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Abstract

Seismic hazard due to fluid invasion in hydraulic fracturing, wastewater disposal, and enhanced geothermal systems have become
a concern for industry and nearby residents. Some of the challenges associated with the fluid-induced seismic hazard are the
estimation of the spatial effects of these industry operations as well as the presence or absence of aftershock triggering. In
some cases (e.g. Geysers, California, Hoadley gas field of Alberta), aftershocks triggering do occur, while in other cases (e.g.
Soultz-sous-Foréts, France), this is not the case. First, to address the spatial effects, using several previously published high-
resolution well-log data, we first show that there is a tendency that porosity within the basement resembles fractional Gaussian
noise (fGn), while above the basement it resembles fractional Brownian motion (fBm). Based on this observation, we introduce
a novel conceptual model of the fluid-induced seismicity in disordered porous media by integrating the notion of fluid diffusion
and invasion percolation with spatially correlated permeability and porosity. We find that our model does not only capture the
observed variations in frequency-magnitude distribution of seismic events but it also exhibits a much slower decay in seismic
activity at large distances for fBm compared to fGn. Second, to address the presence of aftershock triggering, we also introduce
nonlinear viscoelastic effects in our model to augment the failure mechanics. This allows us to test whether the presence or
absence of aftershocks is coupled to the validity of a time scale separation between fluid dynamics and nonlinear viscoelastic

response, for example. Our findings can be directly incorporated in the seismic hazard assessment related to fluid injections.



The spatial footprint of seismic activity and
aftershock triggering in a conceptual model of
fluid-induced seismicity

The spatial footprine of seismic activity and aftershock triggering in a conceptual model of fluid-indsced seismicity
Oexid Khajotatotyi (1)L Kazwas Kazrs! {1 | asd Xen Duaddwn (1,2)

CH Commplesny Yawwar Gnnp, [hpa o Mg sl oawmmy Uy o Chdguy Calgan AN TIN 1M Cande
I Henbhon tha s ane Usrovrony o Cadgury 1000 Hhapnad Oy 34 Calgary ABewe TIV EVE Camade

Koy Pobwa

. Mg .......:.-a-.-
v | e ] b s A A

s o d v

o N i o presraid iy bl b
e e L
L.

o i et By b e g gt e o d
b b d sy o rred iy

o —a by il
o The prwneney w s o sravdad

e e Ll L D TR
b e e ey - e -l

e e wurve e e e— o

[ PP ——— St Dmiytn of et

T bng prownshibg|-can b sapmund by de Ve g i s d 6 ma o,
pon spwemen |Lowry o o UL
« Wy
il o p rar, ————
Ve s amaimy |

Concladon & Acknowledgness

e

B i L e I B I T e O e N
T e e R L L o bk e R T R S
Avre The sab v g dmame isdmerded iy e Yhide Com e bo o ads on The rodel oo be
wviord ey e e o b sy o e o0 R A
© Tww e e G g ain b et ivmams almg woh o maaw pr e o e Lamds s bal Yy Loy e s el e e
e wesmbbe (T, whiy sherve P L R e T e ol Ll T T T O R P T A R
e e I - Ay ety e et e et G g gt | v panews The ol | by o o

Wl d draris s w wamm ey dewiar, avd g svio m caphemen w e bs ared abhmeo b
Trwd v i rarisnm o mmvbas am vl
s oy amd o el )l b d v

wbime wv e mubad bu Sy ws A awrdobiwan —abn gy b e mem vvs by el -t o2

Omid Khajehdehi (1), Kamran Karimi (1), and Jorn Davidsen (1,2)

(1) Complexity Science Group, Dept. of Physics and Astronomy, Univ. of Calgary, Calgary, AB, T2N
1N4, Canada.
(2) Hotchkiss Brain Institute, University of Calgary, 3330 Hospital Dr NW, Calgary, Alberta T2N 4N1,
Canada.

PRESENTED AT:

A P~ | FALL

MMN\IP MEETING

Online Everywhere | 1-17 December 2020

KEY POINTS

o Spatial correlations in permeability can control the spatial localization of fluid-induced seismicity.
e Spatial correlations in permeability tend to be different within the basement and above basement.

e The variability in the migration profile of fluid-induced seismicity is affected by the permeability
field.

o The presence or absence of aftershock triggering in fluid-induced seismicity could be coupled to
the validity of the time scale separation between fluid propagation and viscoelastic seismic
response.

INTRODUCTION

[VIDEQ] https://www.youtube.com/embed/AHyggYkJTvY 7rel=0&fs=1&modestbranding=1&rel=0&showinfo=0
Research questions:

1. Can We Model Spatial Footprint of Fluid-induced Seismicity?
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(Goebel and Brodsky, 2018) examined the spatial distribution of induced earthquakes from injection wells. They found that
one can group the different field data into two classes: The first group exhibits mostly near-well seismicity with an abrupt
decay at larger distances, while the second group displays longer-ranged seismic activity with a much slower decay at larger
distances. The observed behavior correlated well with distance to basement, with the first group largely corresponding to
injections within the crystalline basement, while the second group largely corresponded to injections above basement. Here,
we show that the spatial properties of the underlying porosity and permeability fields, which guide the propagation of the
injected fluids, can explain this behavior.

