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Spectrum of Behaviors: Hydrothermal => SGRs => EGS

SedHeat Initiative
http://geothermal.tcu.edu
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Induced Seismicity

Quake Fears Stall Energy Extraction Project

By JAMES GLANZ
Published: July 13, 2009 « TWITTER
(9 Two federal agencies are stopping a contentious California project [ LINKEDIN
,ﬁ,‘\@ from fracturing bedrock miles underground and extracting its s hSA'zE INTO E-
&.@ geothermal energy until a scientific review determines whether the = pRINT
%? project could produce dangerous earthquakes, spokeswomen for B
REPRINTS
P '@ the Energy and Interior Departments said on Monday.
’\t’ SHARE
L 4 .
’ “‘ @ Enlarge This Image The project by AltaRock Energ}'» a ’
. . SOUND OF MY VOICE
start-up company with offices in IN THEATRES 04.27.20)2

Seattle and Sausalito, Calif., had won |Click to View
a grant of $6.25 million from the '

Energy Department, and officials at the Interior
Department had indicated that it was likely to issue
permits allowing the company to fracture bedrock on
federal land in one of the most seismically active areas of
the world, Northern California.

) M
AN

But when contacted last month by The New York Times
for an article on the project, several federal officials said
that AltaRock had not disclosed that a similar project in
Basel, Switzerland, was shut down when it generated
n/The N swvereTmes  earthquakes that shook the city in 2006 and 2007.
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Resource
+ Hydrothermal (US:10% EJ)

Basic Observations of Permeability Evolution and IS
« EGS (US:107 EJ; 100 GW in 50y)
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Key Questions in SGRs and EGS

Needs H = MfAchf

Fluid availability

« Native or introduced

* HzO/COZ wor'king fluids?
Fluid transmission

« Permeability microD tfo mD?

« Distributed permeability
Thermal efficiency

« Large heat transfer area
«  Small conduction length
Long-lived

* Maintain mD and HT-area
« Chemistry

Environment

« Induced seismicity
 Fugitive fluids
Ubiquitous

viable geothermal
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Figure 12: Evidence for relatively high crustal-scale permeabilities showing showing
power-law fit to data. Geothermal-metamorphic curve is the best-fit to geothermal-
metamorphic data [Manga and Ingebritsen, 1999, 2002]. “Disturbed-crust” curve
interpolates midpoints in reported ranges in k and z for a given locality [Manning
and Ingebritsen, 2010, their Table 1]; error bars depict the full permissible range for
a plotted locality and are not Gaussian errors, and the Dobi (Afar) earthquake
swarm is not shown on this plot (it is off-scale). Red lines indicate permeabilities
before and after EGS reservoir stimulation at Soultz (upper line) and Basel (lower
line) from Evans et al. [2005] and Hdring et al. [2008], respectively. Arrows above
the graph show the range of permeability in which different processes dominate.

Steveai  [Ingebritsen and Manning, various, in Manga et al., 2012]
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Thermal Drawdown EGS -vs- SGRs
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Thermal Recovery at Field Scale

Parallel Flow Model

rracTunt’

[6ringarten and Witherspoon, Geothermics,1974]

/ Spacing, s, is small

o
W

o FENTON MLL; g+t 10s

O\.._.L._A_..JA A3_.
N 10 o 1©e

Dimensionless temperature

Dimensionless time

NS VRSN W—

—

[Note: not linear infog-time]

/ Spacing, s, is large
*
1 *o/ e romuanowES; G e 2 08007

-

-

(L

[Elsworth, JVGR, 1990]

s TmJec’non o«

Spherical Reservoir Model

IMPERMEABLE
ROCK
PERMEABLE
ZONE

- VOLUME » v % wad

[Elsworth, JGR, 1989]

— -
+

i

1w

Dimensionless time

g3.ems.psu.edu

derek.elsworth@psu.edu



Key Questions in EGS and SGRs

Needs H=M AT,
*  Fluid availability
* Native or introduced - fluid/geochemical compatibility
« H,0/CO, working fluids? - arid envts.
*  Fluid transmission
« Permeability microD to milliD? - high enough?
« Distributed permeability

Characterizing location and magnitude
Defining mechanisms of perm evolution (chem/mech/thermal)
Well configurations for sweep efficiency and isolating short-circuits

