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Permeability of the continental crust and its transient variation

Depth of circulation of meteoric water

Fluid injection, seismicity, and permeability enhancement

Real and “virtual” fluid sources and their effects on fluid pressure
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Dynamic coupling between
fluid pressure, seismicity, permeability,
(and high-temperature reactive transport)
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Permeability of the continental crust and its transient variation

Depth of circulation of meteoric water

Fluid injection, seismicity, and permeability enhancement

Real and “virtual” fluid sources and their effects on fluid pressure



Confined

— 1= 375°C

Brittle n = 0

Ductilen ~ 0

Depth
15 Km

Meteoric water circulation to ~10 km depth in crystalline crust

demonstrated by:

0 oxygen-isotope composition of hydrothermally altered rock (e.g. Taylor in Role of

Fluids in Crustal Processes, 1990)

0 near-hydrostatic pressures in deep research drillholes (Huenges et al., JGR, 1997)
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. The ultimate limit may be the brittle-ductile transition.....



e |- The driving effect of topography
- decrease with depth, but magmatism
........................ ' introduces a driving force for deep

" flow
Land ConstantpveSSUFE‘enrhaypyb R
I
I ]
I =
| | ©
Zone ==
of : %
interest o
5 @
I g—g
| ®3
; E— | : a8 1333 Criss BT AL : TERTIARY METEORIC HYDROTHERMAL SVSTEMS
SB = o
S5 § : :*J)' u« ﬁ-’ [ =T 7— 1 - T i . \lr
Zg | 5 wioyy BRI WA (g N
o A R / Vs ~ | -
No fluid flow-specified . SNEIT L) e . .
heat flow R e A 2L
- R Tuih -
- 1 ) 1 o & R
- - id ]
...S0 that Iertlary meteoric - : |

hydrothermal systems altered
the rocks exposed over ~5%

of the NW United States and
SW Canada:

Criss et al., JGR, 1991

\

‘.. < r“ . =
\I\.)'\«;.l\)

Y
A\

=

\

| (



Permeability of the continental crust and its transient variation

Depth of circulation of meteoric water

Fluid injection, seismicity, and permeability enhancement

Real and “virtual” fluid sources and their effects on fluid pressure
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At the RMA, failure occurred under subhydrostatic conditions

Ztil Pail dP/dz
RMA: >3.6 km 302b <83 b/km
Rangely: >2.0 km 257b <130 b/km (lithostatic ~ 250 b/km)
USGS Hsieh & Bredehoeft, JGR, 1981



Implications of RMA, reservoir-induced
seismicity, and “seasonal’ seismicity...:

Western Canada — Wolf et al., BSSA, 1997

Philippine sea plate — Ohtake and Nakahara, Pageoph, 1999
Northeast Japan — Heki, EPSL, 2003

Mount Hood — Saar and Manga, EPSL, 2003

Western US volcanoes — Christiansen et al., EPSL, 2005

Bavaria — Hainzl et al., GRL, 2007

Parkfield, California — Christiansen et al., GRL, 2005

Himalaya — Bollinger et al., GRL, 2007; Bettinelli et al., EPSL, 2008

Many instances of RIS — Talwani et al., JGR, 2007
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Enhanced Geothermal
Systems (EGS)

Enhance permeability by
causing existing fractures to
slip and propagate or creating
new tensile cracks by raising
fluid pressure

ANT
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Inferred Variations in Permeability with Depth

Observations from EGS
projects, all conducted in
regions characterized by
extensional or strike-slip
stress regimes, indicate that
both pre-stimulation and
post-stimulation
permeabilities differ by
approximately 1 to 2 orders
of magnitude and decrease
with depth.
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Permeability of the continental crust and its transient variation

Depth of circulation of meteoric water

Fluid injection, seismicity, and permeability enhancement

Real and “virtual’ fluid sources and their effects on fluid pressure



Table 5.1 Sources and sinks of fluid ((L*/T)/L°, or 1/T) in various geologic
settings. “Virtual” fluid sources are those that act by changing porosity

and/or fluid density.”
Magnitude
Source (1/seconds) Type
Devolatilization in a contact-metamorphic setting 31077 actual
Heating in a contact-metamorphic setting 3x 1071 virtual
Petroleum generation 1x 107 actual
Compaction in accretionary prisms 10°to 107 virtual
Pressure solution of quartz 10%°to 107" virtual

Compaction and heating in subsiding sedimentary basins <7x 107" wvirtual
Decompaction and cooling in uplifting sedimentary basins <7x107"  virtual

Dewatering of smectite in subsiding sedimentary basins <3x 107" actual
Devolatilization 1n a regional metamorphic setting <3x 107" actual
Deformation in the vicimty of a transform fault <2x 107" virtual
Deformation in a stable intraplate setting 1010 107%°  virtual

“After Neuzil (1995).

Ingebritsen et al., Groundwater in Geologic Processes (2'd), Cambridge U.P., 2006
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A dimensionless form of the groundwater flow equation
for a homogeneous, isotropic hydraulic-conductivity field:

oh,

—4 =V?h, +T,,
8td d d

Elevated fluid pressures expected if Iy > 1,
where I'y =T'L/K

A convenient way to estimate whether actual or “virtual”

fluid sources of magnitude I' (1/s) are likely to effect the
fluid-pressure field (Neuzil, AJS, 1995)
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Shear-dilation model for slip-induced permeability

a, +U tan(g,,)

(k)1/3 oc g =

1+90'/ o' —

nref

a, IS In situ fracture
property. U, ¢4 and 0’

7, S Shear d:latmn

are functions of elastic
moduli. 0" depends on the
tectonic state of stress and

W — Shear
Mated fra
////////

W/M%

a=Utan{p, ),
U, =shear displacement
a, =stimulated aperture

fluid pressure

a, = initial aperture

Most of these factors are Pur dilation angle

Bl p

poorly constrained. Model
validation limited

Observations from field
experiments to follow....
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Hy!rogeo‘og|c’geomecHan|ca\ S|mu‘at|on:

CO: Injection into the Rose Run Sandstone,
eastern Ohio
(Lucier and Zoback, 1JGGC, 2008)

Depth ~2.4 km
Permeability 4-5 x 101> m? (mean of multigaussion distribution)
Porosity 4%

Bottomhole pressure constraint 32-42 Mpa (< caprock fracture pressure)

Injectivity 0.1-1.2 Mt CO,/yr (<40 kg/s)

ZUSGS



Rose Run Sandstone GCS model in context of EGS
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