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Seismic Monitoring Advisory Committee Meeting
Calpine Presentation Agenda
Reporting Period: 01 April 2019 to 30 September 2019

* Geysers Geothermal Field and Nearby Communities
« Status of Seismic Monitoring Networks

o LBNL Seismic Monitoring Network

o USGS / Northern California Seismic Network

o Strong Motion Network

° K'i n Cad e F'i re S umma ry Selection: Prati_40_OH_SD_P3_2019_11.05 Slicer

* Yearly Field-wide Water Injection and Seismicity
» Fieldwide Seismicity Analysis
« Water Injection and Induced Seismicity Animations
« Community Hotline
» Plate Tectonics and Regional Geology
» 3D Structural Model Building
o Fault/Fracture Analysis

o Compartmentalization
o Well Planning Examples

« Additional Seismic Monitoring and Research
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Geysers Geothermal Field, Nearby Communities and Seismic Monitoring Networks

Lawrence Berkeley National Laboratory
2003 installation; continuing upgrades
34 stations

Strong Motion Accelerometers
® 2018 Q1 Nanometrics installation (2)
® 2019 Q4 Nanometrics installation (2)
@ 2003 ETNA installation; unreliable/replace

® US Geological Survey Regional Network
1970’s installation; several upgrades
7 contributing stations
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Geysers Geothermal Field, Top Granitic Intrusion and Top Steam Reservoir
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Status of Seismic Monitoring Networks

| Horizontal (East-West) |]
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| Horizontal (North-South)|‘:

LBNL Seismic Monitoring Network

Velocity (mm/s)

Fully Functional e e,
Four Recent Concerns and Solutions ary

~ [Vertical (Up-Down)]
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1. Seismic Sensor Failures 02
o Calpine Purchased 24 Three-Component Geospace 2 Hz Sensors ——
o 31 October 2019: 14 Sensor Replacements Completed
o 31 December 2019: 24 Sensor Replacements Planned

2. Department of Energy Network Support Ended May 2019
o 2019: Calpine contribution of $75,000 for network maintenance and upgrades.
o 2020: Calpine contribution of $110,000 for yearly maintenance and upgrades.

3. Seismic Monitoring Network Improvements
o Ramsey Haught primarily responsible for network installation, maintenance and upgrades.
o Very specialized skills and Geysers experience difficult to replace upon upcoming retirement.
o Calpine is completing 15 network upgrades to improved network reliability and data quality with:
= Ramsey Haught El Sobrante, CA ~85 miles
= Jarpe Data Solutions* Prescott Valley, AZ ~825 miles

Goals: Improved reliability prior to Ramsey Haught retirement.
Transition to Jarpe Data Solutions; Calpine staff trained for many on-site tasks.

4. Kincade Fire
Sensor station damage; power and communication failures (began 23 October 2019 - after reporting period)

* Jarpe Data Solutions has existing relationship with LBNL concerning seismic acquisition testing and seismic databases

Calpine Corporation
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Individual Sensor Component Failures

LBNL Seismic Monitoring Network
Individual components “sticking” Radio Antennae
Upgrades to improve data quality and reliability

Hummingbird West (HBW)
LBNL Seismic Station
Northwest Geysers

Geospace HS-1 3C arrays and cables
Equipment: $2,400 per sensor station
Installation: $§ 500 per sensor station

Total: $2,900 per sensor station Solar Panel
/" GEOSPACE"
\ Technologies
O north- vertical
south
east-
west

Two Batteries
GPS Unit (Timing)
Radio Transmitter
Digitizer

~ e

HS-1 3 Component Array

“ideally suited for seismological,
engineering, and scientific applications
where passive, low noise, short period,

tri-axial sensors are required”

Three-Component
Seismic Sensor
(Below Surface)

Calpine Corporation
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Seismic Monitoring Network Improvements
Upgrades In Progress