2. What controls the presence or absence of aftershocks triggering in the context of fluid-induced seismicity?

The presence of interevent triggering is well established in tectonic earthquakes [Gu et al., 2013]. But, in context of Fluid-
induced Seismicity, in some cases (e.g. Salton Sea of California, Hoadley gas field of Alberta) aftershocks do occur |
[Martnez-Garzon et al., 2018] [Maghsoudi et al., 2018], and in other cases (e.g. Soultz-sous-Forets, France) aftershocks do
not occur [Langenbruch et al., 2011].

(X. Zhang and Shcherbakov, 2016) and (Baro and Davidsen, 2018) showed that nonlinear viscoelasticity can play a critical

role in the gen-eration of aftershocks. Thus, we introduce the nonlinear viscoelastic effects in our model to augment the
failure mechanics that give rise to realistic aftershock behavior in earthquakes.

WELL-LOG DATA

[VIDEQY] https://www.youtube.com/embed/qeroOK XK gK87rel=0&fs=1&modestbranding=1&rel=0&showinfo=0

o Spatial correlations in porosity and log(permeability) can be captured by the power spectrum
[Leary et. al, 2012].

e We have used the neutron and/or porosity measurements for estimating f3.

fGn: fractional Gaussiannoise 0 < f# <1  fBm: fractional Brownian motion 1 < f§ < 2
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e There is a tendency that porosity within the basement resembles fGn, while above basement it resembles fBm.

Based on this observation, we introduce a novel conceptual model of fluid-induced seismicity with
spatially correlated permeability. We find that our model not only captures the observed frequency-
magnitude distribution of seismic events but it also exhibits a much slower decay in seismic activity at
large distances for fBm compared to fGn. In particular, it can quantitatively explain the different spatial
decay exponents observed in real-world fluid-induced seismic catalogs.

MODEL

[VIDEO] https://www.youtube.com/embed/yPZKT eH6q07rel=0&fs=1&modestbranding=1&rel=0&showinfo=0
Short Description of video:
Modeling Fluid induced seismicity:

1. Fluid invasion and propagation
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2. Rock fracture (with and without nonlinear viscoelastic effects)
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RESULTS

[VIDEOY] https://www.youtube.com/embed/uFpROT-wiTc?rel=0&fs=1&modestbranding=1&rel=0&showinfo=0
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2. Seismicity Density
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4. Aftershock decay rates for the model with nonlinear viscoelastic effects:
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CONCLUSION & ACKNOWLEDGMENTS

Conclusion

In summary, we have introduced a novel conceptual model of fluid-induced seismicity in disordered
porous media by integrating the notion of fluid diffusion and a local stick-slip dynamics with or without
nonlinear viscoelastic effects. The stick-slip dynamic is described by the Mohr-Coulomb friction
condition. The model accounts for spatially correlated heterogeneities in hydraulic properties as well as
fluctuations in local yielding thresholds. The latter feature, along with a fracture propagation rule, leads
to a scale-free statistics associated with stress released and event size, while the former feature largely
controls the algebraic decay associated with the density of scattered seismic activities away from the
injection point and the spatio-temporal migration patterns. The model behavior is consistent with field
observations of seismicity density and provides an explanation for the observed behavior. In addition, we
have studied the decay rate of aftershocks when considering the nonlinear viscoelasticity and found a
relationship among the power law exponent of the Omori-Utsu law and the nonlinear exponent. Our
results should allow an improved seismic hazard assessment for fluid injections in the future.
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ABSTRACT

Seismic hazard due to fluid invasion in hydraulic fracturing, wastewater disposal, and enhanced geothermal systems have
become a concern for industry and nearby residents. Some of the challenges associated with the fluid-induced seismic hazard
are the estimation of the spatial effects of these industry operations as well as the presence or absence of aftershock triggering.
In some cases (e.g. Geysers, California, Hoadley gas field of Alberta), aftershocks triggering do occur, while in other cases (e.g.
Soultz-sous-Foréts, France), this is not the case. First, to address the spatial effects, using several previously published high-
resolution well-log data, we first show that there is a tendency that porosity within the basement resembles fractional Gaussian
noise (fGn), while above the basement it resembles fractional Brownian motion (fBm). Based on this observation, we introduce
a novel conceptual model of the fluid-induced seismicity in disordered porous media by integrating the notion of fluid diffusion
and invasion percolation with spatially correlated permeability and porosity. We find that our model does not only capture the
observed variations in frequency-magnitude distribution of seismic events but it also exhibits a much slower decay in seismic
activity at large distances for fBm compared to fGn. Second, to address the presence of aftershock triggering, we also introduce
nonlinear viscoelastic effects in our model to augment the failure mechanics. This allows us to test whether the presence or
absence of aftershocks is coupled to the validity of a time scale separation between fluid dynamics and nonlinear viscoelastic
response, for example. Our findings can be directly incorporated in the seismic hazard assessment related to fluid injections.
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