponential relationship), similar to what was previously used by
NAM (Bourne et al., 2014). However, because the fault slip model does not exist in the entire domain
of the field, currently only compaction can be used to develop a field-wide activity model. Among the
variety of functions which were considered, the model based on an exponential relationship, i.e., sim-
ilar to Bourne et al. (2014) was found to be one of the better models. However, many models fitted
the observed seismicity almost equally well, but these models yielded very different activity forecasts
over the next 10 years, which highlights the large epistemic uncertainties of predictions based on

empirical functions.
The advantages and problems of this approach can be summarised as follows:

+ The approach represents a fully data-driven approach to find the functional relationship be-
tween seismicity and compaction or fault slip. Thus, it avoids any bias related to an incomplete
understanding of the earthquake triggering mechanism.

+ The analysis shows that non-linear relationships between compaction (fault slip) and seismicity
lead to comparable or best fits of the earthquake history; in particular, an exponential relation
as used by NAM (Bourne et al., 2014) is found to be well suited.

- The similar data fits for the observed earthquake data show that the observed data set is not
large enough to discriminate between different models. Thus, the proposed purely data-driven
selection of the functional dependence leads to huge uncertainties with respect to future seis-
micity.

- The model yields the best results when a threshold in time (instead of a deformation value)
is used, which cannot be simply explained and might indicate a physical inconsistency of the
approach.

Models based on empirical relations between seismicity and extraction volume (NV-model)

The empirical relationship between the cumulative number of seismic events and cumulative gas
production can be exploited to predict the expected number of future earthquakes based on produc-
tion plans. In combination with the Poisson model and the GR distribution, this approach yields a
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probabilistic forecast of earthquake activity.

Hettema et al. (2017) showed that the cumula-

tive number of triggered earthquakes acceler- The empirical observation of a quadratic
tracted in the Groningen field. By normalising number on the cumulative extracted gas vol-
UERERULTELCRUINLE S URUNERNERAUCEO S Ume can be exploited for forecasting future

tracted gas volume in the same time bins, the earthquake activity.

authors recognised that the number of triggered
earthquakes per extracted unit of gas volume
has linearly increased as function of the cumulative gas production since the time of the first recorded
earthquake in December 1991. A linear regression fit yields variance reductions of approximately
70%. Vlek (2019) used the same approach and observed a variance reduction of even 90% for two-
year bins.

Based on this simple approach, the mean number of earthquakes can be predicted for any future
time interval, given a production scenario. For that purpose, Hettema et al. (2017) and Vlek (2019)
assumed a Poisson model. It is noteworthy that this model predicts a fixed number of triggered
future events, if the Groningen reservoir is completely exploited, independently of the production
scenario. Lowering the annual production would only postpone earthquakes, but the cumulative
number of events at the end of depletion would be fixed regardless of the way in which the field is
depleted. This prediction assumes that the empirical relationship holds in the future.

Assuming a GR magnitude distribution, the probabilities for any magnitude range can be easily esti-
mated for any time interval. In particular, the maximum expected magnitude can be estimated (Vlek,
2019; Zoller and Holschneider, 2016b).

The advantages and problems of this approach can be summarised as follows:

+ The simple empirical relationship between the cumulative earthquake number and the cumu-
lative extracted gas volume has the advantage that time is eliminated as a variable, and short-
term fluctuations (months) are suppressed.

+ It involves only three model parameters (two parameters for the linear regression and one for
the GR distribution, namely the b-value).

- The empirical relation is not based on any process understanding, which might question its
reliability for the future. For example, the hydraulic diffusivity is known to decrease with in-
creasing gas extraction, which is expected to lead to a delayed earthquake triggering, which is
not accounted for in the model (Hettema et al., 2017).

- The approach has been only tested for the entire field without spatial resolution. A first test
for a subdivision into different sub-regions of the Groningen field indicated that the empirical
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relation is not uniform and varies significantly in space, which limits the model's applicability
(Hettema et al., 2017).

3.3.2 Hybrid models

In contrast to previous models described in this section, which are solely based on statistical model
components and empirical relations to production data, the class of hybrid models is partly build on
deterministic calculations or physical considerations or both, which are finally combined with statis-
tical components. Thus, they aim to account for both the statistical nature of the earthquake process
and our physical process understanding. Insofar they are the most promising candidates for seismic
hazard assessments.

The NAM model belongs to this model class. Here, we will discuss five alternative models of this
type that have been already applied to the Groningen field and elsewhere. In particular, we intro-
duce (i) the Seismogenic-Index model, (ii) the model of Wentinck (2015), (iii) the model of Dempsey &
Suckale (2016a, 2016b, 2017), (iv) the viscoelastic model from NAM, and (v) the rate-and-state model
with three applications. The first four models implicitly assume that earthquake nucleation occurs
instantaneously if stress reaches a threshold value (similarly to the NAM model), while the last model
accounts for delayed triggering.

Seismogenic Index (SI) model

The seismogenic index quantifies a seismogenic reaction of rocks to a unit volume fluid change, which
is determined by empirical fits of fluid volumes versus triggered seismicity rates. The assumption that
the ratio between earthquake number and fluid volume is constant was originally based on physi-
cal considerations concerning pore pressure diffusion and Coulomb failure stress (CFS) triggering of
earthquakes during fluid injections. The seismogenic index was proposed to forecast seismogenic
effects of planned subsurface operations (Shapiro et al., 2010; Langenbruch and Zoback, 2016). It
facilitates a quantitative comparison of tectonic conditions and fluid operations in terms of their po-
tential to induce earthquakes and to produce seismic hazard. The higher the seismogenic index, the
higher the induced seismic hazard.

The model is based on the GR distribution and

UEERSN s UL RGCURULCIYI-CUEIERCEEEUI  The S| model is based on the assumption of
LSRRGS RGNS LY NIV 5 critical stress state and instantaneous trig-
rate is proportional to the injection fluid rate gering due to pore pressure changes.

V(t) at time ¢. Both assumptions are combined

in the frequency-magnitude distribution for the
expected cumulative number N (t) of earthquakes with magnitudes larger than M induced until
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the time ¢ by the cumulative injected fluid volume V' ()
logig [N>wm ()] = logyo [V (1) + X — bM (3.11)

Fundamentally, the seismogenic index value ¥ incorporates the volumetric concentration of preex-
isting faults and the state of stress (termed the seismotectonic state). For different areas of induced
seismicity, X is found to remain constant through time, which supports the physical basis of the
model, i.e., that 3 is a characteristic of the seismogenic state of a crustal volume, independent of the
anthropogenic perturbation.

Langenbruch and Zoback (2016) calibrated the SI model with a uniform X-value to the seismicity
rates observed in Oklahoma in order to predict future event rates based on regulatory scenarios. For
that purpose, the authors fitted Eq. 3.11 to the observed seismicity data and the injected volumes of
waste water in the Arbuckle Group. In order to improve the fit, Langenbruch et al. (2018) based their
revised model on a 3-D pore pressure diffusion model for waste water disposal and allowed ¥ to vary
spatially. This is in agreement with the fact that equation 3.11 has been derived from the understand-
ing that induced seismicity is triggered by pore pressure diffusion in the pore and fracture space of
rocks. Particularly, the model was developed for fluid injections into critically stressed fractured rock,
but the model can also be assumed to be applicable for other processes such as poroelasticity or
static overpressure (Broccardo et al., 2017).

Shapiro (2018) modified the seismogenic index for fluid productions. In particular, he analysed fluid
extraction in a thin hydraulically isolated poroelastic layer as an analogue to the Groningen field.
Similarly to the previous derivations of the seismogenic index for injection-induced pore pressure
changes, he assumed that the number of induced seismic events is proportional to the change of
the Coulomb failure stress (ACF'S) for positive perturbations, while no earthquakes are expected to
be triggered for ACFS < 0. He found that the seismogenic index model for injection can also be
adopted for production. His estimation for the Groningen gas field under normal faulting indicates
that the combination of the friction coefficient and the poroelastic coupling seems to be unfavourable
for inducing seismicity by injection, while it is favourable for earthquake triggering during production.

The advantages and problems of SI model applications to the Groningen case can be summarised as

follows:

+ The model is simple (essentially integrating GR and CFS triggering) and has been demonstrated

to work well for many injection sites.

+ The empirical model is in agreement with physical considerations of poroelasticity and Coulomb
failure stress triggering assuming that the region of interest is in a critical stress state.

