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ABSTRACT

The seismic hazard due to induced seismicity was
evaluated for gas fields where a time-depended
seismicity was identified. This analysis was performed
using a classical Probabilistic Seismic Hazard
Analysis (PSHA) (Cornell, 1968) approach. The
PSHA allows defining the state-of-art of current
knowledge with regard to about 20 years of induced
seismicity. On the other hand a classical PSHA
approach is based on a stationary Poisson model
probably not appropriate to describe the time varying
induced seismicity. To overcome this limitation it is
possible to define different time windows in which the
stationary hypothesis is still valid or use a more
general/complex approach using a non-stationary
Poisson model. The second option is substituting the
constant activity seismicity rate (A) with a time
dependent variable (A(t)). Both approaches were
investigated using seismicity data from exploration
fields in The Netherlands.

1. INTRODUCTION

Exploitation of subsurface energy resources within
populated areas may have large economic and social
implications. One of the major social impacts is the
occurrence of earthquakes, which may be induced by
subsurface activities such as gas production/storage,
mining and geothermal energy retrieval Although the
magnitudes are usually moderate, the shallow depth
makes these events perceptible and potentially
damaging (Basel, Larderello, Groningen). The socio-
economic aspect requires guarding the population and
infrastructure (roads, factory, pipelines ...) from
nuisance, damage and possible injuries. For this
purpose the EC project GEISER is developing a
different methodology to improve our knowledge and
models to describe, forecast and mitigate induced
seismicity. In the framework of this project different
studies approached/evaluated temporal variation of the
anthropogenic seismic hazard.

The gas reservoir field of Groningen is one of the
larger gas reservoir in the world and certainly of
significant importance in the Dutch energy and
economy. Induced seismicity has been reported since

1986 and is monitored by a network of borehole
seismometers and accelerometers at the surface, which
has been upgraded and extended during the last years.
Since 1991 and up to February 2013 around 600
events have been detected and identified, 177 events
with ML > 1.5. More details about the monitoring
network can be found in van Eck et al (2004) and Dost
et al (2012). A first hazard analysis has been compiled
by van Eck et al (2006)

In August 16, 2012 an earthquake near Huizinge, Mw
= 3.6, was strongly felt and caused damage (Dost and
Kraaijpoel, 2013). This earthquake is the largest
observed up to now and motivated the regulator the re-
assess the possible hazard in re-evaluating the
extrapolation of the magnitude—frequency relation and
its maximum possible earthquake. Moreover, it
initiated a significant re-evaluation of the possible
hazard due to induced seismicity.

2. BACKGROUND

The estimation of seismic hazard assumes the
capability to predict the probability of the exceedance
of a specific ground motion level. This is only
possible if we can adequately model the occurrence of
earthquakes. For natural, tectonic seismicity the
occurrence can be described as a stationary Poisson
process. Induced seismicity, however, depends on
non-stationary processes such as gas production. As a
result, the seismicity itself is inherently non-
stationary. So far we did not find a methodology to
correlate convincingly the gas extraction production
process with induced seismicity. In lack of a better,
but more complex hazard estimation model, we
choose to vary a simple model with possible input
variations, but still assuming stationary seismicity
models. This would imply that may have to adapt the
hazard estimations with time when new and more
knowledge becomes available.

In 2004 it was assumed a stationary process for the
seismicity to following a nearly stationary production
rate. Today we conclude that the production rate is not
stationary (Fig 2.1). In a model in which we define
stationary seismicity in limited time intervals we may
identify the August 16, 2013 as a second break in the
stationary rate of seismic energy release, i.c.
seismicity. Up to now seismic hazard model included
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different models to estimate the impact of variations in
seismicity rate and maximum magnitude on the hazard

estimates.
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Figure 2.1 Production rate and cumulative seismic energy release versus time (in years)