Geospace 2Hz Seismic Sensor Upgrades
» Upgrade 24 seismic monitoring stations to Geospace 2Hz sensors by April 2019
Strong Motion Station Installation
» Two additional Nanometrics Titan accelerometer stations (four on eastern perimeter near communities)
Borehole Seismic Sensor Installation
* Determine optimal downhole seismic sensor
» Upgrade downhole sensors (~10) for available shallow boreholes (< 500’ depth)
Battery Replacement and Recycle
* 34 seismic monitoring stations
» 2 Sunlyte deep cycle batteries per station (76 total)
Hardware and Data Security
» LBNL server remote access - power plant firewall / security issues
Software Upgrades
« Improvements to web-based strong motion data interface
* Improvements to waveform visualization software
Data Quality and Continuity
« “State of Health” tracking for data servers and seismic monitoring stations
« Transition to data transfer, processing and storage by Jarpe Data Solutions
» Eliminate noise spikes on 2 Hz sensor data (grounding issue)
» Disk data back up systems for:
o Geysers-based server
o Jarpe Data Solutions server
» Power back up systems (UPS Uninterrupted Power Supply) for:
o Geysers Administration Center servers
o Radio Repeater, Microwave Repeater and Socrates Container
(considering solar panels for extended power outages)

Calpine Corporation
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Status of Seismic Monitoring Networks

USGS*/ Northern California Seismic Network
The USGS and collaborating agencies provide services of significant value to The Geysers.
The USGS Regional Seismic Network is responsible for these fully functional items:

Seismic Data |
Acquisition Six three-component USGS seismic stations contribute to seismicity determinations within The Geysers.
Seismicwaveforms are intially compiled and p-wave arrival times calculated at the USGS "Waveserver"located within the Geysers

Processing Administration Center (and adjacent to the LBML seismic data server).
Transfer Merged LENL/USGS station waveforms and arrival times are forwarded by a Northern California Seismic Network radio link to their
Geysers Peak microwave hub, then transmitted to the USGS facility at Menlo Park.
Integration LBML/USGS P-wave arrival times are integrated with P-wave arrival times from other monitoring networks operated by the USGS, UC
Berkeley, the California Geological Survey, and the California Department of Water Resources.
Analysis Automatic determination of seismic event magnitude, hypocenter, first-motion mechanisms, and moment tensor solutions/shake

maps (for seismic events with magnitude > 3.5). Seismologists complete reviews of more significant events.
The USGS Eartquake Hazards Program website (https://earthguake.usgs.gov/) is the starting point for access to almost unlimited
Distribution seismicty information, including nearly "real-time" availability of earthquake information
(https://earthquake.usgs.gov/earthquakes/map/).
Waveforms and event determinations retrieved hourly for archival at the UC Berkeley Morthern California Earthquake Data Catalog.
Archival Data derived from this catalog, including tomographic double-difference refined seismicty hypocenter determinations, contributes
to Calpine/NCPA seismicity analysis, along with worldwide seismic research collaborations.

north- vertical
south

east-
west

* United States Geological Survey
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Status of Seismic Monitoring Networks

LBNL / Calpine Strong Motion Data Network

Calpine Corporation has purchased four Nanometrics Titan 3C accelerometers and cables:
Equipment: $4,800 per sensor station
Installation: $2,500 per sensor station
Total: $7,300 per sensor station

LBNL Seismic Monitoring Network Statlon Radio Telemetry Paths Converge at Radio Repeaters
i &) ST
Now integrated with existing LBNL seismic
monitoring network:
ESM Engels Strong Motion - Anderson Springs

ACR Alder Creek - Cobb Area

Soon integrated with existing LBNL seismic
monitoring network:

LCK Licking Creek

MNS Moonscape
Q4 2019 installation delayed by Kincade Fire /’/

Mountam | MNS Moonscape

m%ﬁ ]

These stations provide the following

significant upgrades for improved strong D‘ % AD:

motion data accuracy and reliability: i IS 7, s o
Nanometrics Titan 3C Accelerometers : 2 =2 ¢ Ut | e 1 ané;j:ﬁ
Solar Power fon (3- St SN —F |
Radio Telemetry F N R e F
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Seismic Monitoring Advisory Committee Meeting O calpine Power Plants
Klncade Fire Perimeter O Calpine Facilities Of Interest

. Wellhead Locations

e 5/10/2018 2ipm

)
T e

£ ; 3 S ¢ i e . LBNL Seismic Stations - Permanent

O CEC Research Seismic Stations - Temporary

¢ \
N Googleaith
N Jb“)
lat 38.7493652 lon -122.864875° elev 1520 ft  eye alt 49881 ftA
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Kincade Fire A * The Kincade Fire significantly impacted central Geysers power and
410 communications.
* Fieldwide water injection and steam production initially “shut-in”.

