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»Safety/Risk Assessment in CO: Storage
-Potential Risks (FHEEMIZLS)

Risk profile @CO:2 injection site (site-specific)
o ' ' i
= Pressure recovery
o Secondary trapping mechanisms
o Confidence in predictive models
e y i
A : 5 :
B : : L/ !
Injection Injection 2 xInjecticn 3 x Injecticn n x Injection
begins ends period period period

[lllustration source: Benson, 2007]

Losses of Injectivity, Capacity and Containment,
_Induced Seismicity, Environmental Impacts
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ANEDOEEZTEEIZ{HRHS minor earthquakes and tremors

A variety of anthropogenic activities can trigger minor earthquakes and tremors.
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Shale gas drilling has a visual impact on the landscape, as seen here in Wyoming,



Induced and Triggered Events In Fluid Injection
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Stage 1 began at 13:04:48 UTC on July 7" and ended at 15:01:09 UTC on July 7th.
Depths: ~ 3.53 km - 3.44 km (11547 ft. - 11295 ft.)
Stage 2 began at 23:32:18 UTC on July 7th and ended at 01:30:15 UTC on July 8th,
Depths: ~ 3.43 km - 3.35 km (11230 ft. - 11005 ft.)
Stage 3 began at 16:35:32 UTC on July 8% and ended at 18:34:56 UTC on July 8%.
Depths: ~ 3.34 km - 3.23 km (10971 ft. - 10826 ft.)
Stage 4 began at 22:16:20 UTC on July 8™ and ended at 00:22:24 UTC on July 9th.
Depths: ~ 3.29 km - 3.22 km (10797 ft. - 10558 ft.)
120 | I I I
100 EAL—F
80 B
60 -]
40 1 BPM=158.99 L/M _
20 ]
0 |
8000 B
7000

6000 EAES

_ 5000
@ 4000

§§§§ 1,000 PSI=6.89 MPaE
O L ! I . |

2.5 ! i RI=—Fa—F |

2.0 —

x By :

| |
jUL\?'(S)? 00:00 JULY 07 12:00 JULY 08 00:00 JULY 08 12:00 JULY C9 00:0C JULY 09 12:00 JULY 10 00:00
Date Time (UTC}

Figure 4. The plots span, in UTC time, the four fracking stages of Eagleton 1-29 well
between July 7t 2014 and July 9% 2014. Plot A shows the discharge rate in BPM, or rate of
injection, through time, plot B shows the pressure in PSI through time and plot C shows
magnitude of earthquakes occurring within 7.0 km of the Eagleton well through time.

Discharge Rate (BPM)

-

Magnitude (ML}
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Microseismic Monitoring in Hydraulic Fracturing @Oklahoma

| 1/1-7/5 2014
|mm 1974-2013
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National Academy of Sciences, 2013

Ehergy Technology Number of Cumrent Number of Historical Historical Number Locations of Events
Projects Felt Events of Events M>4.0 M=2.0
Geothermal
Vapar-dominated 1 300-400 per year since 1 hx s CA
{The Geysers) 2005
Liquid-dominated 23 10-40 per year Possibly one CA
EGS ~8 pilot 2-10 per year 0 CA
Qil and gas
Withdrawal ~6,000 fields 20 sites 2 CA, IL, NB, OK, TX
Secondary recovery ~108,000 wells 18 sites 3 AL, CA, CO, MS,
(water flooding) today OK, TX
EOR ~13,000 wells None known None known Maone known
today
Hydraulic fracturing for ~35,000 wells 1 sites 0 OK
shale gas recovery today
Waste water disposal ~30,000 wells 8 sites 7 AR, CO, OH,TX
Jwells(Classll) _______|____ e U ) NS
I
: Carbon capture and 2 None known None known None known
1 | sterage (small scale)
e \



J.A. White, W. Foxall / International Journal of Greenhouse Gas Control 49 (2016) 413-424

Table 1
Summary of seismicity observations at recent CO; injection operations.
Project Category Monitoring Observations Seismicity Type” References
design
Aneth CO,-EOR Borehole Array Magnitudes: M-1.2 to M0.8 Il Rutledge (2010}, Zhou et al.
USA Frequency: 3800 events (2010), Soma and Rutledge
over 1 year. (2013)
M-1.2 to MO0.8 Two fault-like clusters.
Cogdell CO,-EOR Regional One M4.4 event and 18 I Gan and Frohlich (2013),
USA Network magnitude 3+ events over Davis and Pennington
a 6 year period. No major (1989)
seismicity at nearby,
M4-4, M3+ similar operations.
Weyburn C0O,-EOR Borehole Array Magnitudes: M-3 to M-1. Il Whittaker et al. (2011),
Canada Frequency: 100 events White et al. (2011), Verdon
over 7 years. etal. (2010, 2011)
M-3 to M-1 Diffuse locations.
Decatur Dedicated Storage Borehole Arrays Magnitudes: M-2 to M1 I Will et al. (2014), Couéslan
USA Surface Stations Frequency: 10,123 events et al. (2014), Kaven et al.
over 1.8 years. (2014, 2015)
Multiple fault-like clusters.
In Salah Dedicated Storage M-Z to Ml Magnitudes: M-1 to M1. [&]1 QOye etal. (2013},
Algeria Frequency: 5500 events Goertz-Allmann et al.
over 2 years. (2014), White et al.,
M-1 to M1 Indications of fracture (2014b), Verdon et al.

stimulation,

(2015)

* M=moment magnitude,
> Type I=seismicity concentrated within overpressured zone, Type Il =seismicity outside overpressured zone.

