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We Have developed an end-to-end solution
for rapid and inexpensive exploration and
modeling of reservoirs In active seismic areas.

Outline

Thoughts about Geothermal (EEFEE#24?)
Instrumentation (E%{#5)

Information from Seismic Recordings (#ZE&zEH)
Automated Processing (H &z )

Tomography (iifi i)

Rock Physics (&2 4a%7HE)

Case Studies — Geysers, proprietary (Fif¥))




/3 ]
:.'n_*,_f._ | ]

.'\\.I
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Geothermal plants at the Geysers
geothermal field, CA.



]

rerrrer

n Energy Sourc

e d

Initial capital cost per kW
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< DOE project estimate

A Other estimate

http://en.openei.org/apps/TCDB/
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Levelized cost of energy $/kWh

Levelized cost is the price a plant must sell electricity at in order to break even.
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‘Reservoir Exploration and Modeling

Goals
Accuracy
Resolution
Rapid Approach
Cheap High-tech
Automation
Tomography

Rock Physics



Field Instrumentation

- 24 bt

- 250 sps

- 4,5Hz geophones
- GPS

- low power

- radio telemetry

- Inexpensive

- deploy In one hour
- non-technician
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@ ==LJ 3-component seismograms=-

. P & S-arrivals . Vp & Vs tomograpahy

. Pulse widths . Qp & Qs y
. Rock physics . Elastic constants

C Moment tensors Crack motions

v

« Qinversion Moment, stress drop

v

«  Magnetotellurics > Fluids
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Remove bad_ data |
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Auto pick P

Autopick S
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cross-correlation
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Hypo-location

Seismicity
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Qp, Qs,

Vp, Vs Rermeabi

Elastic constants

Stress drop
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Automated Earthquake Parameters

Rapid Tomography - updated daily

Velocity
km/sec e 10

dots-earthquake locations
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Accuracy & Resolution

DoF = number of P&S arrivals
- number of parameters

« Parameters = 2 x nodes + (4 x earthquakes)
e Data (P&S arrivals) = 2 x earthquakes x stations

Better to increase number of stations

CRIBERL S R 1)



G ESLU Interpretation =

« VP, Vs, Op & Qs from tomography
« Mo & Ao from Q inversion

.Young’'s & Bulk moduli, Lambda, Poisson’s
ratio — derived

« Hypocenters — very accurate

e MT — 2 & 3D Inversion
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Uncertainity Plots

Waveform inversion 0.7-1.7 Hz
i Explosion
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Focal Mechanism Solutions

0.7-17 Hz 1]5-25Hz first- mntmns
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Rock physics =l

D ISION £

AT RN B e L

« Develop quantitative relationships between
reservoir properties and seismic data

 Utilize laboratory and well-log data
* Develop rock physics models of the reservoir

e Utilize 3D visualization software

IHREESFRE » TR OVEERNGFSH



ESLJRock Physics Relationships:2.1
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from Berrvman and Bonner (2002} and Murphey (1982)
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Laboratory study at constant confining pressure
and temperature, but changes in saturation
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INTERPRETATION

Basic axioms of rock physics
- Increase of velocity and decrease in attenuation with depth

- Decrease 1n velocity and increase in attenuation due to fracturing

- Decrease in velocity due to alteration

- Extreme temperature gradient works to decrease velocity with depth

- Fluid saturation stiffens pores; affects P-wave velocity, but not S-waves
- Attenuation due to scattering from fractures or heterogeneities (extrinsic)

- Attenuation also due to fluid migration at a range of scales (intrinsic)

- Attenuation and Vp changes (in space or time) can indicate saturation

- In a fully saturated homogeneous medium only extrinsic attenuation

- Saturation increases the density of the material and decreases both P- and S-velocity
- Shear modulus is independent of fluid in the absence of geochemical reactions

- Viscosity, porosity and permeability affects the degree of attenuation

- Dilatency can cause expansion and permeability

- Variation in lithology observed in elastic constants

- Decrease 1n Poisson's ratio occurs as porosity

- Compaction and lithifical:icm preferentially eliminate small aperture pores

R 1] UBSET 2 & iR s
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 microearthquake locations (black dots)
* nodes for inversion studies (small dots)

* pressure contours



Velocity
Inversion
Results

roperty Cofor Key
Displav: gevsersd. Velociti.er..
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Variation of velocity inversion results from the
“expected" model as viewed on the felsite.



Attenuation .
Inversion
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Variation of Qp inversion results from the
"expected" model.



== eservorr Characterization-

ldentify reservolir fractures and permeability
&ﬁf FEEBH AR 2

Anomalous Zones
Greywacke

T l""p._. T e -‘ e = E \
| Pelsite &7 " 5 P

a) Qp > 50% and Vp > 5% above model —— reduced fracture density
b) Qp > 50% and Vp < 5% from model —— well cemented fracture medium

c) Qp <50% and Vp < 5% from model —— high fracture density



One month, plus seven events Second month, injection increased
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5 km x 5 km with 25 stations and 220 earthquakes
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Figure 11. Surface projection of the study volume, station locations, and epicenters of
micro-earthquakes analyzed.
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Figure 1. Cap rock and heat source
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Pseudocolor
DB VpandVs.vtk
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<o . 2 N - 6 km with 25 stations and 240 earthquakes N

Map View— Nigbu

3D View— Nigbu
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Conclusmns & Observations

 Improvements in data collection and processing can
Improve reservoir monitoring and modelling

e Reduced costs In labor and hardware for data
collection

 Reduced time and labor for processing and analysis

 Allows for near-real time reservoir exploration and
modeling

* Micro-earthquake data can be used to provide a basis
for rock physics interpretations in geothermal fields
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