Reservoir Geomechanics, Fall, 2020

Lecture 14

Triggered and Induced Seismicity
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« Materials in these slides cannot be used without the written
consent from the instructor
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Induced Seismicity t 1)
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Defi n iti ons SEOUL NATIONAL UNIVERSITY

* Induced seismicity

— Seismicity resulting from an activity that causes a stress change that is
comparable in magnitude to the ambient shear stress acting on a fault to cause
slip (McGarr et al., 2002)

— Rupture (slip) was driven by the stress change over the full rupture plane (Dahm
etal., 2015)

* Triggered seismicity

— When the stress change is only a small fraction of the ambient level (McGarr et
al., 2002)

— Rupture (slip) initiation was driven by the stress change at the hypocenter of the
earthquake (Dahm et al., 2015)

* Induced seismicity: all seismicity related to human activity (Foulger et
al., 2017)

McGarr et al., 2002, Case Histories of induced and triggered seismicity, Int Handbook of earthquake and engineering seismology, vol 81A, 647-661

Dahm et al., 2015, Discrimination between induced, triggered, and natural earthquakes close to hydrocarbon reservoirs: A probabilistic approach based on the modeling of
depletion-induced stress changes and seismological source parameters, J Geophys Res. Solid Earth, 120, 2491-2509

Foulger, G. R., et al. 2017. "Global review of human-induced earthquakes." Earth-Science Reviews. (in press) https://doi.org/10.1016/j.earscirev.2017.07.008
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Induced Seismicity '
Appl i cati o ns SEOUL NATI:?::TUNIVERSITY

http://www.statoil.com/en/NewsAndMedia/News/2010/Pages/26MarMarcellus.aspx
Min,2012

Induced Seismicity occur
in various
injection/excavation
related applications

EGS Geothermal
Mining

Production Well

Injection Well

’ Reservoir
' pressure: AP Cooling: -AT

CO, underground storage
(Rutqvist, 2012)

NRC, 2013

Enhanced Oil Recovery — | -
...

Oil/gas production (Segall, 1989) & waste water injection



Y

%%
«E

%
é’é;
e
b

ﬁ
B

<%
>

Induced Seismicity '
Applications - Unconventional Hydraulic Fracturing ... ....c......

LS

] M a rce | | u S S h a | e : Marcellus Shale, 1.4-4.6 million gallons 420,000-1.3 million gallol

Susquehanna River Basin injected produced

— 10-30% of the injected fluid are | I o

produced back \m & = 3
— 90% of produced fluid was re- | ot I " I o ot

“Loss than approximately 1% is treated at faciitios that are

used and 10% was reinjected in " | S os - den o crhos e e

Surface water M Groundwater e ot by U siure iasie Suneodec proced

waler volumes over 10 years are approximately 10-30% of
C | aSS | | Wel | . a Reused hydraulic fracturing wastewater the injected fiukd ,,;m,,,‘,_ £
Barnett Shale, Texas 3.9-4.5 million gations 3.9-4.5 million gallons
injected produced

« Barnett Shale, Texas

=

— Most of injected fluid were i "'I 4 I
produced back an

— Only 5% were resued and 95% |
were injected into Class Il well T s Facki et o'

Produced waler volumas over three years can be
approximately the same as the injected fluid volume.

Figure 13.7 Water budgets illustrative of hydraulic _I'mcturing water m@agcmnﬁ:ﬂt pr.uu;dm;c(;‘ll: (a‘)l
the Marcellus shale in the Susquchanna River Basin between approxlmf!lely -008 a.l - ..da::)
(b) the Barnett shale in Texas between uppm\nnulcl_\.v 2011 and 2013, Class 1I t\'ulllsta‘rju t::lce”hc
inject wastewater associated with oil and gas production underground and are regulated u

Underground Injection Control Program of the Safe Drinking Water Act. After EPA (2016).

