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Goals of Study
DEFC26FE001161

Develop & Test New Muitiayer Sharpnterface Models of Basin Scale {8@questration
Build 3DHydrostratigraphid¢-ramework model for lllinois Basin
Represent Spatial Variations in Reservoir & confining unit fdtysical Properties
Test Petregphysical model by:
a) Matching drawdown patterns i@ambreOrdovician Aquifers
using historical pumping data
b) Matching regional salinity & stable Isotope patterns which have developed
on geologic time scales

Apply Model to Illinois Basin to Assess:

a) Potential for COLeakage through wells and fault zones due to basin wide CO?2 injection
b) Potential for induced seismicity
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Sharpinterface Model Approach

Multi-Layer (710 layers represented in lllinois Basin)
Transmissivitased Flow Equations, one for each fluid Phase)(3D)
Position of the Sharnterface are the Unknown Variables

Leakage up Wells and Faults

Governing Equations solved both Analytically & Numerically

Permeable
formation

g
’ Injection well
S

Permeable
formation



Critical Pressure?(,,) & Failure Criteria (FC)
P. =0,3x-1/2

crit

FC=(h-2)pg-P,

Nicolson & Wesson (1990) 4

Variables:
o, - vertical loading, h - hydraulic head

o =G,/ Gy, zZ - elevation,

p- fluid density g -gravitational acceleration
o, ¢ maximum horizontal stress

o3¢ minimum horizontal stress

Py

ydrostatic

Assumptions:

Fault plane has no cohesion

Fault is critically stressed

Maximum horizontal stressf, ) is close to vertical loadings()
Coefficient of friction (1) is 0.6




7 Layer Model of lllinois Basin Aquieonfining Unit Syste
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DevelopPetrophysicaModels
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Example of Heterogeneity Represented in Model:
Mt. Simon (AQ1)

Depth (n) Thicknessm) Permeability D)
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Bandillaet al (2012)



Regional Salinity Patterns

Model Calibration to Historical Pumping of
CambreOrdovician Aquifer around Chicago
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Simulated Injection Pressure
Mt. Simon Fm. Knox Dolomite

(

mm < 0.25 MP3

mm<025M
-0.25-0.5 pu0.25-05M
0.5-1MPa / , i i I
wm1-2MPa — | mm 1-2MPag - lllinois Basin C{bources
mm2-6MPa mm2- 150‘M§a
< . Sector Annual Emissions Number of sites
208 MT/yr CQInjection after 50 Years Mt/yr] [ [%] # [%]
Electricity 289.0 79.1 129 37.5
Ethanol 13.7 3.7 32 9.3
Industrial 38.4 10.5 106 30.8
Petroleum/Gas 1.8 0.5 43 12.5
Refineries 14.0 3.8 11 3.2
Cement 7.55 2.0 11 3.2
Agricultural 0.6 0.2 7 2.0
other 0.2 0.1 5 1.5
Bandillaet al (2012) total 365.3 100. 344 100.0




Simulated COFootprint & Leakage Estimates
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mm0-1% mm0-1%

p1-10% m1-10%
10-25% 10-25%
mm 25-50 % pm25-50%
> 50 % 0 45 90 180 Kilometers mm > 50 % 0 45 9% 180 Kilometers

|||||||||

lllllllll

Bandillaet al. (2012)




200 Wells Completed in Mt. Simon

| bimodal 50% intact
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Key FIndings

A Pore pressure envelope propagation on the order of
50 km laterally

A Pore pressures in Knox may appro&ehcLimit if
njection rates are high, many wells would be needec

A Risk of CQleakage along abandoned wells is
minimal
A Risk of Lateral Brine Migration is Low

A From the Perspective of Upward Leakage, the Mt.
Simon appears to be a Good Choice for CCS




Additional Collaboratorsdim Evans, Tolbewers PeterMozley

Midcontinent Seismicity
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Key Observations of Injection Schemes Associated with Induced Seismicity

Injection Wells

2N

1. Largest induced Earthquakes
alwaysoccur incrystalline
basement

2. Injection is typically into basal
aquifer with no bottom seal
separating the injection horizon
from crystalline basement
(Ashtabula, Ohio, Guy, Arkansas)

Confining Layer —»

3. In some instances, injection was
directly into crystalline basement
(e.g. Youngtown Ohio, Rocky
Mountain Arsenal, Colorado).

Zhang et al. (2012)



Key Observations on Injection Pressures
Associated with Induced Seismic Events

Ashtabula, OH (M 3.6)

[ |
OF a  Calhio, Perry, OH (M 2.7)
A <> Rocky Mountain Arsenal, CO (M5.5)
| @ Guy,AR(M4.7)
2000 | B A Youngstown, OH (M 4.3)

i v KTB site,Germany (M 1.2)

I (AN 1. Injection Pressures were well

i \ ® below thefrac limits (80% of
gao00or \\ lithostaticpressure)
= i
§ i \ \% 2. These are Pressures at the
© 6000 |- % &%, injection site. Pressures at

i % V,Ny the earthquake foci (up to 10

i e KN km away) were muclower.

8000 |- % %%
S ¢ L
I g \ 1. This indicates faults that
| \' failed must have been
ool v L N b b critically stressed (typically
0 % p,;s"gure(Mpa‘)SO 200 the orientation ofs, ~ 3® to

failure plane).



Key Questions

1. Whathydrogeologicsetting and injection
scenarios are likely to trigger
earthquakes?

2. Whathydrogeologicsettings reduce the

sk of N « Injection well, Youngstown Ohio
risk of earthquakes?

