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Seismic Monitoring Advisory Committee Meeting 

Calpine Presentation Agenda  

Reporting Period: 01 April 2016 to 30 September 2016 

• Status of Seismic Monitoring Networks 

o LBNL Seismic Monitoring Network 

o USGS / Northern California Seismic Network 

o Strong Motion Stations 

• Seismicity Hotline 

• Field-wide Seismicity Analysis  

• Synchronized Field-Wide Water Injection and Seismicity Analysis 

• Induced Seismicity, Fracture Zones and Reservoir Compartmentalization 

• 3D Visualization and Structural Model Building 

• Additional Seismic Monitoring and Research 
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Status of Seismic Monitoring Networks 

LBNL Seismic Monitoring Network – Fully Functional 

USGS / Northern California Seismic Network – Fully Functional 

 

Strong Motion Stations 

• Station ADS2  

    This sensor was determined to be fully functional by the U.S. Geological Survey and returned to service at the intact 

    community center snack bar. The database is online at: ftp://ehzftp.wr.usgs.gov/luetgert/calpine/sm_sum.txt 

 

• Stations ADSP and COB assessed by United States Geological Survey; both require replacement due to fire-damage. 

 

    Replacement with state-of-the-art Titan Nanometrics Accelerometers providing: 

o Strong motion monitoring                three-component peak ground acceleration* values 

o Conventional seismic monitoring     three-component velocity* values  

 

     Integration into the existing LBNL seismic monitoring network: 

o Solar power  

o Radio telemetry 

o More reliable service - ETNA stations at ADSP and COB utilized rural power and communication. 

 

o Titan Nanometrics Accelerometers purchased by Calpine and bench-tested by LBNL contractor Ramsey Haught 

 

o To be installed by Ramsey Haught (under the guidance of Dr. Ernie Majer) 

 Cobb Station  

           to be installed at existing site (Hamilton Hess property) 

 Anderson Springs Station  

           received landowner approval for site southwest of Anderson Springs water tanks 

           proximity to east-west property line - survey markers located and east-west boundary determined 

           very recent issues with easements for Mira Vista Road 

           discussions ongoing with Calpine Land Manager Kevin Talkington, property owners and LBNL 

 * There is a mathematical relationship between acceleration and velocity that can be calculated.  

   The measured acceleration can be integrated to determine the velocity (acceleration is the derivative of the velocity). 2 

ftp://ehzftp.wr.usgs.gov/luetgert/calpine/sm_sum.txt
ftp://ehzftp.wr.usgs.gov/luetgert/calpine/sm_sum.txt
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Replacement Strong Motion Sensors 

Nanometrics Titan Accelerometers   
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Integration of Nanometrics Titan Accelerometer into LBNL Network 
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System Conversion and Relocation 

 Cobb 

    Relocation of existing LBNL site ACR to COB site        

 Anderson Springs 

    Relocation of existing LBNL site DES near ADSP site 

 

Cost Per Site 

o $4800 for Accelerometer and Cable  

o $2500 for Labor  

o $7300 Total 

Anderson Springs  

Strong Motion  

ADSP 

(replace)  

Cobb 

Strong Motion 

COB 

(replace) 

Anderson Springs  

Strong Motion  

ADS2 

(intact) 
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Calpine Seismicity Hotline 

The communities are understandably focused on efforts to recover from the Valley Fire, resulting in only  

two calls on 30 July 2016 to the Calpine Seismicity Hotline during the current reporting period of 

01 April 2016 to 30 September 2016. 

 
Magnitude 3.37 Seismic Event   

Date and Time: 30 July 2016 at 10:11:23 am Pacific Time 

Latitude:          North   38.74647 

Longitude:        West  122.72014 

Depth:              6496 feet (1.98 km) Below Sea Level  

 

 

 

                       

30 July 2016 

Magnitude 3.37 
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Operations 

325 Active Steam Production Wells  

  725 MW of electrical energy production – equivalent to the energy requirements of San Francisco 

  18% of California’s renewable energy  

  75% of the produced steam mass exits the cooling towers (yearly average), so: 
 

52 Active Water Injection Wells  

  Water injection is required to replace the unrecovered mass and sustain The Geysers’ steam reservoir 

  Water Sources 

    Power plant condensate (remaining 25% of the produced steam mass) 

    Fresh water during peak precipitation  

    Treated waste water from surrounding communities (an environmentally friendly “win-win” solution)  
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Induced Seismicity 

Induced Seismicity 

   Cool water “free falls” into hot rock and reactivates fractures (thermal contraction) 

   Modest pressure increases also reactivate fractures 
 

Calpine Corporation has well-developed community relations  

programs and worldwide seismicity research collaborations 

to address induced seismicity at The Geysers. 