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press
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* Active seismic monitoring

— Use controlled sources such as explosives with known location and time

» Passive seismic monitoring

— Make use of observation of either natural and anthropogenic earthquake data

» (Passive) Seismic monitoring is a key technology for characterizing the

reservoir creation and protocol for underground mines

— Improving resolution

— Real-time processing

. X
L, =lt37
P - vy

1\‘," .
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Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press




Induced Seismicity
Monitoring - Geophone SEOUL NATIONAL UNIVERSITY

* Microseismic acquisition geometries typically used for
hydraulic fracturing (OW: observation well, TW: Treatment

Surface array Shallow-well array
i INSAEY'S BRPY Ol A
m Q o o © %
== © @ 1
%)
/:-I:&Healﬁ © © ® 1 P
B e — *
%}i{s;«mpliﬂe( & Switching g g # /'
5{3;2 14 V Battery Pack OW #1 OW #2
@ RS \
.‘yl/ ™~ P
0 ™
LLLLLL g An ) Stri h qa)
. g tring shot — §
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5
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Perforations
Deep downhole microseismic [Frac stages

monitoring tool used in Fenton Hill
geothermal project in 1976-1979
Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press
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* Seismic Moment (Mo)
M, = uAd
* Relation between seismic moment (Energy) and moment magnitude

M, = %[Iog10 M,(ayne —cm) —1 6.0]

small earthquake rupture . Seismic moment vs. Magnitude
10 T

Moment (dyne-cm)
=

vertical extent of fault, W
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Induced Seismicity
Monitoring — earthquake statistics

SEOUL NATIONAL UNIVERSITY

* Richter-Gutenberg Relationship

logig N =a—bM.

where N is the number of events with magnitudes greater than or equal to M. In
this equation, a describes the total number of earthquakes, while the parameter b 1s
called the b-value and measures the relative number of large quakes compared (o
small quakes. The b-value is generally found to lie between 0.8 and 1.2 for a wide
variety of regions and different magnitude scales (for a review, see Utsu, 2002a).

T

100000

10000

1000 |

g

Number of earthquakes
=
o)

My
Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press
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» Exceedance probability of Earthquake > M

-Log(N > M*) =a — bM"*

-N(> M*) = 102 0™’ M_: magnitude completeness ,\
=

- Neotart (M > M) = 10@—bMc %0_4

-P (N > M*) _ N(>M™) _ 10—b(M*—MC) Example: a=1.36, b =0.762, Mc='0'2=5 o.z

Ntotal 3
M*

- Poisson distribution:  =#hzl Azt ool 0iE A0 Yol Sls=0fl CH3E 7]zt

f ) =2

n!

-A = Npprgy * P (N > M*) = (10%75Me ) (10-bM"~Mc)y = 109a-bM’

o

At g2 W, 1 AZI0| ndl Yof HE2 Chalt 2t

_£(0; 1) = e~ = e~(10°"™) . prohability that no event of M > M*

1—-fO;)=1—-e*=1- = (10970M7) Probability that at least one event of M > M*
= Exceedance probability
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» Cause of induced seismicity
<Fluid injection to hot reservoir> <Mobhr circles representing in-situ
stress state>
@Iand surface .
7
aquifer 8
7
©
~1km £
O1
b compressive stress
Change of Mohr Circle

.

(Richard Davies, 2013)

(a) Pore pressure increase
(b) Temperature drop

(c) Fluid extraction/Depletion

(d) Fault interface degradation

Change of Coulomb Failure criterion
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Mechanism - Coulomb Failure Function e
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« Direct pore pressure effect and poroelastic stress

« Coulomb Failure Function

— (+) means more likelihood of failure

CFF =1 —poy,  CFF=r-p(S,-P,)