3. PSHA

A PSHA (Abrahamson 2006; Cornel, 1968; McGuire
and Arabasz, 1990, McGuire, 1995; Reiter, 1990) was
used to calculate hazard maps. The PSHA combines at
one site the hazard contributions from all potential
earthquake sources below and around the site. In this
model earthquakes occur in seismogenic zones
characterized by earthquake rate and magnitude —
frequency distribution. The wave propagation effect is
characterized by Ground Motion Prediction Equations
(GMPE) also called attenuation functions. The PSHA
can then be estimated in four steps as reported by
Kramer (1996):

1. Identification and characterization of the
probability distribution of the potential
rupture locations capable of producing
significant ground motion at the site. In most
cases, uniform probability distributions are
assigned to each zone, implying that
earthquakes are equally likely to occur at any
point within the source zone. These
distributions are then combined with the
source geometry to obtain the corresponding
probability distribution of source-to-site
distance.

2. Characterization of the temporal distribution
of earthquakes recurrence. A recurrence
relationship, which specifies the average rate
at which an earthquake of some size will be
exceeded, is wused to characterize the
seismicity of each source zone.

3. Estimation of the ground motion produced at
the site by earthquakes of any possible size
occurring at any possible point in each source
zone. Usually empirically obtained Ground
Motion Prediction Equation are used. The
uncertainty inherent in the predictive
relationship is also considered in a PSHA.

4. Combination of the uncertainties in
earthquake location, earthquake size, and

ground motion parameter prediction to obtain
the probability that a specific ground motion
parameter will be exceeded along a particular
time period.

The hazard for each point of our map is obtained by
computing (numerically) the hazard integral (Cornell,
1968; Bazzurro and Cornell, 1999) for different
threshold values Ao, providing the mean annual rate of
exceeding of the threshold value Ay:

N
i=1

N
Ei(A>Ag) =Z7\i

i=1

{f f f P[A > Ay|m, r,e]f(m)f(r)f(s)dmdrds} [1]
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Where P represents the conditional probability of
exceeding a threshold value (Ag) of a ground-motion
parameter (A) for a given magnitude (m) distance (r),
and ¢ represents the residual variability of A with
respect to the selected ground motion prediction
equation (GMPE). The function P represents the
probability of exceeding value A, for a given triplet
m-r-¢. The probability density functions (PDFs) of
magnitude M, f(m), distance R, f(r) and ¢, f(¢)
depends, respectively, upon the adopted earthquake
recurrence model (e.g., Gutenberg and Richter, 1944),
the source geometry and the selected GMPE. Finally,
o; for each zone is the mean annual rate of occurrence
of earthquakes with magnitude greater than some
specified lower bound.

4. HAZARD MODELLING

Input parameters should describe where the seismicity
occurs (seismic zonation), characterize the seismicity
(rate, magnitude-frequency relation and bounding
magnitudes — max and min) and ground motion
prediction equations (GMPE).

4.1 Seismic zonation

The seismic zone was defined largely by the gas
reservoir area projection on the surface. The



assumption that seismicity can occur in this whole
region at a depth of about 3.0 km was made. Two
seismic zonation models were prepared: a single-zone
model with uniform distribution of seismicity and a
four-zone model with a piecewise uniform
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distribution of seismicity. This last choice of zonation
has been motivated by a subjective interpretation of
the seismicity, reservoir behaviour and geology
(Petroleum Exploration Society of Great Britain,
2011; NIAG-TNO, 2004).
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Figure 4.1. Seismic zonation of the Groningen reservoir with the past (induced) seismicity.

4.2 Seismic characteristics

Seismicity was characterized largely by the
exponential magnitude frequency relation (Gutenberg
and Richter, 1944). The observed earthquakes seem to
follow fairly well this simple model and a more
complex model does not seem to be required. The
function is defined as (McGuire and Arabasz, 1990):

(@-8 ) e(_ﬁ(m_mmin) — e(_B(mmax_mmin)
i a—pMpyin
Am =e 1 — e(-B(Mmax—mMmin) [2]

In which A, is the mean annual rate of exceeding a
magnitude m earthquake. The other parameters are
related to the a and b values in the magnitude
frequency relation. The function specifically defines
magnitude cut-off’s at low (Mp,) and high magnitude
(Minax).