* LBNL Seismic Monitoring Network
J 3 of 34 stations within Kincade Fire Perimeter

.r.Jstral.?‘r:‘Ccmcr .,}‘t;; it . ; ot ol f o | ° DRK, FUM, STY
I W . 4 of 34 stations close to KF perimeter
. PFR, JKB, FNF, SSR/SRB

. DX Radio Repeater within Kincade Fire Perimeter

*  CEC Funded High-Resolution Seismic Network

. 200f93 temporary seismic stations were within or very near the

fire perimeter.

S8 - Conclusions

e Station STY fire-damaged; repairs required.

*  Communication loss for all stations with data flow through the DX
radio repeater site (east of DX 24 well pad; near STY).

* Relocated LBNL server to DX radio repeater site.
(generator on-site for power)

* Initiated data card swaps at 16 stations in danger of data loss.

- 8 ¥
./Radio Repeater &
(o)

stration'Ce

* All CEC high-resolution stations survived fire as they were:
1) sited in areas of limited vegetation for better solar exposure, and
2) placed on rock outcrops for better coupling.

Calpine Corporation
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Santa Rosa Geysers Recharge Project
Daily Water Injection Volume and Fieldwide Seismicity
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Seismic Event Magnitude
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Water Injection Volume - Millions of Gallons Per Day
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2.12 Billion Gallons Cumulative Water Volume For Reporting Period
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Santa Rosa Geysers Recharge Project
Daily Water Injection Volume and Fieldwide Seismicity

SRGRP Daily Water Injection Volume and Fieldwide Seismicity
01 April 2019 through 30 September 2019
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Santa Rosa Geysers Recharge Project
April 2019 Daily Water Injection Volume and Fieldwide Seismicity

SRGRP Daily Water Injection Volume and Fieldwide Seismicity
01 April 2019 through 30 April 2019
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Santa Rosa Geysers Recharge Project
Daily Water Injection Volume and Fieldwide Daily Seismicity Count

SRGRP Daily Water Injection Volume and Fieldwide Daily Seismicity Count
01 April 2019 through 30 September 2019
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Sonoma County Daily Precipitation
01 January Through 31 July 2019

Sonoma County Daily Precipitation
2.25
Monthly Precipitation (inches)
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SRGRP Water Injection Monthly Volumes
Beginning November 2003

SRGRP Monthly Volumes
November 2003 Through October 2019 Plus 15 Year Average
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SRGRP Monthly Volume Variation
Referenced To “Flattened” Average Monthly Volume At Zero Line

SRGRP Waterfall Diagram Of Monthly Volume Variation
B Increase [ Decrease
1200.0
gmnn_n + 980 Million Gallons
T
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g 400.0
200.0
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Field-wide Seismicity Analysis
Comparison of Eighteen Semi-annual Reporting Periods

Field-wide Seismicity Analysis
Events 2 Specified Magnitude
Nineteen Semi-Annual Periods Since 01 April 2010

B 1 Apr 2010 to 30 Sep 2010
W1 0ct2010to 31 Mar 2011
01 Apr 2011 to 30 Sep 2011

200 1 Magnitude 2 2.0 Downward Trend m10ct2011to 31 Mar 2012
186 s Increase Seen In Two Most Recent Reporting Periods
180 Deviations From Trend Generally Higher Precipitation Periods B 1 Apr 2012 to 30 Sep 2012 |
Magnitude 2 2.5 Downward Trend 01 0ct2012to 31 Mar 2013
160 Significant Increase From Previous Reporting Period O1 Apr 2103 to 30 Sep 2013
140 Magnitude = 3.0 Downward Trend (Better Seen With Longer Analysis Period) 01 0ct2013to 31 Mar 2014
140 p Slightly Higher Than Most Recent Reporting Periods 01 Apr 2014 to 30 Sep 2014
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Yearly Field-wide Steam Production, Water Injection and Seismicity

The Geysers: Field-wide Steam Production, Water Injection and Seismicity
1960 through end 2019*
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Yearly Field-wide Water Injection and Seismicity > Magnitude 1.5

The Geysers: Field-wide Water Injection and Seismicity 2 Magnitude 1.5
1960 through end 2019*
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Yearly Field-wide Water Injection and Seismicity > Magnitude 2.0

The Geysers: Field-wide Water Injection and Seismicity 2 Magnitude 2.0
1960 through end 2019*
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Yearly Field-wide Water Injection and Seismicity > Magnitude 2.5

The Geysers: Field-wide Water Injection and Seismicity = Magnitude 2.5
1960 through end 2019*
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Yearly Field-wide Water Injection and Seismicity > Magnitude 3.0