Changes in solid stress
due to fluid extraction or injection

(poro-thermoelastic effects,

Direct fluid o changes in gravitational loading)

effects of injection v Ay

(fluid pressure
diffusion) , Permeable
* reservoir/aquifer

Volume and/or mass change

Increase in pore

pressure along

fault (requires Change in loading
Permeable high-permeability conditions on fault

reser_voir/ pathway) (no direct hydrologic
aquifer connection required)




Induced Seismicity
Mechanism - Applications
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» Human Induced Earthquakes Database (1,184 projects, usually M>2.0)

— http://inducedearthquakes.org/

— Hydraulic fraturing (33%), Mining (25%), Water impoundment (16%), petroleum

(11%), geothermal (6%)

Fracking
33%

Mining

Water reservoir impoundment
Conventional Qil and Gas
Geothermal

Waste fluid disposal
4%

Muclear explosions

Research
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http://inducedearthquakes.org/
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Mechanism - Applications: CO2 storage s s

» ...Because even small- to moderate-sized
earthquakes threaten the seal integrity of CO2
Induced Seismicity Potential in repositories, in this context, large-scale CCS
= is a risky, and likely unsuccessful, strategy for
significantly reducing greenhouse gas
emissions... (Zoback & Gorelick, 2012)

US National Research Council (2013)

Zoback MD & Gorelick SM, Earthquake triggering and large-scale geologic storage of carbon dioxide, Proc National Academy of Science of the USA
(PNAS), June 2012, www.pnas.org/cgi/doi/10.1073/pnas.1202473109, cited by 427 times (google scholar, 26 June 2018)



http://www.pnas.org/cgi/doi/10.1073/pnas.1202473109

Induced Seismicity oy
Mechanism - Applications: CO2 storage -

c K S2 E2 8F BASEUE>XSHEO 2
T MPal| S=¢f Bzt > X[ 58
e lllinois Mt Simon A X|CH | =" /o /

U st Lous B
j F £ it » g |
38 /r' -..\ ,". g !': .1¥

e M>25

75 e
Lo olE s 0d s
al
S=&

o Ve . |

* M P O | —1 [ 2y %Madrid ><7/\‘\

. I a — -1 o 7 361 o seismic zone | o) s ’/”7
o 65T @ = NJ

A o\ \J
K .' . - S AT \\./,‘/ TN
. &° < Tlackson ( \
2 TENNESSEE
\“Memphis

|
|

5 ! Florence * ( Hur:tsv:lle

. 1 ZZY
\ MISSISSIPPI Decatur’| ﬁ
. | ® L
\J Pine Bluff . 4 ALABAMA ||
A Lot &

Red circles indicate earthquakes that occurred from 1974 to 2002 with magnitudes larger tha%d'mmg modern instruments. '
Green circles denote earthquakes that occurred be- fore 1974. Larger earthquakes are represented by larger circles. Zoback & GOFG|ICk, 2012

2~

B “Little Rock

2 \




Induced Seismicity o
Mechanism — Applications: CO2 storage
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Fig. 2. Relationships among various scaling parameters for earthquakes. The larger the earthquake, the
larger the fault and amount of slip, depending on the stress drop in a particular earthquake. Obser-
vational data indicate that earthquake stress drops range between 0.1 and 10 MPa.

Zoback MD & Gorelick SM, Earthquake triggering and large-scale geologic storage of carbon dioxide, Proc National Academy of Science of the USA
(PNAS), June 2012, www.pnas.org/cqi/doi/10.1073/pnas.1202473109, cited by 427 times (google scholar, 26 June 2018)



http://www.pnas.org/cgi/doi/10.1073/pnas.1202473109

P
=
’/"

e
125 O
el

5«4

Induced Seismicity
Mechanisms - McGarr’'s M__.-AV relationship oo o s

« Maximum earthquake magnitude is proportional to the injected fluid volume

M, (max) : maximum seismic moment
M, (max) = GAV G : shear modulus of reservoir
AV :total injected fluid
» Assumptions