1. Given the historical and geologic record of
seismicity in the midcontinent, should
new regulations be put in place to reduce
the risk of induced seismicity?

Kerr (2012)



Sensitivity Analysis
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Effect ofPetrophysicaProperties

Vary Permeability of Basal Aquifer (Al), the Crystalline Basement (C1) ar

Top Seal (C2)

g;fg%"é?]f Mt. Simon Ss. | Eau Claire Shale
Run # Permeability | Permeability Permeability
(m?)(C1) (m?) (A1) (m?) (C2)
1 10-16 10-13 10-17
2 10-17 10-13 1017
3 10-18 10-13 1017
4 10-17 10-12 10-17
5 10-%7 10-13 10-17
6 1017 10-14 10-17
/ 107 10-13 10-16
8 10-%7 10-13 10-17
9 10-Y7 10-13 10-18




Permeability (mD)
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Comparison of Permeability Range Used in Sensitivity Study
to Core PermeabilitfPorosity Data from Illinois Basin
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Fault 25m from Injection Well

Fault 5 km from Injection Well

Effect ofProterozoidNormal Faults
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Paleozoic Faults that Cutteadm BT T [ &0

Sedimentary Units

Basal Aquifer 1000
. . _—>
Injection

(m)

Elevation

-1000
-2000
-3000

-4000

2000
Middle Aquifer —>
Injection

Elevation(m)

—
o
o
o

-2000

-3000

-40000

2805 2815 2830 2900 3300

Maguoketa ':‘shale(1(]‘“’m2 )

Ve

Ordovician Strata(6.6x10" 'm. )

Fau Claire Shale(1 lj:;mz )
Ni.Simon Ss(10° i )

1000 F

1

_—

=
bl

o]
c
-
—
=2
=
o
=4
e
=
o
=
=3
=]
=
=
o
=

=Ry a;uslp 1=

(3,00

(e, 01=Ay' w01

<
@
=
Q
-
il
)
<
=

17 2
Precambrian Basement(10 m )

Magquoketa Shale(10"% )

Vs

Ordovician Strata(6.6x1 0"t )

= 2
Eau Claire Shale(w:Zm )
Mt.Simon Ss(10" nt' )

lined [edllaA

A7 2
Precambrian Basement(10 m )

UBIZIAOPIO YbBnoayy 1N

5000
Distance(m)

10000 O

Failure Envelop

Maquoketa Shale(10"% )

V4

14 2
Ordovician Strata(6.6x101 m )

28 - A7 2
Zau Claire Shale(10 'm )

-

—
=
b

-
o
c
=
-
=
=
=]
c

['=]
=
(=]
=
o
=]
=
o
o
=]

(qungi M, 0L

i e e

( ZLUSLDL:“ JUQL{.}F!OI)
ueloInopIQ ybnoayy ng
yneg [eajiapn

<
)
=
S
=
o
1)
c
=

_Wt.Simon Ss(16" nf )

-17 2
Precainbrian Basement(10 m )

Maquoketa Shale(10‘15m2 )

Ve

Ordovician Strata(6.6x10" m. )

T 2
Eau Claire Shale(1011;m )
Mt.Simon Ss(10 " nt’)

17 2
Precainbrian Basement(10 m )

5000
Distance(m)

10000



Effect of Thrust Faults

Thrust fault

with low permeability
contrast to basement

Thrust fault with high
permeability contrast to
basement & connected to

normal fault

2000

1000

Elevation(m)
o

-1000

2000

1000

(m)

Elevation

-2000 |-
-3000

-4000 L

A

-1000 F

UL L B

Head(m) T [ [TH

2805 2850 2985 3165

Magquoketa Shale(16"% )

¥

Ordovician Strata(6.6x10" m )

o 2
Eau Claire Shale(m::m )
Mt.Simon Ss(10" m?)

Precambrian ;5 ,
Basement(10 m™)

Maquoketa Shale(10"%? )

4

Ordovician Straia(ﬁ.ﬁaﬂl‘.l'Mn'l2 )

= 2
Eau Claire Shale(1011;m )
Mt.Simon Ss(10” m?)

Precambrian ¢
Basement(10 m)

Thryst Faunﬁd’-"mz

)

5000 10000 15000
Distance(m)

L

0

Failure Envelop

Maquoketa Shale(10"%’ )

¥

Ordovician Strata(6.6x10" m )

= 2
Eau Claire Shale(10:m )
Mt.Simon Ss(10" m?)

Precambrian 5 ,
Basement(10 'm")

Thrust Fayiy173,, 2

)

Semmmm——
.

Maquoketa Shale(10’1 i )

¥

14 2
Ordovician Strata(6.6x10 m )

Eau Claire Shale(ﬂ)'::mz)
Mt.Simon Ss(10™ m?)

Precambrian
Basement(10 m’)

=10
0 mz)

5000 10000 15000
Distance(m)



Head (m)

How doProterozoicnormal
fault model results compare
to cases of induced
seismicity?
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Depth (km)

How do thrust fault model

results compare to cases of "™,

Induced seismicity?
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Conclusion:If Induced Seismicity is a regulatory concern, regulators should
consider banning hazardous waste/{i@)ection into basal reservoirs.
Only hazardous waste injection into reservaiish top and bottom seals

Injection Wells

Injection Wells

Confining Layer < Middle Aquifer _
Confinig




New Regulations

A In order to minimize the chance of inducing earthquakes near injection
sites, detailed Seismic Analysis of basement should be done looking for

basement faults.

A Stress analysis & shut in tests (d.gcieret al. 2006) should be
preformed in basement rocks.

McBride et al. (2007)