EHEMEA. HHNTESN S>> A XUEDOEEFE (location) NEE ! |




Earthquake and Micro-Earthquake Comparison

Magnitude Equivalent TNT Energy Comparison
Radiated Energy

+3 480 kilograms Large potash mine earthquoke
+ 15 kilograms Small potash mine earthguake
+1 480 grams 10 ton trucks collide

0 15 grams Jump off a tall buiding
-1 0.5 gram 30-30 rifle bullet
-2 15 miligram Crop o lorge dictionary

-3 0.5 miligrnm Break a small stick

(/i E . Micro-seismicity; ff/MRE): Tremors?)
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Microseismic Monitoring at Nagaoka Site

Observation well Injection well

\\ 100m Seismic sensor |
‘ " 3C) Protective case GEE Rt
s N

Ground level . /
Impermeable layer ey . ﬁ 3C Seismic
(cap rock) | Depth;approximately sensor -
oD R 1100 m I L
T
—To Recorder

Concrete base
Pavement

R REERER B MH (TS0 EER R
(CO2IE A :2003.7 — 2005.1, #9175 k~>)
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A Dense Microseismic Monitoring Network @Tomakomai

; -‘,“:‘,.*%\ o
SAP R 54 1?
. 1 (R ."

b N e

" Observation well 0B-2 for

o |  Moebetsu Formation 2 Injectio wells LTS :
LR - (vertical) | (Deviated) = et -
T < G5 ; » Observation well OB-3

Observation well OB-1 for [» . i > e "’f’ for Takinoue Formation

Takinoue Formation - R o , xf — T - PR (e Sh T £ (vertical)
converted from survey well 4 Ny 2 ; i — = 51 l
(J

(Deviated)

<€ Working area of 3D seismic survey

OBC: Ocean Bottom Cable

OBS: Ocean Bottom Seismometer

Tanase, 2015 A

| 3 km




Microseismicity (M<1) detected by OBC and
Conventional seismometer @ Tomakomai

Z :2014/07/07 03:13:03 [Dur. 120.0]

mw-mmmmmmmu B SR Hh 5243 D — I

; mm 1 TP L] VR R O e S O S W c e W
WA 11 AN P DO AR TRl L g o

OBC Record ﬂﬂmtwwm
“Two birds (2D/3D Seismic, ==
Microseismic) with one stone (OBC)’ et e |

B R ATER AT Rk
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SDAR and STA/LTA on OBC data (2015.02-2016.01)

detecllon rate wnth dlstance
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Inject, Monitor,

and Model
| CCs
Microseismic ' i vwi | 1
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Microseismic Locations

® Jan 18, 2012 —Jan 31, 2013
O Feb 1. 2013 — Feb 28, 2013

e f N1 McDonald (2015)
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. Micro seismicity monitoring
v Performances of the network, Alarms thresholds

Detection sensitivity map

= W EQ | WK H Ty
= Very good -3 : near the injection wellbore II2VADE ﬁ_ﬁ-_% = D& RS
-2 : near the shallow wells =
performance of whole ke (REfEERE)
network . : .
In 2010, with subsurface Since April 2011, micro-
network seismic events detected by
Very near seispieeyent : 6 the deep seismic array in
y N the injection w;ll- ~
Magnitude 4-1.1 to -0.2) ’ X
\ / Magnitude :|-3.1 to -1.4,
- /
~ T

= French administration 0ff|C|aI alarms thresholds

asked for alarms V4 Accordlng to magnitude and number of events, alarm procedure is%
thresholds : activated [
1" For seismic events with magnitude above 2, in the circle given by|l

] the subsurface network :

I = For magnitude above -1, if there is evidence of propagation in [

Billiot (2011) I\ space and in time of seismic events external to the reservoir |

\-----------------------_/i
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Area of review (AoR): The region surrounding the geologic sequestration project where
o EPA USDWs may be endangered by the injection activity. The area of review is delineated using
WL computational modeling that accounts for the physical and chemical properties of all phases of
United States = — : ; . : 5
Environmental Protection the injected carbon dioxide stream and displaced fluids, and 1s based on available site
S characterization, monitoring, and operational data as set forth in §146.84.

Injection ' .
w'e'll:{#\‘l‘\‘ = T
18 Pt \

7 . <

@ -..“

- j Geologic Sequestration

of Carbon Dioxide

Injectlon
well #2

ff\r _;- £
1715?

'_"l i In;actlon ‘.".
¢ “well #3 -
Injection

@ g
Mol (T
wall #1

' ¥
O  Injection well T 4 o !
18.4  Pressure at well (MPa) o § ’7 J“i'i' -’
P
'y .‘
il : 2 fo-roree
=14 E= Pressure contour (MPa) (pressure great encugh
to couse fluid movement inle USDW)

Draft Underground Injection
Control (UIC) Program Class
VI Well Area of Review
Evaluation and Corrective
Action Guidance for Owners
and Operators

EETILZERAL-
MIEEHT SR
/N

Explanation

w1 G Prossure contour (MPa)

Source: Daniel B Stephens & Associates, Inc.

Figure 3-3: Hypothetical Geologic Sequestration Site: Model Predicted Maximum Pressure
Within the Injection Zone 30



Cluster Development in Relation
sanvary 1O Pressure Plume

Gas Saturation
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Microseismic Cluster Activity:
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CO2 Plume Front and Pressure Front
-- Insights from a lab experiment --
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