- The assumed constant ratio between the number of earthquakes and fluid volume contradicts
the observed increase of the ratio with cumulative production volume; see subsection Models
based on empirical relations between seismicity and extraction volume (NV-model).

34



Alternative models and knowledge gaps April 2020

- The applicability to Groningen might be questionable, because the hydraulic diffusivity is ex-
pected to change over time due to compaction (Hettema et al., 2017).

- So far, the model has not been demonstrated to fit the (spatial-)temporal distribution of seis-

micity in Groningen.

- The model does not account for aftershocks.

Wentinck model

Wentinck (2015) analysed a model that assumes a uniform and constant pressure drop in the Gronin-
gen and other gas production fields in the Netherlands. Based on simple mechanical considerations,
he postulated that the increase of shear stress on faults is only proportional to the pressure drop Ap
during interseismic time periods. In contrast, earthquakes are assumed to lead to shear stress drops
on faults which are proportional to the seismic moments M ; of the occurred events (i = 1,..., N).
The key model parameter is the stress state 7, which is given as function of time ¢ by

N
n(t) = c1Ap(t) — ey > Mo, (3.12)
i=1

where ¢; and ¢, are fit parameters, and Ap(t) = po — p(¢) is the total stress drop until time ¢. Note
that we have renamed the two fit parameters for simplicity.

The relative likelihood for the occurrence of an

earthquake is assumed to be proportional to the The Wentinck model assumes unloading due

probability given by a Weibull probability distri- BRI I SR C e 18Rt X [t e ol
bUtIOﬂ fUﬂCtiOﬂ, pPw = 1-— eXp(—T]k), W|th the ad' after main events.

ditional model parameter k (shape parameter).
For justification, Wentinck (2015) pointed out that the Weibull distribution function is frequently ap-
plied (i) to describe the lifetime distribution of products and particle sizes, (ii) to analyse point load
tests on rock cores, (iii) to describe the heterogeneous distribution of micro-fractures in natural ma-
terials, or (iv) to analyse other systems with many similar components (such as a chain). For n < 1,
the probability pyy is approximately 0, while py, converges to 1 for increasing n-values.

The last free model parameter is the proportionality factor Apg, which determines the earthquake
rate described by a Poisson process at high stress levels. The earthquake rate R of the assumed

inhomogeneous Poisson process becomes
R(t) = Apg(l — ™), (3.13)

where the fit in the different analysed subregions yielded k-values in the range between 6 and 7.
Thus, the predicted event rate depends on the absolute stress value, similarly to the NAM model
of Bourne et al. (2014) and Bourne and Oates (2017b). In particular, the stress dependence is very
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Fig. 3.3 - The red curve represents the functional form of the normalised earthquake rate, 1 — e=", using the fit
value k = 6.5 of Wentinck (2015). For comparison, the shape of the strain partitioning function of Bourne
etal. (2014), exp(f + gz)/(1 + exp(f + gx) with the fit value f = —9, is shown in blue. For the latter, the
second parameter is set to g = 10 to be on the same scale.

similar to the strain-partitioning model of Bourne et al. (2014), where it is assumed that only a stress-
dependent fraction exp(f + gAh)/(1 + exp(f + gAh) of the geodetic deformation is released by
earthquakes. Here, Ah represents the absolute reservoir compaction, which is proportional to the
pore pressure drop. The comparison of the shape of both stress-dependencies is shown in Fig. 3.3.
The two model curves show only minor differences. Both models predict a saturation of the earth-
quake rate for high stress levels. In contrast the extreme threshold failure model of Bourne and
Oates (2017a) predicts an acceleration of the activity with increasing stress. The main difference of
the Wentinck-model to the strain-partitioning model is that earthquakes reduce the stress state in
the former, which means that the predicted number of earthquakes is reduced after the occurrence
of an event leading to a degree of quasi-periodicity in contrast to aftershock clustering assumed by
the ETAS-model. Furthermore, after a shut-in, the model still predicts a high number of earthquakes,

which only slowly decreases due to the earthquake-induced stress decrease.

The Wentinck-model was applied to six relatively small regions (circular areas with radius of ~ 5 km)
in the Groningen field and in the Annerveen and Eleveld fields south of the Groningen field. The fits
yielded almost the same value of & (6 or 7) in all regions, but the parameters ci, c2, A\ps were found
to significantly vary between regions. Overall, the model was found to fit the observed data in each
region well, only a few deviations were observed. One significant difference to the observations was
found for the region around Eleveld, where the reservoir pressure reduction has almost completely
stopped after 2005. In this case, the modelled event rate was significantly higher than the observed
rate after 2005.

The advantages and problems of the Wentinck-model can be summarised as follows:
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+ The modelis rather simple assuming a Weibull-distribution for the dependence of the activation
rate on the absolute stress drop value.

- The model does not account for aftershocks, rather it predicts a decreased activity level after
an earthquake. This is problematic, because this is usually not observed.

- After production shut-in, the model predicts an almost constant high activity, which is only
slowly decaying due to the stress release by the earthquakes themselves. Thus, this model
likely fails to reproduce the observed decline of activity after the slow-down of the production
from 2014 onward.

- So far, the model is only tested assuming uniform pore pressure changes with constant rate,
which is an oversimplification. Itis unclear whether more realistic spatiotemporal pressure data
would lead to a good fit of all regions within the Groningen field with uniform model parame-
ters.

- An additional model is needed for the magnitude probability distribution; here, a GR distribu-
tion is assumed (Eq. 3.6).

CMsub model

The model of Dempsey and Suckale (2017) is based on the poroelastic earthquake triggering mecha-
nism introduced by Segall and Fitzgerald (1998) and modified by Zoback (2010):

1-2
Aoy, = a—2 Ap (3.14)
1—v

assuming poroelastic contraction as triggering mechanism with the stress path coefficient A = a(1 —
2v)/(1 — v), where « is the Biot coefficient and v is Poisson’s ratio. An earthquake nucleates if a
critical stress level is exceeded (Mohr-Coulomb failure) over a critical slip distance resulting in a slip-
weakening instability (Uenishi and Rice, 2003). Initially, a heterogeneous shear stress profile is cre-
ated to simulate the frictional behaviour on each fault based on a fractal model and drawing the
values according to a positively skewed Gumbel distribution. This is an improvement over the usual
normal distribution, since the post-rupture stress changes follow an exponential trend similar to the
Omori-type decay. This model is combined with a rupture propagation simulation in 1-D (Dempsey
and Suckale, 2016), in which the propagation is calculated from the equation of motion for two tips
of an expanding crack (Eshelby, 1969), accelerating if the shear stress is above the critical level (en-
ergy source) and slowing down for shear stress below the critical level (energy sink). To account for
earthquake statistics and unknown heterogeneities, an ensemble approach for earthquake simula-
tion is chosen. Each simulation is done with different realisations of the initial shear stress profile
based on the same stress model and fault. The earthquake magnitudes are calculated according to
the rupture length L obtained from the rupture propagation model and the average stress drop as-
suming a circular rupture area. The resolvable magnitude range is between 1.0 < M > 6.4 where
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M = 6.4 is the magnitude corresponding to a complete rupture of the largest fault and M = 1.0
depends on the fault discretization of dx = 10m. The authors use a bootstrap sampling proce-
dure to select subcatalogues of the original catalogue that fit a GR model (Dempsey et al., 2016).

