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History
Fr_acking * Pioneered in 1947
History e Used in 1.2 milion wells
 Modern day fracking since 1990s




Geology
 Permeability porosity

Local in situ stress field

Fr_acklng e Rock strength
History _
Geology ol \o X e  Pore fluid pressure

Extension Hybrid Shear » (temperature, elastic properties, pore water

fracture fracture frac+ture chemistry, loading rate)
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Fracking
Process and
Techniques

Water, sand and
chemical agents
injected at high
pressure into the
well.

WELL

WATER TABLE
Gas flows out.

Shale

Gas flows out

Water sand and chemical agents
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Fracking
Environmental
Impact

Environmental
Impacts

contamination of ground
water, and possibly even
drinking water, with natural
gas and other chemicals;

emissions of volatile
components, such as CO, or
methane, into the
atmosphere;

the leakage of contaminated
drilling waste fluid from
storage ponds.

Induced Seismicity

LA

I

FRACKING FOR FUEL

Hydraulic fracturing is used to access oil and gas
resources that are locked in non-porous rocks.

Water recovery tanks
Methane gas Polluted flowback water
escapes during the may be injected into a deep
mining process. storage well, recycled or

sent to a treatment plant.

| e
High-pressure fracturing fluid




Seismicity Associated with Fracking

* Energy release is much less than the other kinds of IS (e.g. mining, reservoir
Impoundment)

* Intensity is likely to be smaller due to the greater depth at which shale gas is
extracted compared with other IS technologies.

 Most of the induced events are not even felt on surface
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We subdivide the seismicity by likely trigger mecha nism into:
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Fracking
Comparison with
other cases of
Induced seismicity
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Why does fault reactivation occur?

HYDRAULIC FRACTURING - pore pressure / —> effective normal stress \ -
- SHEAR FAILURE

Effective stress according to Terzaghi (1923):

0ij = Sij = 0ijBy
0;;— effective stress
S; — total stress acting on the rock externally

P, — pore pressure

O — Kronecker delta - pore pressure influences only normal (not shear) components of stress tensor
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Why does fault reactivation occur?
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Failure Envelope
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Shear Stress
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Effective Normal Stress

Figure 1-1. Mohr diagram, illustrating the effect of pore pressure change on the effective state of
stress. Oy, and o,;, are equally influenced by the pore pressure, therefore the diameter of the
Mohr circle is does not change. The dashed Mohr circle describes an initial state of stress, the red
Mohr circle the effective state of stress after fluid injection, the blue Mohr circle the effective state
of stress after depletion. During injection of fluid the Mohr circle shifts towards the failure

envelope, thus failure becomes more likely. During fluid depletion, failure becomes more unlikely.
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Why does fault reactivation occur?

V)

aquifer

Q land surface

shear stress (1)

o

g
compressive stress
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A fault slips when the normal stress across a fault plane drops
to a sufciently low level that the shear stress overcomes
the static friction on the fault surface (static friction =y ).

A fault can be brought to a critical state either by:

* increasing the shear stress , e.g., by plate motions or
surface loading,

* decreasing the normal stress that clamps the fault
surfaces together. The latter could be caused by processes
such as stretching, exhumation and erosion and by
Increasing the uid pressure in the fault zone

According to Mulargia & Bizzarri, 2014 active faults can be
triggered by fluid overpressures <0.1 MPa.



Why does fault reactivation occur?

Potential mechanisms for the transmission of a pore fluid
pressure pulse or fluid into a fault to cause reactivation:

1 — direct injection into the fault,
2 — fluid flow through the stimulated hydraulic fractures,
3 — fluid flow through the existing fractures,

4 — fluid flow through permeable strata and along bedding
planes.
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Seismicity caused by fault reactivation

« Identification on M, (dist) plot: 1 o "

110" 109" 108" 107°
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Seismicity caused by fault reactivation

* There is often a time lag of several hours between the start of pumping and fault reactivation
» ca 10h — Preese Hall,
* ca 80min — Western Canada,
» several hours — Horn River.

* The delay between pumping and the reactivation of some faults may in part be because the fault
into which uid is injected has inherent storage and transmissibility characteristi cs, or due to
the time required for the transmission of uid pressure by pressure diffusion and due to
poroelasticity.