«  Thermal efficiency
« Large heat transfer area - better for SGRs than EGS?
« Small conduction length - better for SGRs than EGS?
« Long-lived
* Maintain mD and HT-area - better understanding diagenetic effects?
« Chemistry - complex
«  Environment
« TInduced seismicity - Event size (max)/timing/processes (THMCB)
« Fugitive fluids - Fluid loss on production and environment - seal integrity
- _ Ubiquitous
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THMC Controls on Permeability Evolution
Reinforcing feedbacks



THMC Models - Rate-Limiting Processes

THMC-S - Linked codes
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Induced Seismicity
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[Elsworth et al., Science, 2016]
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Maximum Event Magnitude - Equivalent Porous Medium

A

8' ¢ = 0.99 — 99% primed for failure

_"6 ¢ = 0.9 — 90% primed for failure (on average)

v AT ¢ = 0.5 — 50% primed for failure (on average)

3

4& ¢ =0—0% (un)primed for failure

Vp)

Recurrence time
Moment Magnitude
: : Stress-Strain (Spherical)
(Deviatoric) Ar-(1—c) = pu-Ao! P
M= AGAu ] Ao - Ac'= Ao —alAp (Ao = 0)
AT AV
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a = 4
_= g :"::. 4 .:'::. - AO— !
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L 20E2Y 1 eay
31—-2v)(1—c¢)
v =0.25
M = —1-GAV
(1-¢) u=0.6
Modified from [McGarr, JGR, 1976 & 2014]
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Maximum Anticipated Moment Magnitude - M or M_dot?

Msross Or Myet? Triggered -vs- Induced?

Fluid Injection
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Possibility of Soft Stimulation (Pohang)?

Stepped and Oscillating Injection

WHP and Flowrates
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[Hoffmann et al., GJI, 2019]
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Some Key Issues in Hydraulic Fracturing

How Can We:

fctung cefinery Wastevater Maximize Recover-y:.
njection (' '”’eg’” 1. Longest/tallest/widest?
okm 2. Highest proppant charge?

tkm 3. Most complex?
4. Best matched fluids?

Qil reservoir

Shale reservoir 3km 5 Utilize natural natural fracture network?
5km
nectedtid Key EGS Challenges:
p

ressure
1

Induced seismicity

2. High temperature (proppants/well-hardware)
3. Eliminating thermal short-circuits

End of pumping Closed

Fault

Arches
el

[Elsworth et al., Science, 2016]

Settled proppants
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Adaptation of HF to EGS?

Key Concepts of Recovery from Tight Key Need in EGS - relate to:
Formations T_ N
, H =M AT,c,
T N A Constraints on Adapting Shale Revolution:
o proces | BHIS RO 1. Open wells
SR PO, ¥ 2. High temperature

1. Smart wells and casing
2. Survivability of proppants
3. Hydraulic/thermal short-circuiting

Leakage of fracking A 4
fluids from the pipe &
has not been seen.

Possible flow
of methane.

Possible Contribution to EGS:
1. Horizontal/in-zone drilling
2. Hydraulic fracturing

3. Better hedge against IS?

Potential use of HF and smart wells to
maximize surface area and control short-
circuiting

[Nature, 2011]
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Anticipated Thermal Stressing in EGS

For a closed system in thermal equilibrium: HoT DAY RoCKS
Heat carried by water: H = AVp,c, AT,

Heat in closed system: H =V(npc, +(1—n)pc,)AT

Volume*Temperature Product: VAT, =AVAT; —
(n+ (1 —n)"EL)

. = 0.2
Event magnitude: M = Ga,VAT {V 0-25
(1- c) res = 0.6
U .
Injected volume: M = —=Ga, AVAT, ! {
(1- C) T pPpC
0+ (1= m) )

Pres
For an open and circulating system (last term loses the preceding porosity):

postfactor = 0[10_5(%() X 100(K) x 1 x %] ~1077
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Fluid Pressure -versus- Thermal Stressing-based Reactivation

Fluid Injection
(e.g., water disposal)

18 -
107 — )
o SC|ent|f|C | tissssnnnnnnn :..........‘.‘::‘... .......................
'''''''' X Fracking ,.e:::'...
B * EGS 1 LT - -
16
10 g et
R Y™ -t s COPBN
E | et W
é “““““““““““
= T
() 14 &
e 10 7 o
o [ o0
= ™
“““ 9
“““““ o’é_ § » 99%
12 1o ° :
10 o @ : :
Q : o/ ¥
KTB s [ ] Recurrence time
L 4 1 1
K)
2 4 6
10 < 10 10
[10°] [10°]
Injected Volume (m )

| After [McGarr, JGR, 2014]