Overall, the model comprises more than sixteen

model parameters. Five of these parameters are The CMsub model by Dempsey and Suckale
free (4, fs, h, H, ®) and are calibrated to the ob- (2017) is based on poroelastic contraction
SEVEMEESUEI AT RSN MR LRGN IRl  \yith ruptures propagation on 1D faults from
riod from 1991-2017, assuming an absence of N elITor I NI L eI L1 [ R A L IR LT
events before. These model parameters are: A stress profiles create the variability of the

the stress path coefficient, fs the static friction catalogues.

coefficient, h = gi’%g:z the minimum horizontal
stress parameter, H = ﬁ the maximum hor-
izontal stress parameter and ® the angle between o3 and north. Based on the model best describing
the seismicity from 1991 to 2017, forecasts of seismicity rates and magnitudes are obtained for the
time period 2017 to 2024 according to three production scenarios. The size of the earthquakes in the
forecast is described by the number of felt earthquakes N» 5 with M > 2.5 and the largest expected
magnitude M7 found in the realisations. The pore pressure data are taken from the 2-D NAM model
by selecting the local pore pressure at the faults and assuming the changes in the normal stress are
negligible in order to obtain the shear stress on the fault. Thus, only local stresses are considered.
The critical shear stress o.,;; is represented by the normalised parameter h. To confine computational
costs, the fault system is restricted to the 325 largest faults represented as 1-D line segments. The key
parameters are determined by a Bayesian approach, where the prior value ranges are calibrated in a
log likelihood manner to fit the observed seismicity rates. Using a Markov chain Monte Carlo method
(MCMCQ), a parameter set is selected for the creation of a catalogue. The variability of the catalogue is
taken into account by producing 10° realisations for each production scenario. The model is able to
reconstruct the observed seismicity from 1995 to 2017 in terms of rate and magnitude. It forecasts a
rapid drop in seismicity rates after production reduction and results in a widely varying range of felt

earthquakes with almost the same My for the three production scenarios in the time period to 2024.
The advantages and problems of the CMsub model can be summarised as follows:

+ The model combines a deterministic description of the earthquake nucleation and rupture
propagation with a probabilistic determination of uncertain parameters and the seismic cat-
alogue.

+ The model parameters obtained from calibration can be interpreted in terms of properties of
the reservoir, e.g. the initially not critically stressed faults (h > 0.06), or may hint to model
limitations regarding the higher than typical stress path coefficient.

- The model is limited to the reservoir layer, because only local stresses are considered.
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- The selection of the faults and their orientations is a crucial step in the model procedure, which
is not investigated, although only local stresses at the faults are considered.

- The total field seismicity rate is modelled; therefore, no spatial resolution is given by the model.

- Aftershock triggering is not captured in the model.

Viscoelastic NAM model (visco-NAM)

The viscoelastic model presented by Bourne and Oates (2018) is introduced to analyse the influence
of seasonal depletion rates on the observed seismicity rates and to compare the results to the NAM
model (Bourne and Oates, 2017b). Therefore, the viscoelastic model is implemented in the frame-
work of the thin-sheet model and the extreme threshold failure model to achieve seismicity rates.
Additionally, instantaneous creep is assumed

because the correlation analysis of the observed The viscoelastic NAM model (Bourne and
event rates with the event rates from the NAM Oates, 2018) combines the thin-sheet and
model point to a zero time-lag. extreme threshold failure model with a vis-
Another assumption is that the material ratio coelastic coupling between stresses and
H(x)/n(x) is constant, meaning that the spatial seismicity rates.

variations in the elastic modulus H (x) mirror the
variations in viscosity n(x). This model is opti-
mised with the same Bayesian inference as the NAM model having one more parameter, 6». The
time series have a 1-week sampling rate in the time period from 15t April 1995 to 1% January 2018
and the catalogue consists of events with A > 1.5. The seismicity rate is given by

Am (&) = hOoT H, - (0,AP + 0,AP) - " Hp(O1AP+0:P), (3.15)

where H, = H/H,, and H, = AP/e,,. From Bourne and Oates (2017b), H is defined as 1/H =
1/H,+1/Hswith Hy = 3KS(}jr—l’j) being the skeleton reservoir modulus based on observed strain and
K the skeleton bulk modulus. T is the topographic gradient and & the reservoir thickness. AP and
AP are non-negative. The resulting seismicity rates overestimate the seismicity rates from 1995 to
1998 and for the short smoothing windows do not reflect the long term trends in the seismicity rates,
but are dominated by the annual depletion rate variations. Correspondingly, the model parameter

65, that reflects the influence of the viscosity, approaches zero in the model optimisation.
The advantages and problems of the viscoelastic NAM model can be summarised as follows:
+ The viscoelastic model is a generalisation of the elastic model.

- The potential of the viscoelastic model is to capture the delayed and buffered reaction of the
reservoir to stresses. Therefore, the calibration of the model should cover the whole produc-
tion period. When the optimisation period covers only part of the production-induced stress
loading, the long term effects cannot be modelled.
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- The assumption of the extreme threshold failure model was introduced for the linear elastic
model. The validity for the viscoelastic model is not straightforward.

- The model does not account for aftershocks or magnitudes.

The Rate-and-State model

The rate-and-state model introduced by Dieterich (1994) connects results from rock mechanics and
seismology. The basic concept is employing laboratory-derived friction laws and the Coulomb failure
stress (Eq. 3.2 in section. 3.1) to describe, when slip occurs on a plane or fault according to the local
stress state (see also section 3.1). Experimental studies revealed that rock frictional behaviour can
only be described in first-order with the linear Coulomb failure stress, but that the friction coefficient
f has a non-linear behaviour depending on slip, slip rate, contact time and stressing history. A widely
used form of the constitutive friction law was introduced by Ruina (1983) and is given by:
f:fo+A-ln<U>+B-ln(9>, (3.16)
Vs 0
where fy, A and B are experimentally determined coefficients, v is the slip velocity, v, the steady-state
slip velocity, 6 a state variable and 6, the according steady-state value. The rate-and-state dependent
friction has been used to reproduce a range of sliding regimes, including creep processes and earth-
quake nucleation.

The seismicity is modelled as a sequence of earthquake nucleation events depending on the ini-
tial conditions and the stressing history. In order to calculate the seismicity rate caused by applied
stresses S, Dieterich (1994) considered the collective behaviour of an infinite population of faults.
The seismicity rate R evolves according to

1

R(i,t) = e

[dt — ~dS), (3.17)

where r is the steady-state earthquake rate for the reference stressing rate 7., v is a state variable,
o = o, + pis the effective normal stress that consists of normal stress and pore pressure and S is
the modified Coulomb failure stress based on the shear and effective normal stress (Dieterich et al.,
2000).

The solution of equation 3.17 was given for

step changes (Dieterich et al., 2000; Hainzl et The Rate-and-State model (Dieterich, 1994)

al., 2010c) and later on applied to several cases considers the seismicity caused by a stress-

and Rubinstein, 2018). Therefore, Heimisson an infinite population of faults. Heimis-
and Segall (2018) performed a revision of the son and Segall (2018) confirmed the model
mOdel and Conﬂrmed the Valldlty for arbitrary and provided solutions for Changing normal

stresses.
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stress histories if the normal stress is time inde-

pendent. If the normal stress varies strongly in

time, they provide an alternative solution, which can better describe the resulting seismicity:
R K(t) K(t)

= SR L1 . (3.18)
r I+ Jo K(t)dt 1+ ATgO o K(t)dt!

Here, the function K (t) is a kernel that describes the slip dependency on stress and stressing rate

o =e (505 5) (%)

according to

R is the seismicity rate, r is the background seismicity rate, ¢, is the characteristic aftershock decay
time (¢, = Aoo /7, introduced by Dieterich, 1994), 7(t) is the shear stress, o(t) is the normal stress
that varies with time, 7y and o are the respective values for t=0 and « is a constitutive parameter
relating changes in normal stress to changes in state. The rate-and-state model has two more pa-
rameters compared to the Coulomb failure model, but can additionally explain:

e the occurrence and rate decline of aftershocks,
e a delay of seismicity compared to the loading rate,

e the low probability of earthquakes occurring in a stress shadow.

NAM-RS model

Bourne and Oates (2018) tested the rate-and-state model based on the formulation from Heimisson
and Segall (2018) and implemented it in the framework of the thin-sheet model to analyse the influ-
ence of seasonal depletion rates on the observed seismicity rates and to compare the results to the
NAM model (Bourne and Oates, 2017b). Here, the seismicity rates are given by

)\ - eS(@,t) /01
—»t — 7
(Z,t) = 60h(%) + % [T eSEN 0y

(3.20)

based on weekly maximum Coulomb stress S(Z,t) achieved from the thin-sheet model. The 6-
parameter refer to 6y = r, 64 = Ao and 62 = 7, while h(¥) is the reservoir thickness.
The model parameters 6,60, 6> are optimised

as in the other models using the seismic cata- The NAM-RS model (Bourne and Oates,

logue from 1°* April 1995 to 1* January 2018 for 2018) combines the thin-sheet model with
events with A > 1.5. In comparison to the NAM the Rate-and-State model modified by

model, the rate-and-state model neither does Heimisson and Segall (2018).

explain large seasonal variations nor the abrupt
decrease in seismicity in 2014, when the produc-
tion was drastically diminished.