— The formation is either seismogenic or there is hydraulic communication between
injection interval and seismogenic regions

— Before injection, fault are stress within a seismic stress drop (Ar) of the failure
— Rock mass is fully saturated before injection
— The seismic response follow the Gutenberg and Richter relationship

— The induced earthquakes are localized to the region where the crust has been weakened
due to fluid injection

McGarr, A. (2014). "Maximum magnitude earthquakes induced by fluid injection." Journal of Geophysical Research: Solid Earth 119(2):
1008-1019.
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« Derivation

T = ToF4(P)

o

31+ 2G AV
1) AP = =

1 1
3 % Z)AP ZZ S)A‘EU':EZMU 9AT=;ZM0

¥ My =2EZD Ay = 2GAV (if A = G, u = 0.6)

1) logMy = 1.5M + 9.05
2) logN = a — bM

1.
MO(max) = {

E;)—b) 2.11(3/;;+2G) AV = GAV (if b= 1,12 = G,u = 0.6)



WIS
@"’
ﬁ’,

&

%
i
(e}
%

Y

Induced Seismicity 1)
Mechanisms - Seismicity vs. Injected volume >

SEOUL NATIONAL UNIVERSITY

McGarr’s relationship between maximum seismic magnitude
and total injected volume works, however, there are some
outliers.

7 — My sy = HAV
# Reservoir ID = ® (3 MAX _

Sr INF [ EGS/Geothermal | 1 7 s o=
g 5t S v Wastgwater 6 1 © Geothermal exploitation - N
o (O Fracking Shale o Rassarch @iperiments e
E TF $ KTB vis3 5 | Waste fluid disposal Lo -5 © ®
% 4t 7.23 722 E - = McGarr (2014) o 2 o °
= s ot Moo Vel V20 g, ‘@ k- .
Ba3b o™ Otoms | 2 o - o
2 Uo m1 3 3 =0 @
0 e .18.16?.10 | g3 L==" g8 4 00 v .
82} mg 5 E o * . e
(o) 6 Ho | 3 2 e . .' * . .
Sy *12 4 i . T ° :
E = © "
é O E 09 e o ° .

: Short-term m Long-term Z o e o o o

[ injection 7 ! injection
+2i o
2 N L H L L
10 10° 10* 10° 10° 107 108 =3 . ; ; : : : , : ,
In]ected V0|Ume (m3) 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
‘ Total injected volume (m?3)
Maximum seismic moment and magnitude as functions of total MMAX vs. total injected volume for the 69 cases of induced seismicity for

volume of injected fluid from the start of injection until the time of

which data are available (Foulger et al., 2017
the largest induced earthquake (Zang et al., 2018) ( g )

Zang A, Zimmermann G, Hofmann H, Stephansson O, Min KB, Kim KY, 2018, How to Reduce Fluid-Injection-Induced Seismicity, Rock Mechanics and Rock Engineering, in pressu
McGarr, A. (2014). "Maximum magnitude earthquakes induced by fluid injection." Journal of Geophysical Research: Solid Earth 119(2): 1008-1019.
Foulger, G. R, etal. (2017). "Global review of human-induced earthquakes." Earth-Science Reviews. (in press) https://doi.org/10.1016/j.earscirev.2017.07.008
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Moment (Nm)

» Comparison with 18 cases (scientific, hydraulic fracturing,

EGS, wastewater disposal)

[ Maximum moment and magnitude vs Injected volume

10" 6
{ Scientific Pohang M5.4 (15/11/2017)
X Fracking o
Y EGS 7 Net V5 841 mi .
O Wastewater Disposal
16 POH
10
OPBN
C 4
10" * AQ—M 0
A A DFW
Pefiang M 3.1 (15%«7%017) STZ
Net V=5,771 m3
XBUK
10" °
<>KTB (McGarr, 2014)
10° 10* 10° 10°

Injected Volume (m3)

