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 The objective of this project is to develop a framework for investigating
processes that contribute to the occurrence of seismicity in enhanced
geothermal systems with particular reference to the Newberry
demonstration experiment and the potential Geysers EGS
demonstration experiment

« We will use an integrated geological and geomechanical approach to
identify the causal mechanisms of MEQs, and to relate their occurrence
to accompanying changes in rock mass characteristics
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« Help remove barriers for prediction of reservoir's response to
stimulation; Induced Seismicity

— Contribute to securing the future with Enhanced Geothermal Systems

— Permeable zones have to be created by stimulation, a process that
involves fracture initiation and/or activation of discontinuities

— Rock stimulation can be accompanied by multiple micro-seismic events

— Improve understanding of the relation between the location of the MEQ and
fluid flow based on geological/geomechanical criteria that can then be used
as a model for study of other EGS sites
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« Combined geological and geomechanical approach to
asses reservoir response to stimulation, and to identify
causal mechanisms of MEQs; relate MEQ occurrence to
resulting permeability characteristics

— (i) characterize petrophysical and geomechanical properties
of type rock from Newberry and the Geysers using rock

deformation experiments under various pressure &
temperature conditions

S .Lockneretal, 1991

(a) (b) (c) (d) (e) )

4 | US DOE Geothermal Program eere.energy.gov



Scientific/Technical Approach ENERGY | Roreratle Eroy

(i) Study natural fractures in the Newberry to establish a
fracturing history and the behavior of the fracture
during slip:

— Assess the geometry and survival of asperities during slip
using initial porosity and the type of mineral present along
the surfaces of the fracture

— Understand the role of fluid flux and chemical reactivity in
the pores & along fractures
(i) study generation of MEQ’s under a triaxial stress
state, characterize permeability during injection

(iv) identify the mechanisms associated with MEQ’s In
relation to maintenance of natural fracture permeability

— using analytical and numerical tools benchmarked by observations of
naturally and experimentally deformed samples

5 | US DOE Geothermal Program

eere.energy.gov



U.S. DEPARTMENT OF Energy Efficiency &

Accomplishments, Results and Progress ENERGY | renewable Energy

Non-clay Stage 2  Non-clay Stage 2.5  Non-clay Stage 3 Non-clay Stage 4
| o 9q 5 B ™8 J

e« Core collection, preparation rock mechanical
testing

 Petrophysical characterization

— thin section preparations and analysis; porosity,
permeability measurement, quantified the variation in
porosity and pore geometry as a function of distance
from the slip surface; quantified textural evolution via thin
section analysis

N,

— Petrographic analysis was used in conjunction with X- g
Ray diffraction (XRD) analysis to identify the mineralogy
of the host rock and the respective fracture zone in each
core sample (composition from 85 % plagioclase and
10% quartz to 25% plagioclase and 50% quartz. The
plagioclase)

. Figures show Macroscopic porosity mapping of the non-clay
and clay stages via 2 cm-wide transect of cores. Green solid
color denotes healed crack porosity, and solid blue
represents open porosity. Brown tick-marks on transparency
photo equal 1 cm.

N2-3617 to 4339 ft
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o Calibration of testing apparatus; Protocol for
multi-stage compression test

e Tests on aluminum, steel, and Berea SS, etc
samples

 Development of elastic and failure properties for
all core plugs (N1-4013-4014; N1-4348-4349;
N2-4281; N2-4219.5; OXY 72-3)

* High-resolution scanning of some samples to
explore pore volume structure before and after