The advantages and problems of the NAM-RS model can be summarised as follows:
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+ The comparison of the rate-and-state model with the elastic model points to a better descrip-
tion of seismicity by the elastic model, but only in combination with the extreme threshold
failure; whereas the rate-and-state model explains the overall seismic evolution at once.

+ The formula from Heimisson and Segall (2018) differs only from Dieterich (1994) if significant
normal stress changes occur. This most probably takes place at Groningen, but changes in
normal stress are not included in the thin-sheet model.

+ The small seasonal amplitudes are consistent with findings from Candela et al. (2019) for stress
changes within periods t < t, = 61/6>.

- The results from Richter et al. (2019) point to better results of the rate-and-state model based
on poroelastic triggering than on compaction strain which is the main driving force in the thin-
sheet model.

Candela-RS model

Candela et al. (2019) proposed a semi-analytic approach to calculate the Coulomb stress on faults that
divide the reservoir into compartments and result in differential compaction. They took the complex
3-D structures into account, especially the vertical offset at the faults (van Wees et al., 2019). The input
data for the geomechanical model is the 3-D pressure field for Groningen with a yearly sampling rate.
The poroelastic stress change along the faults is computed on a metre scale by integration of all grid
blocks considered as compaction nuclei of strain (Okada, 1992). The stress changes honour the effect
of differential compaction caused by the fault offsets. At the faults, the stress values are sampled and
the maximum Coulomb stressing rate is taken for each vertical section (pillar). The modified Coulomb
stress function considers changes in the effective normal stress as well, nonetheless the seismicity
rate is calculated by Eq. 3.17. The authors explain that the observed variations in normal stress for
the time period 1993 to 2016 are in the range of 3 MPa, whereas the average value is 12.5 MPa; thus,
the expected deviation is not significant. The normalised seismicity rate R depends on the stressing
rate S as follows:

dR Ry | S R
N _ N[.—RN] ,Ry==. (3.21)
dt ta |7 r

Here the state variable v is eliminated by the in-
troduction of the normalised seismicity rate rel- Candela et al. (2019) calculate Coulomb

ative to the background rate r as in Segall and stresses on the 3-D fault system for two sub-
Lu (2015). The computed rates are compared to areas based on differential compaction com-

observed seismicity after Gaussian smoothing of bined with the Rate-and-State model (formu-
the 2-D field of R with the parameter o,. The as- lated as by Segall and Lu, 2015) starting in

sessment of the best model is performed by a 1993 to achieve seismicity rates.

maximum log likelihood estimate to determine

the posterior probability distribution of the four
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model parameters [og, 7, 7, A] using two methods (a brute-force grid search and a Markov chain
Monte Carlo method). Two time periods are compared as training periods: (i) 1°¢ January 1993 to
31 December 2015 and (ii) 1% January 1993 to 31 December 2010, but both time periods start long
after production at Groningen in 1968. The long characteristic relaxation time ¢, = Ao /7, (>80 years)
found for the training periods indicates that the seismicity is in unsteady-state in 1993, although the
solution of Eq. 3.17 assumes initial steady-state conditions. The authors argue that the redefinition
of R = (R satisfies the original equation if the background stressing rate 7. and the background
seismicity rate r are as well redefined (7] = 7./8, v’ = r/B). Consequently, the background rates
in 1968 are 1/ times lower than in 1993 and the values in 1993 are "apparent background values"
while the whole fault system is in transition between two steady-state phases. In this model, the
same earthquake catalogue is used as in the other studies (Bourne and Oates, 2018; Dempsey and
Suckale, 2017), i.e., the earthquake catalogue provided by KNMI. The results from two subsets of the
catalogue are compared: one subset with a minimum magnitude of M = 1.0 and the other with
M = 1.3. Both subsets lead to similar results.

The influence of seasonal stress variations is discussed as a minor factor, because the associated
stress changes have periods ¢t < la meaning t < t,. Therefore, the seismicity rates have only lit-
tle variability and the overall seismicity rates are proportional to the stress changes and not to the
stressing rates in the observation time, which agrees with the findings of Bourne and Oates (2018).
The influence of aftershocks is analysed by using the declustering method from Zaliapin et al. (2008)
and Zaliapin and Ben-Zion (2016) detecting a small number of aftershocks for the southwestern area
(3 of 67 events) and around 18% for the central area (39 of 219 events). Nevertheless, the catalogue
was not declustered following the results from Ziv and Rubin (2003) and Heimisson (2019) that the
effect of stress interaction caused by aftershock sequences does not significantly perturb the rate-
and-state results.

Two sub-areas of the Groningen gas field are analysed by Candela et al. (2019), the one exhibiting the
highest seismic activity within the central area and the other in the southwest featuring much lower
activity. Candela et al. (2019) successfully modelled the first-order spatiotemporal distribution of the
observed seismicity in both areas for differing model parameters.

The advantages and problems of the Candela-RS model can be summarised as follows:

+ The model describes the stresses in a very detailed semi-analytic approach on 3-D faults accord-
ing to a 3-D pressure history considering the shear and the normal stresses. This is combined
with the seismicity rate theory from Dieterich (1994) to obtain the spatiotemporal distribution
of seismicity rates.

+ The study is based on 2-D stress results, but can as well be applied in 3-D if the earthquake
locations are better constrained.

+ The model can explain well the spatiotemporal distribution of observed earthquake rates with
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minor deviations.

- The modelled seismicity rates are represented by the seismicity rate of the mean model pa-
rameters and the 95% confidence interval for a stochastic Poisson process. For some years,
the number of observed earthquakes lies outside the 95% confidence interval, which may be
caused by aftershocks, short period stress perturbations or uncertainties in the stress or seis-
micity model. Also, the selection of the area may have an influence if there is stress interaction
with regions outside the selected area or errors in event locations distort the results.

- The introduction of the "apparent" background stressing and seismicity rate in 1993 is a critical
assumption because the most intensive production period lies before 1993. Therefore, a large
pre-stressing history that is most probably spatially heterogeneous is not included.

- The model does not account for the magnitudes of the earthquakes.

Richter-RS model

The study from Richter et al. (2019) modelled the seismicity rates for the complete Groningen field
based on the rate-and-state friction behaviour described by Dieterich (1994). The changes of the
spatiotemporal stress field were calculated by testing two simple models: (A) proportionality to pore
pressure changes according to poroelasticity and (B) proportionality to compaction strain changes
as the ratio of compaction change over reservoir thickness. The rate-and-state formula was solved
by describing the stress history as a succession of steps and iteratively determining the state vari-
able as provided by Hainzl et al. (2010b) assuming constant normal stresses. The stress field was
based on the yearly pore pressure and compaction data from the 2-D-NAM model. The location of
faults was taken into account by a fault density map that was implemented as a factor varying the
background seismicity rate r. The fault density was calculated based on the 325 largest faults as
provided by Dempsey and Suckale (2017) and smoothed by means of a Gaussian function with a
standard deviation of 1 km. The model parameters r, Ao and ¢, were optimised by a maximum log
likelihood method compared to the same catalogue as in the previous studies considering the events
with M > 1.5 and assuming that no such events occurred before 1991.

Four different model assumptions were com-

pared and evaluated by the Akaike Informa- Richter et al. (2019) model the spatiotempo-
tion Criterion: (i) stresses are proportional to ral seismicity rates in the entire Groningen
pore pressure with Coulomb failure model, (ii) field with the Rate-and-State model by Di-

stresses are proportional to pore pressure with eterich (1994) based on the 2-D pore pres-
rate-and-state frictional behaviour, (iii) stresses sure and compaction data.

are proportional to compaction strain with
Coulomb failure model, and (iv) stresses are pro-
portional to compaction strain with rate-and-state frictional behaviour. Additionally, the influence of
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smoothing the earthquake locations (0 km to fieldwide) and fault strike direction were tested. The
best-fitting model was found to be the rate-and-state model based on pore pressure (model ii) with
a location error of 3 km and taking the fault strike direction into account. This model well described
the long term trends in seismicity as well as the spatiotemporal seismicity pattern in the whole field.
Deviations occur e.g. in the southwestern region, where the seismicity was overestimated similar
to Candela et al. (2019), who find different model parameters there compared to the central region.
Other results were that taking the fault density into account improved all models significantly and
explains prominent patterns in the seismicity. Comparing the models based on pore pressure and
on compaction strain the temporal changes in the spatial seismicity pattern were not as clearly dis-
played by the compaction strain model no matter if the linear or rate-and-state frictional behaviour
was chosen. On the other hand the rate-and-state frictional behaviour improved clearly the temporal
changes in seismicity pattern of the pore pressure model to the observed patterns.