4.3 Magnitude cut-off

The lower magnitude cut-off has been chosen at M =
1.5. This is below the magnitude level for which
people feel the earthquake (around 1.8) and
corresponds to the magnitude of completeness for the
local network.

The upper magnitude level has been estimated at
different levels: M = 4.0, 4.5 and 5.0. This indicates
different levels of conservatism with regard to the
occurrence of future earthquakes.

Mpm.x has been modified independently, but not
between source zones.

4.4 Seismicity rate

The seismicity rate is an important model parameter
for estimating different hazard scenarios.

From Figure 2.1 we assume an increased seismic
energy release, i.e. rate of seismicity around 2013.
Therefore we assume a future higher rate of seismicity
after 2012 - 2013. Here A is the number of earthquakes
per year with magnitude equal or higher then M = 1.5

The four-zone model, as depicted in Figure 4.1 has
different seismicity rates associated with each zone.
The b-values, however, have been kept constant for all
zones, because up to now there are no indications for
specific variations.

The individual seismicity rates were defined from the
past observed seismicity in the different zones.
Visually it is already recognizable that some zones
have a denser seismicity then others (Figure 4.1). An
annual estimation of the relative rate for each zone
was performed from the observed seismicity during
the period 2004 — 2012. The obtained models are
presented in Table 4.1a and b and in Figure 4.2). The
seismicity rate for each zone was modelled with a best
fit power law equation to observed seismicity (2004 —
2012) in each region and extrapolate to the period
2004-2017 as seen in Tab. 4.1b and Fig.5.2.
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Table 4.1a Seismogenic zones parameterization

Seismogenic zone Source depth (km) b M ax (Mw) Surface area (kmz)
Background 3.0 1.08 4.0/5.0 427.55
Eastern area 3.0 1.08 4.0/5.0 370.50

Central North 3.0 1.08 4.0/5.0 214.08
Central South 3.0 1.08 4.0/5.0 84.87
Total 1097
Table 4.1b Annual seismicity rate

Seismogenic zone 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2004 -2012 | 2004 - 2017
Background 1 1 1 0 5 2 5 11 6 3.56 4.88
Eastern area 0 0 0 0 0 0 0 0 1 0.11 0.0

Central North 4 9 13 7 4 14 6 11 9 8.56 8.56
Central South 1 1 2 2 1 0 3 1 0 1.22 1.21
Total 6 11 16 9 10 16 14 23 16 13.44 14.65
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Figure 4.2 Annual seismicity rates for different seismogenic zones (different colour) and the annual total
seismicity rate (black). The dashed lines represent the same quantity evaluated with time windows of

three years.

4.5 Ground Prediction Equations (GMPE)

The PSHA was performed for PGA and PGV values
using three different GMPE’s, i.e., Campbell-97
(Campbell, 1997), Dost-04 (Dost et al.,2004) and
Douglas-13 (Douglas et al.2013). A comparison with
the observed data is shown for M = 3.6 in Figure 4.3a
and b. Both last equations include data from shallow
(induced) events in The Netherlands. They also have
relatively large uncertainty bounds, Douglas-13 larger
than the Dost-04. Furthermore Dost-04 has been
extrapolated beyond 20 km for which no data has been
available.

4

The differences between the two GMPE’s including
data from The Netherlands in terms of standard
deviation (c) and mean values are more evident in
terms of probability of exceedance for a fixed value of
magnitude and distance P[A>A(|M,R], as can be seen
from Figure 4.4.