« Examples of fault reactivation during hydraulic fracturing:
» Etsho and Kiwigana Fields (Horn River, Canada) (M=3.8) , 2011
» Eola Field, Oklahoma, USA (M=2.8), 2011
* Preese Hall, UK (M=2.3), 2011
* Montney Formation, BC, Canada  hydraulic fractures can terminate at faults (series of NW-SE faults)
» Barnett Shale, USA injection directly into faults

» Jonah Field, Wyoming USA (M<-1.0) new hydraulic fractures fed hydraulic fracturing uid int o a fault which
consequently reactivated, fault 200 m from injection well
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Direct fluid pressure
, effects of injection
(fluid pressure diffusion)

Y

Increase in
pore pressure

along fault
(requires high-
] permeability
° & . pathway)
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Bamett, USA (1)
Marcellus, USA (1)
Woodford, USA (1)
Haynesville, USA (1)
Eagle Ford, USA (1)
Muskwa/Evie, USA (1)
Lancashire, UK (2)
Eola Field*, USA (3)

Etsho and Kiwiganaola*™, Canada (4)

e

Moment Magnitude/Richter Scale**/
Duration Magnitude*®
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e Fracking maximum Magnitude event?

- 1979 M,,,,=1.9 (Nicholson and Wesson, 1990) .
- 2009 M,,,,=2.3 Horn River Basin

- 2010 M,,,,=3.6 Horn River Basin

- 2011 M,,,,=3.8 Horn River Basin

- 2014 M,,,,=4.4 Montney
- 2015 M,,,,,=4.6 Montney

®
d
- 2016 M, =??
- 2020 M, =??
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Figure 23: Availability of seismic stations over the treatment period vs date (in MM/DD/YYYY
format). Local stations were installed after the first seismic event was reported by BGS
(Seismik, 2011).
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Event Summary

1985->NO DETECTED
SEISMICITY PRIOR
TO 2009

Natural Resources
Canada (NRCan)

e Etsho area: 31 _
seismic events SAprll
2009- July 2011

e Tatoo area: 7 seismic
events (Dec.8-Dec.
13, 2011)

« Magnitudes:
M, 2.2-3.8



BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Event Summary
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

The CNSN (Canadian

. National Seismograph Network)
Is designed to monitor

moderate to strong
magnitudes
earthquakes that pose
a risk to public safety
and not to detect low
: magnitude induced
Station Coverage seismicity.

of the CNSN

Epicenter uncertainty: 5-10km
Focal Depth uncertainty: larger

Stations:

e Fort Nelson _
seismograph station

Additionally an operator deployed
local array at Etsho and Kiwigana




BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Geology of the
Horn River Basin

e Basinal shales of
Horn River:
e (West) Bovie fault
» (East) Keg River and
Slave Point

= 1 5 C 28 $@ 9
C 289 5 * 3 L) &%



BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Duration: from February 2007 to late July 2011

14 different drilling pads

90 wells with more than 1600 fracking stage completion operations
Multiple stages of slickwater and sand

Cemented wells

« ,Perf and plug” technique

Hydraulic Fracturing c@ 4 - 2 B Cs1 - 8

Etsho area . | 8 5 *3 Cl Y e



BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

e 17 of Etsho events lie within
10km radius circle

« 7 multi-lateral drilling pads
within 10km radius circle

» 5 of them were conducting
hydraulic fracturing
operations when events

Induced Seismicity ocourred
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Hydraulic Fracturing
Seismicity

Etsho array:

Magnitudes from M, -0.8 to 3.0

216 related to fault movement (197
magnitude M, 1.0-2.0, 19 magnitude
b-value (0.5 to 1.0)

For the same date range: 4 events
recorded by CNSN (M, 2.5-3.1)

Events relocation: hypocentres
within 200m, vertically and
horizontally, within fracturing stages.
TVD at the Etsho d-1-D pad: 2,650
to 2,889 metres,

69 magnitudes M, 1.5 to 3.0 fall
within the targeted formations. 66 of
these occur between 2800 and 2870
metres.
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Hydraulic Fracturing
Seismicity
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Hydraulic Fracturing
Timing vs Seismicity
Event Timing
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA

Hydraulic
Fracturing
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BRITISH COLUMBIA (HORN RIVER BASIN), CANADA
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Seismicity associated with geothermal fields

 usually events have magnitudes below M =2, but there are some exceptions (see Table
below)

» gradual migration from the vicinity of the borehole to distances farther from the borehole
as uid injection is progressing



Seismicity associated with geothermal fields

 The maximum observed seismic magnitude
increases with the volume of the uid injected
into the Earth’s crust (McGarr, 2014).