The advantages and problems of the Richter-RS model can be summarised as follows:

+ The model is a simple approach to simulate the main features of the spatiotemporal seismicity
and evaluate the influencing parameters as e.g. the type of frictional behaviour (linear or rate-
and-state), the driving force (pore pressure or compaction strain) or considering the faults and
their orientation.

- The parameterisation is too coarse to model detailed geomechanical interactions.
- The model gives no information on the magnitude of the induced earthquakes.

Brief summary of RS models: The three applications of rate-and-state models to Groningen (NAM-
RS, Candela-RS, Richter-RS) partly lead to different conclusions: (i) The combination with the thin-
sheet model in the NAM-RS model leads to worse results compared to the original NAM model. (ii)
The Candela-RS model show that the spatiotemporal pattern after 1993 can be well explained based
on detailed Coulomb stress modelling on the 3-D faults in two sub-areas. (iii) The Richter-RS model is
able to fit the spatiotemporal seismicity for the complete field and production period and yields best
results based on pore pressure compared to the linear models or the RS-model based on compaction
strain. This is in contradiction to the NAM model which is mainly driven by compaction strain. The
different conclusions of the three model applications are likely related to the different stress calcula-
tions and model assumptions. However, a direct comparison to the NAM model is not possible.

In summary the advantages and problems of the implemented rate-and-state approaches for Gronin-
gen can be stated as follows:

+ The nonlinear seismicity response in the reservoir can be well reproduced by rate-and-state
models both on large- and small-scale.

- The influence of significant changes in the normal stress is not yet fully explored.

- The assumption of the unknown initial steady-state condition is critical.
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4 Gaps

The information on the 3D reservoir and fault structures, pressure depletion, reservoir compaction
and seismicity in Groningen is comprehensive and detailed. The seismicity models for Groningen
have considered most of these unique and outstanding information and are rather advanced. How-
ever, there are knowledge gaps in terms of process understanding as well as the role of structural
and dynamic parameters controlling earthquake triggering and rupture in the Groningen field. In
the following, we discuss these knowledge gaps and their potential impact without claiming com-
pleteness. We will first examine the question of background stresses together with the question of
whether earthquake rupture outside the actual reservoir layer can be expected. Subsequently, we
discuss knowledge gaps in the magnitude frequency distribution and whether or how detailed infor-
mation on earthquake locations, mechanisms and rupture should be incorporated into the seismicity

models.

4.1 Impact of background deviatoric stress and the triggering of neighboring faults

Earthquakes are triggered by CFS and ruptures are driven by the shear stress acting on pre-existing
faults. Therefore, the knowledge of all three contributing factors - Coulomb stress (including pore
pressure and friction), acting shear stress and existence of faults - is needed to approach the trigger-
ing problem and to study induced seismicity.

Since stresses cannot be measured directly with

remote sensors and are difficult to determine The poor knowledge of magnitude and ori-
in situ, the magnitude and orientation of stress entation of background stress is a major
as a function of space and time is often least knowledge gap

known. This is a major knowledge gap. For
example, the extend of highly stressed fault
patches at reservoir level probably limits the maximum magnitude of the induced earthquakes within
the Groningen field, and is itself controlled by poroelastic depletion, pre-stress and the inelastic strain
in the field.

A key question till today is how large the partitioning of deformation between poroelastic and time-
dependent inelastic components is, and how heterogeneous the remaining stored elastic stress is
today. For instance, Spiers et al. (2017) performed tri-axial lab deformation tests on reservoir rocks
to study the amount of elastic versus inelastic strain and to establish upscaling rules to field scale.
They found that up to 40-50% of the deformation occurring in samples with porosity of 19-20%
(Rotliegend sandstone) was inelastic and irreversible. Time-dependent inelastic deformation (creep)
was observed as well and was clearly affected by pore fluid composition (e.g. stress corrosion crack-
ing processes). Spiers et al. (2017) speculated that the partitioning of deformation between poroe-
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lastic and time-dependent inelastic components may influence the nucleation and size of ruptures.
Additionally, marked accelerated and stress-dependent reservoir compaction may control the nucle-
ation of induced seismicity in Groningen. A somehow similar concern was raised by SodM in 2015
(Mundendamm-Bos, per. comm.), and later taken up by Jansen and Herber (2017), suggesting that
fluctuation in production (opening or closing of wells, seasonal fluctuations in productions, etc.) may
dynamically trigger seismic events, as for instance (poro-)elastic stress waves may travel through the
reservoirs. Kortekaas and Jaarsma (2017) pointed out that the permeability structure of the Gronin-
gen reservoir is complex and highly anisotropic, for instance due to fault transmissibility. Therefore,
most clusters of production wells have their own specific area from which they produce (so-called
drainage areas). This may indicate that pressure drop, compaction and differential compaction may
be heterogeneous and promote failure.

Another process potentially influencing the pore pressures and thus the Coulomb stress inside and
outside of the reservoir is related to the underlying aquifer system reacting to production and injec-
tions in Groningen. The Groningen field contains only a single injection cluster at Borgseer in the east
of the field. To our knowledge, injections there are not performed with larger rates, and pore pres-
sure diffusion from these injections are considered in the dynamic reservoir model (Mundendamm-
Bos, pers. comm.). But it is unclear whether intermediate and long-term effects from injections,
even at larger distance, may impact the seismicity at Groningen. Worldwide, examples of causual
relationsships and far-distance and strong-delayed effects on induced and triggered seismicity are
documented (van der Elst et al., 2016; Galis et al., 2017; Grigoli et al., 2018).

The state of stress on faults and their stress his-

tory is assumed to be a key factor controlling The stresses outside of the field and within

the tl’lgger pOtentIa| Of earthquakes. HOWGVGF, basement rocks are rarely Stud|ed.
both values are difficult to measure. While much

work has been done to estimate and forecast

pressure and stress within the reservoir layer, the stresses outside of the field and within basement
rocks are rarely studied. How large is the stored tectonic background stress today and can this lead
to larger triggered earthquakes by runaway ruptures that are difficult to control? The existing fault
population outside the reservoir may control the b- and M,,q,-values of such events, which plays a
key role for size forecasts. Interestingly, the induced seismicity in the Groningen area occurred only
after a pore pressure reduction of ~ 10 M Pa was reached (e.g. Candela et al., 2018). This is often
taken as evidence that before production most regional faults were far from critical tectonic Coulomb
stresses. On the other hand, gas fields in Germany, which are placed in very similar Rotliegend forma-
tions and show a delayed onset of seismicity as well, experience significant earthquakes that occur on
faults outside the reservoirs (e.g. the Rotenburg/Vélkersen fields). This behaviour has not yet been
explained, and we believe that this question should receive more attention in further developments
of seismicity models as a delayed onset of deeper boundary faults cannot be excluded in the future

47



Alternative models and knowledge gaps April 2020

for Groningen. However, so far the vast majority of the earthquakes at Groningen are located within
the reservoir layer.

As stated above, earthquakes beyond the reservoir depth may occur as runaway ruptures which are
initiated within the reservoir itself. Buijze et al. (2019) developed a generic 2D offset-fault stressing
model and combined this with a simulation of dynamic ruptures. The aim was to study controls on
the triggering and the size of induced earthquakes in Groningen. The stress pattern output from
the numerical simulations were confirmed by a closed-form analytical solution for a displaced fault
crossing a depleting reservoir interval (Jansen et al., 2019). In a depleting reservoir, fault slip is pro-
moted if the offset is becoming larger. The rupture typically propagates from the upper reservoir
level downward into the reservoir for depletion scenarios. However, the likelihood that the rupture
propagates into the under- or overburden is larger if the offset is small (i.e. if the stress perturbation
is smoother). According to Buijze et al. (2019), a transition to a runaway rupture, i.e. a rupture prop-
agating far outside the reservoir interval, is observed if the excess strength ratio, which covers the
effect of in-situ stress and the friction drop on rupture potential, is high enough. The excess strength
ratio had been assessed by dynamic rupture simulations, an approach that may be extended for the
Groningen field region.