The Geysers: Field-wide Water Injection and Seismicity 2 Magnitude 3.0
1960 through end 2019*
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Monthly Field-wide Water Injection By Source vs. Magnitude > 4.0 Seismicity

Average Number of Magnitude > 4.0 Events Since January 2007 is 1.17 Per Year

- : : — | Water Supply for Reporting Period (Six Months)
Time Period Magnitude = 4.0 Seismic Events
Water Injection Sources (Gallons)
January 2003 through December 2006 2.50 per year Month SEGEP SRGRP Condensate | Fresh Water
April 136,614,000 | 404,770,000 | 295,214,398 | 77,609,211
January 2007 through September 2019 1.17 per year May 129,314,000 | 558,440,000 | 321843556 | 11.931.987
June 111,837,000 | 543240000 | 199412 572 0
The Geysers July 105,012,000 | 365,600,000 | 200,728,468 0
Magnitude 2 4.0 Seismicity September 127,813,000 85,470,000 | 209,799,685 0
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Anderson Springs Engels Strong Motion ESM

Anderson Springs
Engels Strong Motion ESM
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Cobb Alder Creek Strong Motion ACR

Cobb
Alder Creek ACR
Left Graph Axis: HNE East-West; HNN = North-South; HNZ = Vertical >
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Field-wide Seismicity Animation
Seismic Events Color Scaled By Magnitude
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Field-wide Two Week Interval Water Injection and Seismicity Animation
Seismic Events Color Scaled By Magnitude Seismicity Shown For Two

Week Interval Indicated:

Loy —J

. N Loch Lomond 01 Apr to 14 Apr 2019
R | NN N !
‘ 8% 15 Apr to 29 Apr 2019
— —
Glenbrook @ Al 30 Apr to 12 May 2019
03 July 2019 2

13 May to 26 May 2019
27 May to 09 Jun 2019

Magnitude 3.18

04 June 2019
Magnitude 3.88
]
11 June 2019
Magnitude 4.07

| |
| |
| |
| |
| |
| 10 Jun to 23 Jun 2019 |
| 24Jun to 07 Jul 2019 |
| |
| |
| |
| |
| |
| |

08 Jul to 21 Jul 2019

22 Jul to 04 Aug 2019

31 May 2019
Magnitude 3.03

05 Aug to 18 Aug 2019
19 Aug to 01 Sep 2019
02 Sep to 15 Sep 2019
16 Sep to 30 Sep 2019

12 April 2019
Magnitude 3.08

22 May 2019
Magnitude 3.03

15 April 2019
Magnitude 4.12

20 July 2019
Magnitude 3.19

Blue Discs Radius Scaled To i
Monthly Water Injection Volume . e\\(\j}
2019-09-30 00:00 -07:00 <® ‘A f \
magnitude SQG o}Acc‘ess Road
T T Tt T v T T T T T 7 !
0.5 1 1:5 2 2.5 3

0 5000 10000 15000 20000
L I 1 ! I I i ! ]

Horizontal Length (ft)

Calpine Corporation



Seismic Monitoring Advisory Committee Meeting
Field-wide Seismicity Animation
Seismic Events Color Scaled By Depth

Loch Lomond

03 July 2019
Magnitude 3.18

04 June 2019
Magnitude 3.88
T
11 June 2019
Magnitude 4.07

31 May 2019
Magnitude 3.03

obbdlountain

12 April 2019
Magnitude 3.08 : . %

22 May 2019 :
Magnitude 3.03 \

15 April 2019
Magnitude 4.12 ‘ Healds

20 July 2019
Magnitude 3.19 0

2019-09-30 00:00 -07:00

l0 % 50]00 10?00 1 5?00 20000l
1 1

Horizontal Length (ft)

Z(ft)

B 3
T
8000

0 2000 * . 4000 6000

Calpine Corporation



Seismic Monitoring Advisory Committee Meeting
Calpine Community Hotline

A more active six month interval for seismicity, plus encouragement from Calpine to utilize the
community hotline, resulted in a total of 29 calls to the Calpine Community Hotline during the current
reporting period of 01 April 2019 to 30 September 2019.