Table 1. Maximum Seismic Moments My(Max) and Total Injected Volumes AV

Event Mglmax) (N m) AV [mj) Type® M Location
KTB ® 1.43e11 200 scientific 1.4 eastern Bavaria, Germany
BUK® 3.2e12 4.17e3 frak 23 Bowland shale, UK
GAR? 3.5e13 1.75e4 frak 3.0 Garvin County, OK
sTZ® 2.51e13 3.98e4 egs 29 Soultz, France
DFW' 89e13 2.82e5 wd 3.3 Dallas-Fort Worth Airport, TX
BAS® 141e14 1.15e4 egs 34 Basel, Switzerland
ASHY 2.82e14 6.1724 wd 36 Ashtabula, OH, July, 1987
CBN® 3.98e14 2.0e4 egs 37 Cooper Basin, Australia
ASH? 8.0e14 3.4e5 wd 39 Ashtabula, OH, January 2001
YOH" 83e14 8.34e4 wd 4.0 Youngstown, OH
PBN' 3.16e15 3.287e6 wd 43 Paradox Valley, CO

) RATY 45e15 4.26e5 wd 4.4 Raton Basin, CO, September 2001

S GAK® 12e16 6.29e5 wd 47 Guy, AR

3 PoH' 20e16 1.19e6 wd 48 Painesville, OH

-’-C"- RMA™ 21e16 6.25e5 wd 485 Denver, CO

o X" 221e16 9.91e5 wd 48 Timpson, TX

(O RAT2° 1.0e17 7.84e6 wd 53 Raton Basin, CO, August 2011

S poke 3.92e17 1.20e7 wd 57 Prague, OK

*frak = hydraulic fracturing; egs = enhanced geothermal system; wd = wastewater disposal.
bZoback and Harjes [1997].

“De Pater and Baisch [2011].

“Holland [2013].

“Majer et al. [2007] and Baisch et al. [2006].

'Frohlich et al. [2011].

95eeber et al. [2004] and Nicholson and Wesson [1990].

hO.m'o Department of Natural Resources [2012] and Kim [2013].

TAke et al. [2005).

IMeremonte et al. [2002].

Harton [2012).

'Nicho!son et al. [1988].

™Herrmann et al. [1981] and Hsieh and Bredehoeft [1981].

"Frohlich et al. [2013).

). L. Rubinstein et al. (manuscript submitted for publication, 2013).
PKeranen et al. [2013).
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« Stresses around the reservoir T
. Ogbu A 4 Q.“
— Reverse faulting at the top/below

hedo w
— Normal faulting at the side

— (Normal faulting within the reservair),

(@EF)

Displacements are normalized by 2(1 + »,) BTAm(t)/3mp,, strains
by 2 (1+ »,) BTAM{1)/3p,D.

. x| . 4
VT EE ’
o s N
y=a=D o g s g v
Figure 5. C surface dit Uy, Uy, and strain e, N »\ ﬂ
(extension positive) for a/D = 1.0. Geometry is shown in inset. <

Relative change of horizontal
/ stress. Notice: Tension (+)
Compression
Compression
tension
- I B i

Segall, 1989, Earthquakes triggered by fluid extraction, Geology, 17:942-946
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Mechanisms — Seismicity vs. injection pressure . .. 7 ...

Observed maximum magnitude (M)

The relationship between M_.., and maximum injection
pressure seems to be mildly related, however, this has to be
interpreted with caution (perm, injectivity...)