4.2 Stress dependence of the M-f distribution

Seismicity models for Groningen have been designed to reproduce the historical seismicity for the
given production and the derived Coulomb stress loading. Forecasting larger magnitude events, po-
tentially outside the range of previously measured magnitudes, is a very critical issue and this is
where the differences between the various suggested seismogenic models increase. A magnitude
frequency distribution has to be extrapolated to realise such forecasts, and thus a decision on the
parameterisation of the distribution has to be taken.

While the most simple and conservative as-

sumption is to use a static Gutenberg-Richter The impact of stress-dependent M — f distri-
trend with a constant b-value combined with a butions on seismic hazard can be large, but
load-dependent productivity, newer models sug- such models are not established.

gest to implement time- or stress-dependent
shapes of the distribution. For instance, Bourne and Oates (2017a) proposed the use of a stress-
dependent b-value, b = b(o) and in a more recent internal report (Bourne and Oates, 2019), the use
of a stress-dependent tapered power law for larger magnitudes, ( = ((o), or both. The impact of
stress-dependent magnitude frequency distributions on seismic hazard can be large.

To date no established theory exists to favour one of the distributions. Whether more complex pa-
rameterisations of the magnitude distribution can be justified depends on the seismicity database in
combination with the history of Coulomb stress forcing. A problem with the seismicity in the Gronin-
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gen field is the limited number of events, which renders any purely statistical approach obsolete.
However, the analyses by Muntendam-Bos et al. (2017), Bourne et al. (2018) and Bourne and Oates
(2019) indicate that in the Groningen case, the b-value may become smaller with increasing stressing
rate or increasing depletion. The internal report by Bourne and Oates (2019) investigates the conse-
quences of stress-dependent b- and (-values on the earthquake probability. The modification of the
standard Gutenberg-Richter approach is partly justified by theoretical crack and trigger models.

In this context, the theoretical study by Almakari et al. (2019) is of interest, studying the dependence
of earthquake rate and frequency magnitude distribution for injection-induced seismicity. A 2D fault
model was employed in a fluid diffusion scenario involving a rate-and-state seismicity model. The
authors showed that the frequency of larger magnitude events is increased with increasing injection
rate, and that the proportion of large to small earthquakes depends on the loading. An increased
loading rate can lead likewise to a higher proportion of large magnitude events. This would support
the research approach started in the most recent NAM models. As the modification of the Gutenberg-
Richter approach is of high relevance for the forecast of large magnitude induced events, we feel such
a step should be further investigated and more comparisons to other induced seismicity cases should

be drawn.

4.3 Exploitation of high precision source and field parameters

The enhancement of correlation of earthquake hypocentres with faults and variability of co-seismic
source mechanism and isotropic compaction components has not yet been considered in seismicity
models of Groningen. However, recent studies have the potential to further improve the forecasts on
seismicity and to identify critical faults in a deterministic way. Future production plans may use such
information to mitigate risk. Especially, highly resolved fault models are of interest to understand
the stress build-up at the two sides of a sealing fault (Jansen and Herber, 2017). Additionally, fault
properties such as transmissibility and slip resistance may vary along individual faults, depending on
orientation, stress state, strain, throw, free water levels and local diagenesis. Alternatively, a fault
with a significant throw such that compacting reservoir rock is in direct contact with stationary non-

reservoir rock is viewed as a critical situation.

Highly resolved fault models can be derived

from 3D seismics. Kortekaas and Jaarsma (2017) The combination of high precision source
applied such a technique involving seismic at- Yt TS Vg WL It R L= R Ve
tributes to the Groningen field. Several of fault models is able to close knowledge gaps
the identified faults were not included in pre- and to provide better physical constraints to

vious seismicity models, but seem to correlate improve seismicity models.

with recent earthquake hypocentres. For in-
stance, Bourne et al. (2015) compared earth-
quake hypocentres with mapped faults and found a rather uncertain relationship because of the
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combined uncertainty of hypocentre and fault locations. The improved fault model of Kortekaas and
Jaarsma (2017) recovered interesting features. For instance, the M 3.6 Huizinge earthquake ruptured
a fault with relatively small throw and the authors questioned whether a minor throw is promoting
the rupture of larger magnitude events. In addition, intersecting faults, as being present close to the
2018 Zeerijp event (Wentinck, 2018b), may accumulate stress and fault complexity may be related to
larger induced events (see also Candela et al., 2018). Further, recovered fault attributes potentially
differ from the NAM fault model (Wentinck, 2018b).

An improved location of the small earthquakes within the Groningen field is necessary to obtain a
better seismicity statistics and to characterise active weak zones prior to the occurrence of large
earthquakes. KNMlI is currently implementing NAM's 3D velocity model into the earthquake location
process (Dando et al., 2018). Further, several novel methods have recently been developed to im-
prove the absolute and relative locations of induced earthquakes. For instance, Perol et al. (2018)
presented a highly scalable convolutional neural network for earthquake detection and location. Ap-
plying the technique to induced seismicity in Oklahoma, USA, a 17-fold number of earthquakes could
be detected as previously catalogued by the Oklahoma Geological Survey. Similar methods could be
employed for Groningen.

Multiplet analysis can help to identify clusters featuring similar waveforms and to recognise highly
active, critical fault segments. Jagt et al. (2017) employed subsequent relative locations using high
precision P- and S-wave arrival times and a master event technique and showed that in the time
period from 2010 to mid-2014 only 10% of all earthquakes in Groningen are spatially clustered, even
if they occur long periods apart. Muntendam-Bos, 2020 found that seismicity in Groningen is very
diffuse and clustering comprises only 5% of fore- and aftershock activity and 10% of repeater events.
This indicates that (1) seismicity typically occurs on divers fault segments with few kilometres distance
and likely varying source mechanisms, (2) aftershocks are not very prominent and (3) a fault segment
is only rupturing once. Whether the clusters occur at loci of geometrical complexities of fault systems
(e.g. intersections, kinks, etc.) has not yet been resolved.

Another feature that may contribute significantly to improve source models is the events' source
mechanisms. Willacy et al. (2018; 2019) analysed 100 events from 2015 to September 2017 to obtain
moment tensor solutions based on full-waveform analysis. The authors found predominantly normal
faulting on the major NNW-SSE trending faults. A few events with a higher proportion of strike-slip
motion were located at fault junctions. In addition, they identified a cluster of four events that oc-
curred within a time period of two months. In a common project, NORSAR and KNMI inverted for
full moment tensors and - for their example event (on 11th March 2017) - detected a complex fault-
ing behaviour involving normal faulting and a simultaneous volume reduction in the source region
(equivalent to bulk density increase), which strengthens the opinion that gas extraction may lead to
isotropic components in the source mechanism, although the credibility of these components still
needs to be confirmed (Dando et al., 2018).
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In addition to location and source mechanism kinematic rupture models have a potential to improve
the understanding of induced seismicity, but are not fully considered in current seismicity models.
Source models can be improved if the observation density is high, but needs also highly resolved
velocity models. For instance Wentinck (2017) analysed the Huizinge earthquake of 16th August 2012
with a magnitude of M,, 3.4. Geometry and wave velocities of the overburden were derived from
NAM's seismic velocity model (updated in 2015) by lumping several layers. The very low shear wave
velocities within the uppermost, shallow clay and peat layers were not captured by the model, though.
Simulations were therefore limited to a frequency content below 5 Hz. Wentinck (2017) noted that the
difference between ground motions originating from an extended or a point source were subtle and
could not easily be resolved with the present uncertainties in accelerometer orientation, and a dou-
ble peak perceived in the data was not reproduced. Thus, Wentinck (2017) concluded that this double
peak in radial displacement component was due to two seismic events occurring quickly after each
other. A continuation work implementing additional accelerometers indicated that the observed sec-
ond peak likely is produced by S-wave reflections of a single event in the shallow subsurface instead
of the occurrence of a second event (Wentinck, 2018c).

Wentinck (2018b) applied the same technique of kinematic rupture modelling to the more recent
Zeerijp earthquake on the 8™ January 2018 with a magnitude of My, 3.4, and could implement even
more geophone and accelerometer sensors (see also Dando et al., 2018). Results are hinting to a large
stress drop of 3-5 MPa (Wentinck, 2018a), a result that may impact seismicity models at Groningen,
as boundaries for the pre-seismic state of stress on a fault can be constraint.

The examples show the potential of small earthquake rupture studies, but also indicate that despite
the extension of the monitoring network in 2015, the reconstruction of the kinematic and dynamic
rupture of such small earthquakes remains a challenge.