The five seismic events of primary concern were:

26 April 2019

04 June 2019

11 June 2019

17 June 2019

20 July 2019

Magnitude 2.54 at 14:40:20 UTC

9,300’ Northwest of Anderson Springs 4 calls

Magnitude 3.88 at 01:44:21 UTC

36,100’ Northwest of Anderson Springs 5 calls

10,550’ West of Cobb

Magnitude 4.07 at 07:46:25 UTC
42,200’ Northwest of Anderson Springs
21,500’ West of Cobb

Magnitude 2.03 at 01:26:00

2 calls

2 calls
2 calls

2,840’ South-Southeast of Anderson Springs 5 calls

Magnitude 3.19 at 15:57:53 UTC

21,500’ West-Northwest of Anderson Springs 5 calls

15,800’ South-Southwest of Cobb

1 call

Highway 175

»

F . % .i? Magnitude 2.54

%@

\\; -9
° . ‘\:Poo,

Socrates Mine Road 111

@ G ’

s ' Magnitude 2.03
o .
/\0

Nine calls concerning two relatively low magnitude
seismic events and limited epicentral distances.
(energy and distance are important criteria)
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Daily Interval Seismicity Animation For April 2019

Seismicity Analysis At Limited Time Intervals
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Detailed Analysis of 11 June 2019 Magnitude 4.07 Seismic Event

After 4.07 Seismic Event, Subsequent Seismicity Hypocenters Seem To Progress Within
Fracture Zones And Structural Domains Previously Defined By Historical Seismicity Alignments
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Detailed Analysis of 11 June 2019 Magnitude 4.07 Seismic Event
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Plate Tectonic Evolution from Pangea to Modern Continental Configuration
200 Million Years Ago to Present (x 10)

Plate Tectonics by C.R. Scotese

P> Pl o) 346/419 Scroll for details

v

From: Scotese, C.R., and Elling, R.P., 2017. Plate Tectonic Evolution during the last 1.5 Billion Years: The Movie.
Plate Tectonics at 50, William Smith Meeting, October 3-5, 2017, The Geological Society, Burlington House, London, p. 16-17.
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Plate Tectonic Evolution from Pangea to Modern Continental Configuration
200 Million Years Ago to Present (x 10)

Plate Tectonics by C.R. Scotese

> »l o) 414/419 Scroll for details

v

From: Scotese, C.R., and Elling, R.P., 2017. Plate Tectonic Evolution during the last 1.5 Billion Years: The Movie.
Plate Tectonics at 50, William Smith Meeting, October 3-5, 2017, The Geological Society, Burlington House, London, p. 16-17.
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Plate Tectonic Evolution from Pangea to Modern Continental Configuration
200 Million Years Ago to Present (x 10)

Plate Tectonics by C.R. Scotese

> »l o) 419/419 Scroll for details

v

From: Scotese, C.R., and Elling, R.P., 2017. Plate Tectonic Evolution during the last 1.5 Billion Years: The Movie.
Plate Tectonics at 50, William Smith Meeting, October 3-5, 2017, The Geological Society, Burlington House, London, p. 16-17.
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U.S. Geological Survey Uniform California Earthquake Rupture Forecast
2016 Version 3 (UCERF3)
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Seismic Monitoring Advisory Committee Meeting USGS/CGS Mapped Inactive Faults Zones
San Andreas Fault System and Resultant Stress Field

4

San Andreas Fault System

Extensive system of right-lateral strike-slip
faults accommodates the relative motion

| between the Pacific Plate and North

®¥ American Plate over a 60 to 180-mile-wide

U.S. Geological Survey Faults

< 150 years
<15,000 years e Zone.
<130,000 years . . .
y Successively smaller slip rates for active

<1,600,000 years

g~ faults toward the east.

California Department of Conservation « % . .
Division of Mines and Geology Wi : ¥ The resultant stress field at The Geysers is

A

Kilometers : responsible for (1) northwest-to-southeast
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i | | - N23% o the San Andreas Fault System and (2)
0 25 Ul Maximum Horizontal M Hayv southwest-to-northeast oriented
miles Principal Stress Symay BTN faults/fractures due to transtensional
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Fault/Fracture Analysis and Interpretation
Depth Slice 7000 to 7500 Feet Subsea
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Fault/Fracture Analysis and Interpretation
Depth Slice 7000 to 7500 Feet Subsea

N L]

Map View

W

Z (i

i B A e A AE |
7000 7100 7200 7300 7400 7500

0
Lo

il S

50|00 10(1)00 15(|)OO

P P

Horizontal Length (ft)