[10"]

Equivalent Throughflow Volume (m3) for Thermal Reactivation

g3.ems.psu.edu

21

derek.elsworth@psu.edu



Shear Offset Scaling - Seismic Only
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Linking Induced Seismicity to Permeability Evolution
Controls on seismicity - the aseismic-seismic transition
RSF - for permeability evolution
Controls on stability and permeability
Dynamic stressing - permeability



Permeability and Elastic

Softening

Field-scale
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Duration (s) [secs -> years]

o

Subduction Zone Megathrusts and the Full Spectrum of
Fault Slip Behavior

Seismic Moment (N.m) [Magnitude]
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Brittle Friction Mechanics, Stick-slip

Stick-slip (unstable) versus stable shear

Stick-slip dynamics

ma! + T’ + f(z',2',t,0) = F,

N — [
l X X . y .

K: . mz’ + Tz’ + f(z!,2't,0) = K(vp, — v)t
" —\Wres"

Force

Slip Weakening Friction Law

W\_
— W

Slip

[After C.J. Marone, Pers. Comm., 2017]

/X _ | Slp

Displacement




Requirements for Instability

Shear strength on the fault is exceeded

- /€ 4 Low High + Low
T velocity | velocity | velocity
' R S S y i E e
T > jv/e) alIn(v/vy)
------------------------------------------------------------------------------------------------------------------------------------ I‘IO
(a-h)

When failure occurs, strength is
velocity (or strain) weakening - /.e.

Coefficient of friction U

a — b < O Displacement !
That the failure is capable of ejecting :
the stored strain energy adjacent to :
the fault (shear modulus and fault 1’
length ) - /e. = <:> -
' B e
G < K = (b_a)% T
z c D, —
That effective normal stresses evolve ] S ——
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and arrest it via the failure criterion of g R
H#l- /e T %96' { B
e e S ¢ % 9| \\ -
2 v ¢ S \ -7
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Seismic - Aseismic Transition
Full Spectrum of Slip Behaviors

Force

N = 11—
| x" ix
Ki b
oS
SIope:K

/X _ | Slp

Displacement

K = o )(a —b @_
Promote Aselsmlc Response: K, < K
Otherwise Seismic Slip if: K, > K
Increase: K ;(o, — p);(a —b);l
Decrease: D ;G

Recurrence Requires: Healing

Slip Weakening Friction Law

W\_
— W

Slip

[Adapted from C.J. Marone, Pers. Comm., 2017]




Aseismic-Seismic Transition

Aseismic Seismic
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Rate-State Friction [1]

Velocity Steps

e slow—s|
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Rational Linkages: Rate-State Friction, Porosity and

Permeability
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Frictional Stability-Permeability Experiments

= Ry =

Confining
Pressure
Pressure Regulator Axial Pressure Latex Membrane PUMP
Pdown =0 ‘ C
(Downstred
\
DI water
P, (kPa)
LVDT (Upstream)

Silly Putty

Shearing Direction Strain Gages

Steel > Steel
Shearing Sample Steel Sleeve
Platen Coupon Spacer
Fracture Poro-B
Surface oro-par
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Frictional Stability-Permeability Observations

Velocity-stepping and Permeability Permeability-Frictional Stability
| | Dls‘placem‘ent(m‘m) 1.0 4.0x10 N
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A/

** Seismicity-Permeability Linkages — Natural Samples

@ Newberry Tuff ® Marcellus Shale @® Tournemire Shale B Artificial Samples
@ GreenRiverShale @ LongmaxiShale @ Opalinus Shale A Artificial Samples with > 80% carbonate
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Healing - Necessary Component of the Seismic Cycle

Shear Stress and Permeability Evolution

« Increasing shear stress peak is observed with increasing hold
time (Frictional Healing)

«  Permeability declines overall with temporal response to shear

Experimental Notes

« Permeability of Green River shale #600
grit became unresolvable after initial
shear

+ Westerly granite #150 grit stopped at
~150 min due to limited pump capacity

events 8t shear applied to Westerly granite
+  Permeability decline is fast at initial stage then become slower #600 grit after 5000 seconds
?I'de Tmm ~_~ Slide Tmm
2 5 | | | | I@ | Nl
_ ®@ Hold 3000's ® Hold 10000 s Hold 5000 s
& 181 < < >| < > B
=3 { —
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o 16 B
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2 T -
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zo") T~ WG #600 grit .
= | A .
) Cl a1
e Ll ]
o) i \
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r V t ! 7
C 'l .
10-16 i GRS #600 gritl | | | I | l _
0 50 100 150 200 250 300 350
time (min)
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Shear Permeability Enhancement

Shear Induced Permeability Enhancement

« Later stage shear slip + Incremented duration of prior slip > Significant
permeability enhancement

* Permeability continuously decreases during hold (Pressure solution?)