Another implication of the different uncertainty
estimates is that the Douglas-13 GMPE resulted in
larger probability values than the Dost-04 GMPE for a
high value acceleration or velocities. This is, for
example, illustrated in the PSHA by higher hazard
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levels with low probabilities for Douglas-13(Figure 4.6).
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Figure 4.3a Ground motion prediction equations used for the PSHA. PGA value estimates, mean and + one
standard deviation for the GMPE obtained by Campbell (1997), Dost et al (2004) and Douglas et al
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Figure 4.3b Ground motion prediction equations used for the PSHA. PGV value estimates, mean and + one
standard deviation for the GMPE obtained by Campbell (1997), Dost et al (2004) and Douglas et al
(2013). Inserted dots are observed values for the August 16, 2012 earthquake.
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Figure 4.4 Probability of exceedance for PGA (left) and velocity (right) for the two GMPE’s of Dost et al (2004)

in red and Douglas et al (2013) in black.
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Figure 4.6 Hazard estimates for Peak Ground Velocities (PGV) with low probabilities (i.e. return period of
1000 years). A comparison between the Douglas et al (2013) GMPE and the Dost et al (2004) GMPE. The
large uncertainty associated with the first relation results in higher hazard with low probabilities.

5. PSHA RESULTS

The hazard map for Groningen has been estimated
using the PSHA approach for a grid of 945 points in
and around the surface projection of the Groningen
gas field (see Figure 5.1). The maximum distance of
50 km was considered to calculate the PGA and the

6

PGV. The magnitude range considered was [1.5,
Minax], With M., varying in different models from
M = 4.0, 4.5 and 5.0. For sake of brevity we display
only the results obtained for PGA, M,,=5.0 using
Dost-04. Additional details about the grid and
integration steps are reported in Table 4.1.
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Figure 5.1 Hazard estimation grids indicating the
points for which the PSHA has been done.
using different model parameters.

Table 4.1 Details on the grid of points for which the
PSHA has been done and on which the
contour plots in the following sections are
based (top), and the numerical steps for
which the hazard integration was performed
(bottom). Ax, Ay grid intervals in degrees;
AR - distance integration step in km; AM —
magnitude integration step; Rmax -
maximum distance considered

Grid configuration

Ax 0.03°
Ay 0.03°
No of grid points 945
Latitude range 52.91-53.69
Longitude range 6.3-7.32
Hazard Integration Parameters
AR 1.0 Km
AM (Magnitude) 0.5

A conservative hazard estimate has been obtained by
choosing a high M. Other variables, like GMPE and
zonation model, have been varying (for sake of brevity
only the results obtained for PGA, M.=5.0, and
Dost-04 are reported).

For the single-zone zonation model, with a uniform
spatial distribution of earthquakes, a hazard up to
0.26g for 10% probability in 50 years was observed.
For the four zone model we obtain a hazard up to
0.34g for a 10% probability in 50 years.

For a shorter time window (10% probability of
exceedance in 10 years) the results are reported in
Figure 5.2 using different time windows to evaluate
the seismic rate.

5. DISCUSSION AND CONCLUSIONS

The seismic hazard due to induced seismicity was
evaluated for the Groningen gas fields where we
observe a time-depended seismicity. We aim to
address the problem of seismic hazard estimation
given seismicity rate changes that seem to be
associated with changes in production. A classical
PSHA approach was adopted to calculate a set of
hazard maps, varying the seismicity characteristics
input model. In one experiment we assume stationarity
only within different specified time windows. The
time distribution of A in combination with the four
zonation allowed us to evaluate the space and time
hazard variation.

In another experiment a power law equation for A was
estimated for each seismic zone, using the discrete
time distribution of A. The definition of the A(t)
equation allow us to estimate a seismicity rate in the
period 2004-2017 and thus use it to evaluate a possible
hazard scenario five years ahead.

We obtain time varying seismic hazard estimates that
may reflect the observations. However, we still need
to corroborate these preliminary results with actual
observations.
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Figure 5.2 Hazard map estimates for probability of exceedance of 10% in 50 years. The seismicity rate used to

calculate the map was evaluated in the time period reported below the each map.
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