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Outline

Physics based approach: Fault loading, fault strength & pressure
changes

— Fault loading by stress changes
— Effects of pressure changes on fault strength
— Coulomb failure and Coulomb stress

Cavone field example

— Tectonic context
* Structures
* Loading rates
e Historical seismicity

Pressure changes from production & injection

— Basics of fluid flow and pressure evolution
* Estimates of flow parameters from field tests
* How far are pressure variations transmitted?

Coupled flow & geomechanical models of stress change
— New 2-way coupled flow/geomechanics code including faults
— Cavone field illustration of Coulomb stress change calculation
Implications for balancing risk and production



Conceptual view of the earthquake cycle

Stress Change and Earthquake Sequence
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Coulomb stress changes
and earthquake probabilities

* Slip on faults at critical Coulomb stress:
T=ulo,-p)

T is shear stress

— affected by tectonic loading and reservoir mechanics
u is coefficient of friction

— depends on slip rate; slip rate increases, u decreases
o, is normal stress

— affected by tectonic loading and reservoir mechanics
p is pore fluid pressure
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Strength

* ACFF=At.=At-u (Ao, -Ap) ;

GEOLOGICAL TIME

— Coulomb Failure Function or Coulomb Stress Change

STRESS

e Conditions uncertain => probabilistic



System response to stress changes
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Emilia-Romagna sequence:
Triggering of 20 May, 2012 mainshock
by 19 May foreshock

 Coulomb stress change from 19 May foreshock on 20 May
mainshock fault plane 0.5 - 30 bars at distance < 1 km
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Increased stress from 20 May mainshock on main 29
May aftershock fault plane (Pezzo et al., 2013)
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Coulomb stress changes and triggered earthquakes

Foreshocks occurred on May 18 and May 19
Triggered at least 3 sequences of aftershocks

Daily earthquakes number
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Cavone field study - location
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Cavone field study — structural interpretation
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Cavone field study — structural interpretation
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Seismicity vs time on E-W section through Cavone

ISC 1964 —June 2014 M>=2.5
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Regional seismicity
near Cavone 14 injector
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GPS constraints on tectonics & stressing rates

GPS velocities 1999 — 2008
— ~ 1 mm/yr convergence over ~ 50 km ~ 0.02 microstrain/yr

— ~0.02 bars/yr

— Across ~ 3 faults => ~ 0.3 mm/yr uplift rate

— GPS and geological rate estimates are consistent
* No change in rates resulting from production suggested by data

SGIP
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Pore fluid pressure basics

* Pressure p governed by diffusion equation:

% = kv2p+ 9/, K =k/pc)
ot

k: permeability

(p: porosity

n: viscosity of fluid

c: total compressibility

Q: flux of fluid

 p depends on 5 parameters
— Known or constrained by observations & tests



Cavone Laboratory well tests

* |njection flux Q varied with time (minutes to
weeks)

* Observe response of p with time
* Fit model predictions to observations to get

Registrazione pressione di fondo
Strumento di misura @ 3243 mRT
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Constraints from daily p’s & Q’s
over days to decades

* ptracks Q
— Diffusive smoothing
— p recently ~ 160 bars

* Parameters
consistent with
short-term Cavone
Lab results



Length- and time-scales

Sources & sinks cancel over distances > separation
(good to balance production & injection)

Diffusion rapid over short distances but slow over long
distances

4kt,
\ puec

For Cavone Lab diffusivity values, k = 0.06 m?/sec
— 150 m in one day

— 400 m in one week

— 3 kmin one year

— 30 km in 100 years

d., = ./4kt, =




Coupling of flow and geomechanics

* Fluid mass conservation
- Primary unknown: p

* Linear momentum balance
- Primary unknown: u

- Couplings: m&
T (-0")=(-0)—bpl

Effective stress

M

Change in volume

Change in reservoir properties: @, k




Coupled Fluid Flow and Geomechanics Simulator
(Jha & Juanes, Water Resour. Res. 2014)

O Features of the coupled code:
* Finite element geomechanics code
» Finite volume multiphase-flow reservoir simulator
= Sophisticated formulation for fault deformation and slip
» C++, fast, parallel
» Uses hexahedral or tetrahedral grids
= Viscoelastic and elastoplastic rheology; rate- and state- fault friction
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Reservoir scale geomechanical model
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Pressure and stress changes from 25
years of activity in the Cavone Field

 Mesh includes the Mirandola fault (assumed sealing)
e Reservoir parameters from Cavone Lab results

 Models calculated with and without support from bottom
aquifer
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Geomechanical model, basal aquifer, dp
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Geomechanical model, basal aquifer, sealing fault
dCFF

Z-Axis (x1073)
Z-Axis (x1073)
- Z2-Axis (x1043)
12 -10 -8 -

1
il
1
!
-
&
1
)
-
L]
A
1
i3]
-

1

48 -16 -1/

X-Axis (x10"6} X-Axis (x10%6) X-Axis (x10%6)

fraction_change up_dip, bar traction_change normal, bar 2 dCFF, bar
02 02 0 02 E 05 02 0

05 02 0 02 e . ; :
IIIHIH\IWHIIIIHI |||||||(\)"|5 ' IHIIHIH IIIIIII_WQ%HHII
0.7 0.5 0.7 0.5 -0.7 0.5

0.5 bars/ 33 yrs ~ 0.02 bars/yr — comparable to tectonic loading rate



5000

10000

Z (m)

15000

x 10

Pore pressure and Coulomb stress changes
on Mirandola fault

Variation in pore pressure Variation in Coulomb stress
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Seismicity vs time on E-W section through Cavone

ISC 1964 —June 2014 M>=2.5
Lo bl Lol by

Regional seismicity
near Cavone 14 injector
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Y¥-AxXis (x10M6)

Geomechanical model, basal aquifer,
surface deformation
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Summary |

e Seismicity is determined by interplay between
fault stress & fault strength

— In Italy tectonic stressing rate is high

— Stress from production & injection
e Changes pore pressure (changes fault strength)
e Changes normal stress (changes fault strength)
e Changes shear stress (changes loading of faults)
e Can both stabilize and destabilize faults



Summary Il

* Use geomechanics/flow models to evaluate
stress from production
— Novel 2-way coupled flow-geomechanics code

 Driven by actual production/injection
 Matches well pressures, predicts surface deformation

— Injection mostly stabilizes Mirandola fault!

— Region of destabilization from production small

e Changes in Coulomb stress << tectonic stresses outside
immediate vicinity of reservoir

* Agrees with historical seismicity pattern
 New tool to forecast & mitigate seismicity
associated with production activities



Thank you!
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