*  Prior slip permeability recovery took 70 minute after slip (7), WG #600 grit case
* Permeability increase appears to be linear to slip distance

* The enhancement is least apparent with rougher surface granite (WG #150 grit)

T
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Permeability Healing (Sealing) Law

Pressure solution

Permeability reduction due to pressure solution in all cases seems to
follow power law decay k =kt " with power p=-0.37
The enhancement can be significant after extremely long (natural scale)

Permeability (m2)

holds
Can this be applied to natural hydraulic systems?
o a T, " 1ol
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Shear Permeability Enhancement

Magnitude of Permeability Enhancement

Absolute perm increase: rougher granite > smoother granite > shale
Normalized perm increase: shale > smoother granite > rougher granite

Shear permeability increase with duration of prior hold time for
Westerly granites

Shear permeability slightly decreases with prior hold time for Green
River shale
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Key Complex Process Couplings and Challenges in the Effective Recovery of
Deep Geothermal Energy

Derek Elsworth (Penn State), Quan Gan (PSVU), Yi Fang (PSU), Josh Taron (USGS), Ki-Bok Min (SNL),
Hide Yasuhara (Ehime), Yves Guglielmi (LBNL/Aix-Marseille), Kyunjae Im (PSU), Chaoyi Wang (PSV),
Takuya Ishibashi (AIST/PSU), Atsushi Sainoki (Kumamo’roﬂ, Thibault Candela (TNO)

Reservoir Scale Response
Anomalous seismicity - Newberry Project
Permeability scaling - Newberry Project



Anomalous Seismicity - The Missing Zone

Questions:

*  What is the mechanism of this
anomalous distribution of
MEQs?

*  What does the anomalous
distribution of MEQs imply?

Wellbore Characteristics

« 0-2000m: Casing shoe

« 2000m-3000m: open zone

Spatial Anomaly

« Bimodal depth distribution

« Below 1950 m, only a few MEQs
occurred.

+ Between 500m and 1800m, 90%
MEQs occurred adjacent to the
cased part.

Temporal Anomaly

« Deep MEQs occurred within 4
days and diminished after that
time.

« Shallow MEQs occurred since the
4th day.
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Constraints on Frictional Slip

1. Shear Failure Analysis 2. Friction Experiments
Shear Failure Potential .
1 37 1 100 1. Shear  Failure
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ti i . . ..
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RSF Properties

Friction Coefficient
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Linking MEQs to Permeability Evolution

1. SelsmICIfy induced by hydr‘oshear‘ing is controlled by the Mohr-Coulomb (a) Observed MEQs (b) Map View of Reservoir
shear criterion. I e /\ \\ \ I
2. The frictional coefficient evolves during seismic slip. E o ? N
3. Two types of fractures: g SR N / /\ E
a | ~ LS A 2
- Velocity-weakening/seismic fractures and, CH I / ,,,,,, L/ * ,,,,,, "
. . . . . N N R
- Velocity-strengthening/aseismic fractures (fracture size smaller than R l
the critical length). I
4. Fracture interaction is ignored - consequently variations in the orientations Shes 5 o
. . o . rsj/; 2 o
of principal stresses are negligible B — i & z
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4. Dilation/mode -> permeability evolution mg AR g " 5 2
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Seismicity-Permeability Validation
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Conclusions

Heat/Energy Recovery is a/the Key Parameter Defining Viability
Indexed via: H =M AT,c,
Sensitivity spectrum of response: Hydrothermal->SGR->EGS
Key Challenges - Complex THMC Interactions Influence Reservoir Evolution

1. Induced/Triggered Seismicity
2. Permeability evolution (also heat-transfer area)

Seismicity

Events can be large

Driven by both dp and dT (and dC?)

Triggered -vs- Induced events control M_w
Permeability

Evolution linked to seismicity via RSF

Implies key controls on permeability, e.g. -

mineralogy, dynamic stressing, sealing/healing

Seismicity-Permeability Linkage

Deciphering anomalous responses

Potential for reservoir creation, management and control