Seismicity hypocenters alighments present on several successive seismicity depth slices are
“interpreted” as flow path surfaces (fractures or fracture networks) and flow barriers.
Restricting the seismicity slice thickness to ~500’ allows detailed analysis.
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282 Surfaces - Azimuth and Dip
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Mapped Surface Fault Zones Merged With Seismicity Slice Fracture Interpretation
Magnitude 4 Divide Fault Zone and Ridgeline Fault Zone
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Structural Model Building Constrained By Lithology Logs and ArcGIS Surface Geologic Map
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Current Status Of 3D Structural Model Development
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Slicer
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Relating Reservoir Flow Boundaries To Interpreted Fracture/Fault Zones
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Relating Reservoir Flow Boundaries To Interpreted Fracture/Fault Zones
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Relating Reservoir Flow Boundaries To Interpreted Fracture/Fault Zones
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Interpreted Fracture/Fault Zones Assessment
Seismicity Depth Range
5000 10000 Feet Subsea
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Seismicity Depth Range
0-4500 Feet Subsea
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Seismicity Depth Range

7000-9000 Feet Subsea
T : BT Z(r o ; o
| Selection: Prati-37 || 2016 01 01 14:00Z | A | sligar A S - — . - . |
B E e e e e pe e e | ; g
? | 7000 7500 8000 8500 9000 3 °
L ;| Pra
—ﬁ‘— —
’ N "W 4 Selection: 00000_Fault_BuckeyeUnit25_TWO WSW2ENE_Fault_Surface_Beautify ‘. o E
| 72016 01 01 14:002 PrtloHoon * ¢ o
/. L ]
‘ Sortheast | / . .
|
ey 4 ] o o i ® Pn;'q.so ’
l @ \
| , {
| [ ~ ."I. 4‘“
O mrmui
® ratis

n: WITH: :w;*q;w-agfzs‘
{ (o] i

|
| {
| /
| !
i f
| /
|
/ {
/ f '
i { WITH: 3913764008 smf'3
Prati32 DPN | | ] |
1 i { -
| WildhorseStateT4asmb & [ LI
[ ot e Fo Patftate2
' 1 = -
! | A S
\ PratiState-10.0H
2 @ | 4 7 é'e y o
2 X . Wi +{ & )
ildhorseState34 . . . .
A ®
. 2 > . [
Wi;l{ rse36 * . g &
< y $ 4

. o

0 1000 2000
o

Horizontal Length (ft)

Florizontal Le
-

"




Seismic Monitoring Advisory Committee Meeting
Interpreted Fracture/Fault Zones Assessment

Seismicity Depth Range

7000-9000 Feet Subsea
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Interpreted Fracture/Fault Zones Assessment
Seismicity Depth Range
9000-12000 Feet Subsea
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Interpreted Fracture/Fault Zones Assessment

Induced seismicity appears to strongly define a reservoir compartment receiving Prati 9 water injection.
The relationship between relatively high volume water injection, compartmentalization, and a 03 July 2019
magnitude 3.18 seismic event occurring near an interpreted fault-fracture surface is being investigated.
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Improved Water Distribution for Seismicity Mitigation
Conversion-To-Injection Drilling Program COMPLETED

o  74F-21 October 2019 Conversion of Steam Production Well to Injection
Calistoga Power Plant Area o 87E-21 November 2019  Conversion of Steam Production Well to Injection
o 23C-22 Early 2020 Modification to Existing Water Injection
o  74E-21 Early 2020 Modification to Existing Water Injection
o 87G-21 Early 2020 Modification to Existing Water Injection
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Additional Seismic Monitoring and Research
California Energy Commission Electric Program Investment Charge (EPIC) Program EPC-16-021

Accepted Proposal
High-Resolution Micro-Earthquake Imaging of Flow Paths Using a Dense Seismic Network and Fast-Turnaround, Automated

Processing *

Program Goal
Development of advanced, low-cost, microseismic imaging for high-resolution spatial and temporal images of subsurface

fluid flow, flow barriers and heterogeneity in producing geothermal fields. The project will focus on microseismicity
imaging challenges that are unique to geothermal reservoirs.

Improved 3D and time-lapse subsurface resolution is anticipated to assist with seismicity mitigation efforts at The Geysers.