6 e CCS

® O Conventional Oil and Gas
@
@ © @ ® o @ A ® Unspecified Oil, Gasand
= ® Waste water
® Fracking
® Geothermal

® Mining (solution)

@ ® Research

72017 Nov Pohang Mw 5.5
A 2017 Apr Pohang Mw 3.2
< 2018 Jul Helsinki Mw 1.9
0 20 i - .- — (Kwiatek et al. 2019)

e . (modified after Foulger et al. 2018)

s “*~— GroR Schénebeck -1.0
2
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Induced Seismicity
Mechanisms — Depletion induced seismicity - examples
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» Withdrawal of fluid can induce faulting in reservoir

Strachan field in Alberta (Canada). Average
static bottomhole pressure at 2.8 km

v
o
i
'
I
i
I
1
I
I
i
I
|
1
|
I
I
w
X}
ber of Eorthquokes

R

]

1
o

» Pau basin (France). M >3 earthquakes and
= .
average reservoir pressure

=

MNMumber of Earthquakes

0

T T
1980 1985

Number ot earthquakes recorded per year and decline in average reservoir pressure (Segall, 1989)

Segall, 1989, Earthquakes triggered by fluid extraction, Geology, 17:942-946
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Examples: Basel EGS project (2006)
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* Basel Deep Heat Mining project (2006)
— Borehole at 5 km, Injection: 11,570m3

— Maximum seismicity: ML 3.4 (5 hours after shut-in)

— The project was suspended immediately, and closed permanently after 3 years

— Property damage: 7 million swiss franc

> Shut-in
< |I‘| eCtIOI’I sta e Shut-in stage =
=
> ’ =
2201 f 42000 (,:
o 2
Q10 oo e P —eeeeird ) o
® i I r’ o -
-g OO i 2 3 ; : : L(_i
g Elapsed Tlme (day)
4 i.’_<

g

2 0 i

g Tt

=

- O0

5 6
Elapsed Time (day)

(m

Haring, M. O., et al. (2008). "Characterisation of the Basel 1 enhanced geothermal system." Geothermics

(Mukuhira et al.,2017)

37(5): 469-495.



Induced Seismicity
Examples: Basel EGS project (2006)
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* Microseismicity during main stimulation and post stimulations

Top view
~ 11250
§— + Main stimulation events
z « Post stimulation events
OM, >3 events
11000
10750
& el
10500 e — *;.
v Ko N0+ 10°E
10250
| [SemN144 41 14E
10000 \
R\
4000
: N155 +/- 5°E 3750
) 9750! X a . R ] F ; R 3500
11250 11500 11750 12000 12250
w E (m)

Depth (m bOD)

3500

3750

4000

4250

4500

4750

5000
9750 10000

Haring, M. O., et al. (2008). "Characterisation of the Basel 1 enhanced geothermal system."” Geothermics 37(5): 469-495.

10250

Side view

!

10500

+ Main stimulation events
* Post stimulation events
O M >3 events
O Position of casing shoe

A 112
K
2000
12250
10750 11000 11250
N (m)
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Management - Induced seismicity Protocol >
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» Composed of seven steps for management of EGS (Majer et
al., 2012)

» Pohang EGS project also applied this protocol (Kim et al.,
2018)

Steps Contents ENERGY | roracie tney  GEOTHERMAL TECHNOLOGIES PROGRAM
Step 1 Perform a preliminary screening evaluation
Step 2 Implement an outreach and communication program
Step 3 Review and select criteria for ground vibration and noise
K S 3 Protocol for Addressing Induced
. . . . . q 5= 7Y Seismicity Associated with
Step 4 Establish seismic monitoring Enhanced Geothermal Systems
Sten 5 Quantify the hazard from natural and induced seismic
P events
Step 6 Characterize the risk of induced seismic events
Step 7 Develop risk-based mitigation plan

Majer et al., 2012, Protocol for addressing induced seismicity associated with Enhanced Geothermal Systems, US DOE/EE-0662
Kwang-Il Kim, Ki-Bok Min*, Kwang-Yeom Kim, Jae-Won Choi, Kemn-Shin Yoon, Woon Sang Yoon, Byungjoon Yoon, Tae Jong Lee, Yoonho Song, Protocol for induced microseismicity in the first Enhanced
Geothermal System Project in Pohang, Korea. Sustainable and Renewable Energy Review 91, 1182-1191
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Induced Seismicity %&@éﬁ