4.4 Comparative model testing

The Groningen gas field is exceptional not only with respect to the available measured data, but
also with regard to the number of suggested seismicity models. To our knowledge, there exists no
other case of gas or oil production with a comparable characterisation of the mechanical properties
of the reservoir, sophisticated geomechanical modelling and comprehensive seismic hazard studies.
Particularly in chapter 3 and table 1, we introduced and discussed several seismogenic source mod-
els, which have been specifically proposed for Groningen, as well as other model approaches, which
could potentially be applicable as well. It has been already demonstrated that several of these mod-
els are able to fit the past activity within the expected natural variability. However, the forecast power
of these models is not clear.

Each of the models were compared and tested with existing data by the models' authors, partly em-
ploying sophisticated test procedures.
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However, some models were tested for the time- i }
o . The predictive power of alternative models
dependency of the overall seismicity, while oth-

is impossible to judge without comparative

ers were tested for spatiotemporal patterns. , .
and prospective testing.

Also, due to the complexity of most models and
the fact that some models are specifically devel-
oped and adapted for the Groningen field, it remains unclear whether or not hidden parameters
were set based on the knowledge of the full data set. Such a hidden model optimisation often occurs
without explicit perception of the authors. Furthermore, models are at times evolving. An example is
the development of NAM models (Bourne et al., 2014; Bourne et al., 2015; Bourne and Oates, 20173;
Bourne and Oates, 2017b; Bourne et al., 2018). Therefore, it is almost impossible for us to judge and
compare the predictability of the different models in detail. A possible solution to this knowledge gap
is presented by comparative prospective testing. For that purpose, the model codes would have to
be implemented in an independent testing centre and tested against unseen data.
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5 Discussion

In chapter 3, we have reviewed 21 models developed specifically for, or potentially applicable to,
the Groningen case. The eight physical models consist of two analytical and six deterministic mod-
els investigating specific scenarios. Five models were purely statistical or involving machine learning
techniques, and eight were classified as hybrid models combining physical principles with statistical
concepts (see table 1). It is a challenge to compare and evaluate such a large number of models
against each other, since they are developed for various aims and specific targets; some are spe-
cialised to forecast the cumulative number of events, others to reproduce the spatiotemporal dis-
tribution of magnitudes, some are adapted to predict aftershocks, others to recover the long term
trend of seismicity. We believe there is a need for SoDM, the operators and other users to concen-
trate future developments on the most promising class of models and to be able to continuously
evaluate model performances with regard to new developments, software releases and earthquake
occurences. We therefore focus our discussion on two main aspects: (1) the strengths and weak-
nesses of model classes in view of the Groningen field and (2) the discussion of the potentials of a
testing framework.

5.1 The strengths and weaknesses of model classes
Physical models and scenarios

The physical model class represents deterministic approaches that are important in order to advance
the physical understanding of processes. Models in this class are often build to investigate specific
aspects of rupture or seismicity, but cannot be implemented directly in seismic hazard studies. Exam-
ples in this reportinclude the study whether and when earthquake ruptures are likely to grow beyond
the extend of the reservoir or how the relation between aseismic and seismic deformation depends
on structural and pre-stress conditions. The analytic expressions presented by Segall (1989), and
Jansen et al. (2019), are of help to obtain a comprehensive understanding of processes as a function
of model parameters and geometry, but are restricted to quasi-static solutions. Numerical simula-
tions of simplified 2D reservoirs with one fault offsetting the reservoir (e.g. van Wees et al., 2014; van
Wees et al., 2017a; van Wees et al., 2017b; DeDontney and Lele, 2018; van den Bogert, 2018; Buijze
et al., 2017; Buijze et al., 2019; Zbinden et al., 2017) were performed to understand the quasi-static
or dynamic rupture nucleation and rupture process.

Physical models will be developed further and applied to the Groningen field as well in the future in
order to continuously improve the process understanding of induced seismicity. However, both ana-
lytical and numerical approaches have clear limitations considering the complex nature of reservoirs,
rocks and earthquake ruptures. This is either because of computational costs or because of a lack of
knowledge of structure and state of the subsurface. In the following, knowledge gaps are listed that
may be approached by deterministic models in the future.
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The role of the initial stress state on faults is crucial for the triggering and rupture of induced earth-
quakes. If the initial stress is low, no earthquakes will be triggered. In contrast, faults that are already
critically stressed can be triggered immediately. Some of the seismicity models assumed that the
delayed onset in Groningen'’s induced seismicity was caused by the low state of stress on faults,
whereas others explained the delay by the evolution of frictional instabilities. As long as the absolute
stress cannot be measured precisely, e.g. from wells, the physical models may be better suited to
investigate the impact of pre-stress on seismicity. Such studies could involve the effect of unknown
structural and material inhomogeneities, which may play a key role in earthquake dynamics, as for
example highlighted by the study of Kettermann et al. (2017). Specifically, the potential impact of salt
intrusion on stress could be analysed.

Another controversy to be approached is the simplified description of the rupture nucleation and
propagation. Quasi-static simulations, as performed by van Wees et al. (2014; 2017; 2017) are crit-
icised because they do not possess a well-defined continuum limit (Rice, 1993). In contrast, fully
dynamic and continuous rupture models can only reproduce the observed richness of slip complex-
ity if the nucleation dimension is chosen sufficiently small (Cattania, 2019). The latter leads to high
computational costs, which is why dynamic rupture simulations were only performed on a 1D fault
by van den Bogert (2018) and Buijze et al. (2017; 2019). In addition, simplified friction laws are im-
plemented; in particular, most available dynamic rupture models for Groningen rely on a linear slip-
weakening law. More sophisticated constitutive laws, such as the rate-and-state-dependent friction
law of Linker and Dieterich (1992) are often suggested and were implemented by DeDontney and
Lele (2018). However, the importance of the choice of friction law has not yet been analysed.

Purely statistical and machine learning models

Statistical models analyse previous seismicity in response to loading forces to forecast future seis-
micity in response to future loading scenarios. Data-driven modelling is based on empirical statistical
(multi-parameter) functions and concepts, with the advantage of being independent of the accuracy
of simplified physical relations. Statistical models are strong in making short term forecasts for uni-
versal loading scenarios, as for instance the prediction of aftershock activity from ETAS-type models.
However, a drawback of purely statistical models is that they are often unable to predict the system
behaviour if the loading is outside the range covered during the learning period. Statistical forecasts
are still reasonable if the production (loading) parameter do not change quickly over time, as statis-
tical models can adapt to such slow changes. Any quick change of conditions, however, can only be
reliably modelled.

An interesting statistical model not yet exploited for Groningen is the purely data driven K2/K3 ap-
proach by Helmstetter and Werner (2012; 2014). In this case, only observed seismicity is used to
forecast the future distribution of rates and magnitudes as function of space and time. The method
relies on adaptive kernel smoothing of the recorded earthquake catalogue. This model bypasses any
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dependence on physical assumptions and thus avoids potential biases based on misleading features
or modelling approaches, but adapts only with delay to a quick changes of pattern. More importantly,
K2/K3 forecasts are limited to short time scales, because they are solely based on past events and do
not include the effect of events occurring in the forecasting period.

A well-established empirical model is the ETAS model, which is used in the latest NAM model (Bourne
etal., 2018). The ETAS-type aftershock modelling can be combined with any physics-based estimate of
the depletion-induced seismicity rate. However, it is difficult to constrain the parameters of the ETAS
model based on small earthquake catalogues such as the Groningen catalogue. As a consequence,
unrealistic parameter values might be estimated leading to unstable simulations in the long term.

The approach of DeDontney (2017) avoids any physical explanation and instead employs combina-
tions of power functions to fit the data and predict the future seismicity rate. However, this model
contains very large uncertainties because of the lack of any constraint. Alternatively, Hettema et al.
(2017) and Vlek (2019) exploited the observed correlation between seismicity rate and cumulative
volume. This approach is significantly better constrained, because the maximum number of future
earthquakes is limited by the gas volume remaining in the reservoir. Nonetheless, the approach was
only demonstrated for the cumulative seismicity observed in the whole reservoir. First studies for
different sub-regions of the Groningen field indicate that the regression depends on the location and
the model is not easily extendable to a space-time model - a challenge that may be further analysed
in the future.