» Early stimulation phase, close to injection well
(near-field):
* High pore pressures,
» Many small events induced (high b-value),
* Low stress drops,

» Tensile character of events (significant volumetric
component).

* Away from the injection well (far-field):
* Lower pore pressure,
» Events with big M more probable (lower b-value),
» Higher stress drops,
» Shear character of events.



Seismicity associated with geothermal fields

Higher probability for the occurrence of larger magnitude events (LME) at the periphery of
the stimulated volume and during the later stages of the stimulation (especially after shut-in).

Taking into account the short-term injections, EGS stimulations have in general shown a
higher propensity to produce LME, compared to hydraulic fracturing in oil and gas
operations.

The width of the uid-driven damage zone in natura lly fractured crystalline rock is expected
to be wider than that for sedimentary formations. If so, the seismic cloud induced by EGS
stimulation should be narrower in weak compared to hard rocks.

In crystalline reservoirs with multiple stimulation wells, seismicity is absent until the stress
level of previous stimulations is exceeded (Kaiser Effect).

0O 0 O 0



The Geysers geothermal field, California

The largest producing geothermal eld in the world with approximately 330 active steam production wells and 60 active
water injection wells (Brophy et al., 2010)

Production since 1960s, maximum production in 1987; later reservoir stimulation through the injection of large volumes of
wastewater

Vapour-dominated geothermal reservoir within a complex assemblage of metamorphic rocks (greywacke)

Reservoir temperature ca 240 C at 2 km depth, but exceeding 350 C in the northwest Geysers at depths below ~2.75 km
(high-temperature zone)

Low total porosity of about 1-2%

At TG, water is injected into the reservoir to prevent reservoir
depletion. In this process, relatively cool surface water falls
freely into the injection  well resulting in signi cant

volume reduction as the reservoir steam condenses.

This causes negative gauge pressure at the wellhead,

In contrast to active surface pumping commonly performed
for reservoir stimulation with injection at elevated wellhead
pressures (Martinez-Garzon et al., 2014)

Seasonal tendency of injection (usually peak during winter
months)



Seismicity at The Geysers

» According to USGS no events above magnitude 2 recorded
before 1969

* The event of maximum magnitude M=4.6 was recorded in 1982

* Since a dense local seismic network was deployed in 2003,
approximately 4000 seismic events per year with magnitudes,

between 1.0 and 4.5 have been observed (Martinez-Garzon
et al., 2014).



Analysis of seismicity cluster in Northwestern Geysers

» Clear correlation between the monthly seismicity rate and

injection rate for both wells

#3$% #!

#$% #
During injection:
e Decrease of b-value,

* Increase in relative amount of strike-slip and
thrust events,

* Increase in average distance from injection well
(pulsation of seismic cloud).

Long axis of cloud ellipsoid is subparallel with S«

Aligned strike-slip events suggest the presence of a
previously unknown local fault, which is favorably
oriented with respect to the regional stress eld.



Analysis of seismicity cluster in Northwestern Geysers

Processes inducing seismicity:

e THERMOELASTIC effects dominate in the proximity of the
well regardless of the injection stage, estimated thermally
induced stress magnitude of approximately
-26 MPa from strong thermal contraction at the wellbore wall but
attenuates rapidly with distance

e POROELASTIC effects (pore pressure diffusion)  dominate
at some distance from the well and during peak fluid
injections , estimated pore pressure difference of about 1 MPa
between peak injection and pre/post injection periods (capable of
inducing seismicity)

Thermoelastic effect (volumetric contraction of rock due to cooling)
occurs near the injection well. Causes decrease of horizontal
stresses ( 2and 3 in normal faulting regime).

Pore pressure diffuses further from the well through the main fracture
network. Causes decrease of all princpial stresses
(1, 2and 3).

#$% #

#3$% #!
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1) Solid-to-fluid coupling occurs when a change in applied
stress produces a change in fluid pressure or fluid mass.

e 2) Fluid-to-solid coupling occurs when a change in fluid
pressure or fluid mass produces a change in the volume of the
porous material (Wang, 2000).
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The Geysers

+ 0! "0& # && 0J %&# &%%$0% 08