Management - Traffic Light System

» Traffic Light Systems used in different applications

Alberta Energy Ohio Division of Oil and Gas Oklahoma Corporation  United Kingdom Department
Regulator, 2015 Resource Management 2016 Commission, 2016 of Energy and Climate
Change, 2013

ML arllald

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press
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Induced Seismicity
Management - Traffic Light System

L6

SEOUL NATIONAL UNIVERSITY

Step 7. Develop risk based mitigation plan — Traffic Light
System

— Firstly suggested in Bérlin, El Salvador (Bommer et al., 2006) and
Basel (Haring et al., 2008)

— Pohang EGS project

aM, 2.0 or 2.5 used as maximum criteria (Kim et al., 2018)

Injection
ML Pumping pressure Report PGV
, , (cm/s)
1 Alarm to H.S. team
: : | Report to research institution
Stage 5 | Stop — eosf: er:cess | Report to local a nd project related
; BHESSD : institutions
| ' (KMA Pohang city hall, MOTIE, KETEP)
2.0 ! ! : 2.0
i ! Bleed off excess | Alarm to HS ==
Stage 4 | Stop ] T f Report to rch institutiof
; ; ® H(SNU, KICT, K\GAM POSCO INNOGEO}
1.7 ! - 1 1.0
: q Reduction | Alarm to H.S. team
Stage 3 | Reduction 1 or constant | (H.S. team, M.S. monitoring
: or stop : pressure ; team, Boards of NEXGEO)
14 : : | 0.5
Stage 2 Constant Constant Report to hydraulic stimulation team
9 i flow rate i pressure 1 (HS. team, M.S. monitoring team)
1.0 ; i i 0.08
Stage 1 | Regular l Regular ; ~_Regular report.
! operation : operation ; (Microseismici ity monitoring team)
* Flow rate and injection pressure would be g ulated de p d tly during hydraulic stimulation.
* Axis of M, and PGV do not correspond to one-to-one each othe

Kwang-Il Kim, Ki-Bok Min*, Kwang-Yeom Kim, Jae-Won Choi, Kern-Shin Yoon, Woon Sang Yoon, Byungjoon Yoon, Tae Jong Lee, Yoonho Song, Protocol for
induced microseismicity in the first Enhanced Geothermal System Project in Pohang, Korea. Sustainable and Renewable Energy Review 91, 1182-1191
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Induced Seismicity i
Management - Outreach and Communication

* Public engagement is a critical components for energy related project

« http://crisuisse.ch/ S STQDP

— https://youtu.be/bPNrRXvCHsM A LA @fornusin

DANS LE JURA

=3j=CRJ
gf:SUISSE

Blenvenue sur le site officiel de I'association Citoyens Responsables jura !

= STOP

~ 2| GEOTHERMIE GEOTHERMIE
A LA GEOTHERMIE =
i ::::T:p’:u HYDROTHERMALE PETROTHERMALE
2 ea TnaE ongan, RN oo deerS R
A 255 — envomune |3 uDE
= |
r?rrlmsngelﬂeE g‘az } g * Projet de St-Gall _ﬁ,!.f,g‘? f.sgu E 11 Projet de Bale avorté
radioactivité dai i avorté radioactivité dans s | | Projet d’Avenches pas de suite
les boues de forags | é les boues de forage l | | Projet de Etzwilen pas de suite
tremblements de terre 1 o l - tremblements de terre [¥|| 2} [§| Projet pilote de Glovelier
tres imprévu: N 2 - autres imprévus Q || | devant le tribunal administratif
pollution des naj ] g L - pollution des nappes I g | du Canton du Jura
L= B . GSi
NE Poster against EGS in Haute-
e, il
R | Sorne, Switzerland
rcher = || injecte de I'eau sous pression
| (400.000.000 de litres).
it cmuu:Acccc
i\ /
S0 i
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Induced Seismicity