Machine learning (ML) could present a solution to bypass the problem of unknown conditions and
incomplete process understanding. Unlike physical modelling approaches, ML can extract relevant
patterns and information directly from the available multivariate data sets without requiring insight
into the underlying physical mechanisms. Limbeck et al. (2018) and Lanz et al. (2019) started to ex-
plore ML as an alternative approach for forecasting production-induced seismicity in the Groningen
field. They tested an ML approach, which uses a large number of static (e.g. fault properties) and
dynamic (e.g. pore pressure) features as predictors. However, the comparison to baseline mod-
els shows no significant improvement and the ML model accuracy and forecasting power remains
limited by the small number of earthquakes available for model training. Another drawback is that
confidence bands for forecasts cannot easily be derived for the space-time ML model. Finally, simi-
larly to purely statistical models, predictions may be problematic if the future stress scenario is not
included in the training data set. In this context, the missing physical constraints become crucial.

Hybrid models

Hybrid models combine physics-based deterministic with statistical models. They are the preferential
model class towards time-dependent hazard assessments for induced seismicity, as they are able to
forecast seismicity for loading scenarios outside the range of previous production. However, it should
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be noted that the models depend on the results of the static and dynamic reservoir models, which
are based on reservoir-flow history matches and forecasts. Thus, the quality of the hybrid models
depends on the quality of these input data. Among the hybrid models, there are different strategies
to deal with a delayed and nonlinear onset of seismicity. In particular, it is assumed that (i) a critical
stress state is reached at the beginning of the fitting period and the delayed onset is not considered
explicitly (SI-model and RS-model of Candela et al., 2019); (ii) a critical stress state exists from the be-
ginning and the delay results from a non-linear frictional response (NAM-RS and RS-model of Richter
et al., 2019); (iii) a single subcritical initial stress state combined with a non-linear stress response
function (Wentinck-model); or (iv) a distribution of subcritical initial stress values combined with a lin-
ear stress response function (NAM and CMsub models). While SI, NAM, and CMsub models assume
that the stress response of faults is linear once the critical stress level has been reached, in the RS
models the response depends on the stressing history in agreement with lab-experiments (Linker
and Dieterich, 1992; Dieterich, 1994). In any case the delayed onset of seismicity is a prominent fea-
ture of the seismic response to production and thus should be considered in the model as subcritical
initial stresses or non-linear stress response.

In contrast to all other models, in the Wentinck-model the earthquake rate only depends on the ab-
solute stress level without any dependency on the stressing rate. As a consequence, after a shut-in
this model predicts only a slow decay of seismicity, which is solely related to the stress release by the
earthquakes themselves. Thus, it is unlikely that this model can reproduce the observed, rather rapid
drop in seismicity in response to the reduction of production during the last years. Furthermore,
the Wentinck-model predicts a decrease in seismicity rate in response to every earthquake, loosely
speaking: it predicts anti-aftershocks, in contrast to observed aftershock triggering. Both observa-
tions disqualify the Wentinck-model. Similarly, the SI-model seems to be less applicable, because it
predicts a linear relation between seismicity rate and pore pressure changes in contradiction to the
observations.

A ranking of the remaining hybrid models is more difficult. All of them are based on reservoir models
and reasonable physical considerations, but the validity of those assumptions is not always clear. For
example, it is still debated whether or not the data are in favour of the rate-and-state dependent
friction (Bourne and Oates, 2018; Richter et al., 2019; Candela et al., 2019) or if the driving forces for
earthquake nucleation in the Groningen field are better represented by compaction strain or pore
pressure changes (Bourne et al., 2018; Richter et al., 2019). So far, it is unknown whether the as-
sumption of the NAM model holds that the stress level is in the tail of the distribution of stress values
on faults justifying the application of the extreme value theory. In turn, the CMsub model is based
on results of simplified model simulations of 1D faults disregarding the dip, offset and small faults,
which might not be representative for prospective seismicity. On the other hand, the sophisticated
3D fault rupture modelling of Candela et al. (2019) entails the need of different frictional behaviour
for the investigated regions. However, the difference might also be caused by the ignored production
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history before 1993. The spatial deviations observed by Richter et al. (2019) could in turn point to ig-
nored fault properties (dip, offset). It is likely that rate-and-state friction applies on rough faults with
heterogeneous pre-stress values, which has not yet been considered in any of the models. Further-
more, due to the simplified physical model setup, the predictive power of the frequency-magnitude
distribution simulated by the CMsub model may be questioned. In contrast, all other hybrid models
predict magnitudes independently based on the empirical GR law, which requires a fit to the ob-
served data. This fit might be only constrained weakly, in particular with regard to the estimation of
the maximum magnitude and the stress-dependence assumed in the NAM model.

5.2 Testing framework for induced seismicity at Groningen

Because of the large number of parameter sets, assumptions and input fields, the different purposes
and the various output and forecast result structures, it is almost impossible to compare and judge
the performance of the alternative models at the current stage. For a long time, a similar problem ex-
isted for natural seismicity. Various models were suggested for the occurrence of earthquakes, some
claiming the possibility of rather precise forecasts of location, time and magnitude of large earth-
quakes. To tackle this problem, the Collaboratory for the Study of Earthquake Predictability (CSEP)
was established (Jordan, 2006). Within the CSEP-framework, fully prospective tests of earthquake
forecasts are carried out, using standardised statistical tests and authoritative data sets to assess
the predictive skills of forecast models and to objectively compare them. CSEP conducts prospective
experiments in four testing centres around the world; currently, more than 400 models are under
evaluation (Michael and Werner, 2018). These models include a range of methods and scales, ex-
tending from long term earthquake forecasts used for time-independent seismic hazard assessment
to short term regional forecasts used for Operational Earthquake Forecasting ((OEF); Jordan et al.,
2014).

Not much work has been done so far on model selection and comparison in the context of induced
seismicity. In principle, it would be straightforward to implement such a CSEP-type testing frame-
work in order to validate, compare and rank the models developed for Groningen. A first attempt
for induced seismicity was performed by Kiraly-Proag et al. (2016) in the case of the geothermal stim-
ulation projects in Basel (2006) and Soultz-sous-Foréts (2004). However, the test was only pseudo-
prospective, because they were performed after the projects were finished, which does not exclude
the danger of hidden model optimisations, where parameters were set based on the knowledge of
the full data set. In contrast to short term injection operations, gas production is in general long-
lasting, which offers the possibility of conducting fully prospective tests. However, in the case of
the Groningen field, the production will be terminated in the near future as decided by the Dutch
government. Whether or not such a test setup is feasible will depend on the following requirements:

e The expected number of future earthquakes is large enough to allow for a discrimination be-
tween models within a meaningful time range. This depends on the production plan as well as
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on the detection limits of the seismic network. The predictive power of the alternative models
is impossible to judge without comparative and prospective testing.

e The developers of the different models are able and willing to participate and provide software
codes that run automatically, given the required input.

e Atest centre can be established, where the codes are implemented and tests are performed by
independent researchers.

The feasibility of such tests should be evaluated carefully, because such a test framework could pro-
vide important indications about the forecast power of the different models. In particular, the test
results could provide important information how different models should be weighted in a logic-tree

approach for seismic hazard assessment in Groningen.

6 Outlook

The high quality of the current monitoring network, field observations, and reservoir models enable
further improvements of seismicity models for seismic hazard assessment in Groningen and adjacent
regions. In particular, the exploitation of the deep borehole data leads to more precise earthquake
locations, a lower completeness magnitude and enhanced moment tensor solutions of recent and fu-
ture seismicity, which offer the possibility to answer focused research questions, e.g. concerning the
impact of fault throws or orientation on the activity rate and earthquake magnitude. Do earthquakes
rupture increasingly deeper into the basement and overburden on faults with small throws as some
physical models predict? Furthermore, the data allows for a detailed comparison between the central
field and the southwestern region subject to less seismicity in order to explore the main influencing
factors, for example regarding the salt layer. The high-quality data may also allow for quantitative
tests of the predictive power of the existing seismicity models, the current NAM as well as alterna-
tive hybrid models discussed in this report. Additionally, ensemble models may be developed and
tested. Based on the results of such a testing framework and infrastructure, reliable weighting factors
may be obtained ultimately to balance the different branches (seismicity models) of the logic tree for
probabilistic seismic hazard assessment.

In the subsequent WP3 report, details of these potential future studies will be presented and dis-
cussed in detail.
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