Applicant 7Sele(ﬁ9n:The_Ge>sersv ‘; 5 f ‘: ; ‘ o 3
Lawrence Berkeley National Laboratory Productive Steam T oeemT e ' : : ‘

Reservoir Outline\L\v'v '

Project Partners
Calpine Corporation
Array Information Technology

S
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$1,672,639
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Additional Seismic Monitoring and Research
California Energy Commission Electric Program Investment Charge (EPIC) Program EPC-16-021

An extensive seismic sensor test program was planned and is being conducted with the
project scientists.

Calpine Corporation has provided:

» The field location for this program.

» Technical support with survey design planning.

* On-site assessments including GPS surveying with updated equipment and techniques.

» Assistance to LBNL Contractor Ramsey Haught during 17 seismic sensor test installations.
+ Coordination and updating of GPS surveys/maps data recovery at 2-3 month intervals.

Green Labeled Points Surveying of 23 Test Sensor Station Wit Y
Actual Installation Locations for = Locations and Access Routes MR i i PR
93 Sensor Station Installation Program. Completed By Calpine With Samsung Generation Three Sensor Station
Not a uniform grid pattern due to extreme » Nexus 7 Tablet and Paired Garmin
topography and access concerns. ' GLO Device.

s

, GPS Survey
Marker Points-and Access Routes
BT - e,

564’ Vertical / 2180’ Horizontal

- 4 s T

Sensor Installation on Rock Outcrop

Calpine Corporation
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Additional Seismic Monitoring and Research
California Energy Commission Electric Program Investment Charge (EPIC) Program EPC-16-021

Imaging of Geothermal Flow Paths Using a Cost-Effective Dense Seismic Network

Information Technology
Jarpe 2, M. Schoenball®, C.S. Hartline*, L.J. Hutchings?, K.T. Nihei®, C. Ulrich®
CALIFORNIA

ation Technology, , 2/Jarpe Data Solutions, ®)Lawrence Berkeley Nat. Lab, “)Calpine Corp. ENERGY COMMISSION

4. Seismic Imaging

The goal of this paper is to present the advantages of using costeffective dense
seismic networks lo image the resecvor structure and flow paths at The
Geywugeoﬁmnulmvlnnmmn&llw_ USkThepmiadecrwlw/s
21 th 45Hz spaced ot 500 m over a
5 x 5 km study area. Seismic data for more than 17,000 earthquakes, over a
period of one year, were acquired and aulomatically processed for P- and S-
wave phase arrival imes. The data were subsaquently invested for the 3D P-
and Swave velocily structure and hypocenter locations. While the full dataset
yields e highest rescluion in the study region and represents the best
opportunity % image flow paths and the 3D structure of the resenvoir, temporal
changes are best imaged by subdividing the dataset into saveral epochs and by
delermining temporal differsnces in the results. Tomographic images will be
appraised by infegraticn into The Geysars' 3D reservor model and by spatial
correlation ko injection and production wells. The advantage of using the high-
densily seismic network are assessed by comparison lo results oblaned with
lowerdensity seismic networks that are typically deployed in geothermal
feservoirs.

Figuee 6 Mag view of the lrpord changes i Vp/NVa-so i the S km x 4 km study e of Tou Goyans reservce. @) Horsoetal

ezt erma
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Susvucdmwmsnglsme'peD:hSdm(JDS) basad on
the REMAS software, which provides complete data processing including phase
delecton, prefminary event location, estimation of phase travel fime, pulss
width, event moment magnilude, seismic moment, generation of waveforms and
slorage of parameders in database. The seismic lomographic imaging is based
on the inversion code tomoFDD, which simultaneously locates earthquakes in

an absolute and double-difference sense and to obtain 3D P- and S-wave I PRI - .

velocity structure (Gritto et &l 2013). The 3D P- and S.wave starting velocity Pigure 3. ) Mug view of P-anavs swiocty exbstes  the S km x S bm 3tucy ares of The Geysers geothasmal nassrvor 8] Hortontal shoes bom
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Additional Seismic Monitoring and Research
California Energy Commission Electric Program Investment Charge (EPIC) Program EPC-16-021

ATSa In-depth Analysis from Deployments of Low-Cost Seismic Instruments in the Geysers Geothermal Field ==
C. E. Layland-Bachmann' (cebachmann@Ibl.gov), R Gritto?, C. Hartline?, L. Hutchings', S. Jarpe*, K. Nihei'”®, M. Schoenball' 5 CAALL

1) Energy Geosdences, LBNL, 2) Array Information Technology. 3) Calpine Corporation , 4) GeoEnergy Monitoring Systems, Inc. 5) now at Chevron ETC