Management — Outreach and Communication

SEOUL NATIONAL UNIVERSITY

* A case from geological repository for nuclear waste in Sweden and

Finland

— Transparency is the key for implementation of underground energy applications

Welcome to MKG, the Swedish NGO Office
for Nuclear Waste Review

[o]=] ]v]+ 8

We are a non-governmental environmental organization established in 2004
by the Swedish Society for Nature Conservation [SSNC] to work specifically
with nuclear waste issues. MKG strives to assure that method, as well as
location, of a Swedish repository for the disposal of spent nuclear fuel and
other radioactive waste meets the highest possible long-term standards for
health and environment.

The purpose of this web site is to provide an unbiased insight into the
Swedish judicial review of the current application to build a final repository
for our spent nuclear fuel. We also want to give clear and accessible
information on the nuclear industry’s proposed KBS method and about the
alternative method of Deep Borehole Disposal.

As an active participant in the consultation process, we have reached the
conclusion that the alternative method Deep Borehole Disposal should be
given proper consideration and evaluation, as the possible benefits when
compared to the heavily critiqued KBS method appear to be substantial.

Brochure: "Rust is always a risk..."

The repository has to be tightly sealed for
hundreds of thousands of years. But in a worst-
case scenario the copper canisters may rust after
only some hundreds of years.

READ MORE

News

1 June 2018 | The government give:
opportunity to comment on the opinions from the court
and regulator

20 February 2018 | Translation into English of the
Swedish Environmental Court’s opinion on the final
tory for spent nuclear fuel - as well as some
comments on the decision and the further process

23 January 2018 | The Swedish Environmental Court’s
no to the final repository for spent nuclear fuel - a
victory for the environmental movement and the
science

20 December 2017 | The Environmental Court opinion
to the government moved to Jan 23

More news

Into Eternity

[12+] 2010 - Documentary

7.410
IMDb

94% liked this film

100%

Rotten Tomatoes

e &

One of the biggest problems facing countries who rely on nuclear energy
is what to do with the highly toxic radioactive waste. In 1970, Finland

began construction of a massive underground bunker designed to safely
store its nuclear waste until it decays and becomes safe - a process that

takes 100.0... MORE v

Initial release: January 6, 2010 (Denmark)

Director: Michael Madsen

Music composed by: Karsten Fundal

Initial DVD release: December 15, 2010 (Sweden)

Language: English Language

Cast: Michael Madsen, Carl Reinhold Brakenhjelm, MORE
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Management — change of injection scheme
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Reductions of the induced seismicity in the lab and
underground research lab scale are observed (Zang et al.,

2018), however, appropriate validation in reservoir scale

remains to be achieved.

Lab scale (KICT)
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Zang A, Zimmermann G, Hofmann H, Stephansson O, Min KB, Kim KY, 2018, How to Reduce Fluid-Injection-Induced Seismicity, Rock Mechanics and Rock Engineering, in press
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Discrimination between natural and induced

« Davis and Frorich’s criteria (1993)

Background  Are these events the first known earthquakes of this

Seismicity character in the region? No Yes
Temporal s there a clear temporal correlation between injection and N v
Correlation  seismicity? 0 ©s
Spatial | Are epicenters near wells (within 5km)? No Yes
Correlation

Do some earthquakes occur at or near injection depths? No Yes

If not, are there known geologic structures that may

. No Yes

channel flow to sites of earthquakes?
Injection Are changes in fluid pressure at well bottoms sufficient to No Yes
Practices encourage seismicity?

Are changes in fluid pressure at hypocentral locations No Yes

sufficient to encourage seismicity?

Davis SD and Frohlich C, 1993, Did (or will) fluid injection cause earthquakes? — criteria for a rational assessment, Seismological Research Letters, Vol. 64(3-
4):207-224