failure

Shear stress, pst
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 Rock mechanical heterogeneity, implications Po<3500 pet oo
for MEQ distribution or lack there of. Stress-strain response of N1-4348-3V. 0 E
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 Poroelastic parameters measured: 2
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Accumulative AE cvents versus time (6 channels)
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Westerly granite sample #2 was tested under the conditions of 10 MPa confining pressure,
0.02%/min strain rate and 6-channel AE monitoring. Stress versus time curve and corresponding
accumulative AE event response are shown. Good correlation between AE signal and damage
accumulation in the sample has obtained. Stress-time curve and accumulative AE events (Pc=5MPa).
AE signal for each channel (Pc=5MPa). Data compares well with Lockner et al. (1992).
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Figure Upper Middle: S-N and W-E cross sections of seismicity show in Figure 2.10.
Core locations in Geo-N2 (yellow square) are show as magenta diamonds. The cross
sections indicate that micro-earthquake activity occurred in the vicinity of Geo —N2 (both
in terms of map position and depth relative to the core samples).
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 (Geomechanics tests and petrophysical studies have been used to
characterize various lithological units that might be encountered during
stimulation

* Results show reservoir heterogeneity with distributed brittle, ductile
zones

* Overall, rock mechanics/geological data help understand the
distribution of observed MEQ .

 The study will be used to catalog a set of geological and
geomechanical conditions that are responsible for
generation of MEQ, and to help identify fracturing type,
permeabillity structure
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Original Planned Milestone/ Actual Milestone/Technical Date
Technical Accomplishment Accomplishment
p P Completed
Geologic & Geomechanical studies for Determine rock mechanical properties, failure  10/2012
understanding reservoir response to envelop for all rock types; Established
injection: Rock elastic and poroelastic correlation with petrophysics

properties, strength, density, petrological and
petrophysical characterization

Study dilatancy of natural fractures during Quantify 3D pore geometry using high 10/12
shearing; and the mechanisms resolution CT-scanning, quantify fault rock
accommodating deformation. Develop a texture and composition at the micron scale

preliminary stress model and stimulation using SEM (need to analyze additional fracture

design using core from Newberry samples).

Investigate MEQ/porosity/permeability in Lab protocol, procedure development, tests 10/12
injection experiments performed on sandstones, granite

Integrated field, literature, and lab, and Ongoing

numerical studies to catalog a set of
geological and geomechanical conditions
that are responsible for generation of MEQ,
and to help identify role of poro-mechanical
processes
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o key activities for the rest of FY2013 and to project
completion (Dec. 2013)

— Continue to study dilatancy of natural fractures during shearing, Understand
fracturing style, potential for shear/dilation permeability increase with respect to
lithology. Correlation of fracture roughness, stage, and the spatial distribution of
pore characteristics including size, density, and shape which could be related to
the equivalent permeability of a fracture.

— Conduct hydraulic fracture/ injection experiments in the lab under stress to study
the nature of fracturing in response to different injection rates and stress levels
and temperatures

— Characterize fractures that result from fluid injection; correlate with the recorded
acoustic emissions

— Use digitized geophysical property logs to (a) assess measurements of in situ
porosity, (b) rock strength, (c) refine a local stress model.

— Integration of these results with mechanical properties from triaxial testing

— Integrated literature, lab (and numerical), with field results from recent stimulation
of EGS well NWG 55-29 By AltaRock Energy
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« Established geomechanical characteristics of various lithologies
from core and geological study;

— Porosity distribution; Mineralogy; Quantify 3D pore geometry using high resolution
CT-scanning, quantify fault rock texture and composition at the micron scale using
SEM

— Deformation and strength properties, Vp, Vs
— Poroelastic properties
— Preliminary stress model developed using the results of this work

e Current correlation of the catalog of geological and geomechanical
properties prove useful for describing the distribution of MEQ from
Injection experiment and identifying permeability structure

15 | US DOE Geothermal Program eere.energy.gov



Project Management ENERGY | oreroy Efficiency &

Renewable Energy

Timeline: Planned Planned Actual Actual /Est.
Imefine. Start Date End Date Start Date End Date

4/1/2010 5/31/2013 6/15/2010 12/31/2013

Federal Share| Cost Share Planned Actual Value of Work| Funding

Budget: Expenses to | Expenses to | Completed to| needed to

Date Date Date Complete
Work

$1,061,245 $546,197 $1,350,000 $1,220,000  $1,262,500 $340,000

» The project is slightly behind as we started late (funds not allocated); Pl
and research team has moved to another institution and some tasks are
pending.
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