FIELD DEMONSTRATIONS

EARTH &

ENVIRONMENTAL
SCIENCES

BERKELEY LAB

Data collection campaigns were conducted on a quarterly basis

*  This study includes data recorded between May 1o October 2018

= Over 6000 events were detected and located with the temporary array

1200 of these events can be correlated to events recorded by the permanent network

Earthquake statistics

+ Dense network locates three times mare events (6000 vs. 2000)
* Magnitude of completeness smaller for dense network (M. 05 vs M.
1.0)

The Geysers Geothermal field is the world's largest .
gecthermal field with with a net generating capacity reliably and cost effectively
of about 725 MWe. Its first power plant went into )
operation in the carly 1960s. The selsmicity has been + Wells are expensive (up to STMwell) G
monitored with a local network for the past 40 years « Micro-seismicity alone might not be a direct proxy for
and ks well studied. presence and flow of water (presence of micro-seismicity

due to slress alone, asesmic movement of fluids)

How to image presence and movement of water and steam

* bvalue of dense network slightly smaller; less varialion with time
* Dense natwork stalions saturate for larger events
This study is part of an effort 1o develop a low-cost
seismic imaging system that uses micro carthquakes
to form high spatial and temporal resolution images
of subsurface fluid flow, Mow barrlers and
n The

# Low-cost seismic instruments allow dense arrays
+ ~100 stasons ina 5 km by 5 km area

Sensor comparisons

+ Waveforms between the lemporary and permanent network show
good agreement for the co-ocated stalions

* Whie the maxima of the spectra maich well, there is a larger
disagreement in the lower and higher frequency range

# High resolution tomoegraphic imaging
+ See Posler: “S11F0393 - High-Resolution Imaging of
Geothermal Flow Paths Using a Cost-Effective Dense
Seismic Network™

uses low-cost selsmic Instruments that allow the
deployment of a dense seismic network at a fraction
of the cost. The study area has an extent of 5 by §
km, and Is located In the central part of the reservoir.

7 Low cost sensors perform comparable to permanent sensors
in this presentation, we show an indepth comparison
between the temporary network of low-cost stations
and the permanent selsmic stations that have been

7 Costeffective setup allows fast tumaround of Somographic
results to image subsurface fluid flow, flow barriers and

deployed at The Geyser for the past 10 years. Out of Se 2525010 o1 iy i felde
91 temporary stations, five were co-ocated with eght 7™ e Y b4
stations of the permanent network. ot Vo 010V00 Fig 4 Sutasics of sadmic ewents necorded by Dn leeponiry (red | Cecks) and permanent netwerk (biack | Samonds) &)
limading, b) DoBons, ¢) Duilud with Sew, d) Beguency mignlude dalrbution nd o) comuation of netwerk Mmagniudes NEXT STEPS
First, we analyze the statistical parameters of the Sokw Pane nat g AW
f_mﬂ orded network Power Cormargton
:‘u:'f'::m amm’;‘:.am%::c:;m mn:n.:r: s :‘::::ocsm * Use neural network method PhaseNe! (Zhu and Berosa, 2018) to

improve P and S arrival picks

the bwalues and the magnitude of completeness Cowearsion
sl e freei ,.."tw D2z T i 9 + Has potential to produce picks where other methods il
Second, we use local events between magnitudes == 20 —y \ * Can be applied to continuous data
MO.5 and M25 to emphasize the differonces, and, = = Important input for Somographic modeling
more importantly the similarities botween the co- ot Base OPS fumormal antems) i
located stations. We compare the waveforms and GRS Aoowany i - H o e
the p Ancondng Gontiewos, y “‘"N "
ovor 50 Vermary Cant (2 $at) pord | . =cv2is

Table 1. Speclicatons of th sesmic instruments = v

D

The Geysers Geothermal Field (GGF) is in Northem
California within & dense fault network (Fig 1). Over
30000 micro earthquakes are recorded by a dense
local network (Fig 2) each year

REFERENCES

The spatial and temporal evolution of the micro-

seismicily, together with mjection and production data
and the geclgic information & used o gain
information about the movement of the fluid and
sleam in the subsurface.

Fig 2 Pusaradt
Shahenic natwork o The
- Caysaes (Vieges and
Fig 1. The segional seling of he GOF Hutchings, 200)
(Hardine o1 &, 2015)
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