 

 

 

 

 

 

Seismic Event Information  

Online in “Real-Time”  

in collaboration with 

 Lawrence Berkeley National Laboratory   

United States Geological Survey 

Typical Injection Well (not to scale) 

Water Flow 

Top of Standing  

Water Column 

Steam Water 
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Field-wide Seismicity Analysis    

   01 April 2016 to 30 September 2016 
 

    

M 3.37  30 July 2016 

M 3.17  31 May 2016 

M 3.77  08 April 2016 

M 3.00  16 May 2016 

M 3.83  12 May 2016 

M 3.31  10 June 2016 

M 3.34  21 June 2016 
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Field-wide Seismicity Analysis   

Comparison of Eleven Semi-annual Reporting Periods   
    

    

Current Analysis Period 

M ≥ 2.0                        M ≥ 2.5                     M ≥ 3.0                       M ≥ 3.5                       M ≥ 4.0       
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Yearly Field-wide Steam Production, Water Injection and Seismicity 
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Database: Northern California Earthquake Data Center (NCEDC); UC Berkeley Seismological Laboratory 
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Yearly Field-wide Water Injection and Magnitude ≥ 1.5 Seismicity 
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Database: Northern California Earthquake Data Center (NCEDC); UC Berkeley Seismological Laboratory 
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Yearly Field-wide Water Injection and Magnitude ≥ 2.0 Seismicity 
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Database: Northern California Earthquake Data Center (NCEDC); UC Berkeley Seismological Laboratory 
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Yearly Field-wide Water Injection and Magnitude ≥ 2.5 Seismicity 
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Database: Northern California Earthquake Data Center (NCEDC); UC Berkeley Seismological Laboratory 
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Yearly Field-wide Water Injection and Magnitude ≥ 3.0 Seismicity 

1960 Through End 2015* 
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Dashed Trend Line  

1987 to Present 

- 0.52 events per year 

Database: Northern California Earthquake Data Center (NCEDC); UC Berkeley Seismological Laboratory 
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Field-wide Water Injection Sources and Magnitude ≥ 4.0 Seismicity 

Monthly Values from 01 January 2000 to 30 September 2016 
 

Average Number of Magnitude ≥ 4.0 Events Per Year Significantly Less Than 2003-2006 Peak 

                Time Period            M ≥ 4.0 Seismic Events 

January 2003 through December 2006      2.50 events per year       10.0 / 4.0 

January 2007 through September 2016      0.92 events per year        9.0 / 9.75 
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Regional Geology and Limitations on Seismic Event Magnitude 

Sacramento 

San Francisco 

Santa Rosa 

            kilometers  

  0                40              80 

  |                 |                | 

  0                25              50 

                miles 

U.S. Geological Survey Faults 

         < 150 years 

     <15,000 years 

   <130,000 years 

<1,600,000 years 

 
California Department of Conservation 

Division of Mines and Geology 

Hayward 

Stockton 

Modesto 

Seismic event magnitude depends on: 

• fault area  

• rock rigidity 

• slip rate 

Within The Geysers, mapped faults 

are inactive and restricted in area, 

limiting the maximum possible 

seismic event magnitude and 

duration. 

High heat content also limits the 

depth of faulting and fracturing at 

The Geysers. 

 

Rocks deeper than the brittle/ductile 

transition depth behave  

               p l a s t i c a l l y 

           N 23OE 

Maximum Horizontal  

Principal Stress SHmax 16 

The Geysers 

             miles   

0     1      2     3     4      5      

  inactive faults zones 
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Field-wide Seismicity Analysis    

   01 April 2016 to 30 September 2016 – Bi-weekly Animation 

 
    

 

    Top Steam 

Reservoir 

Contour Lines 

SRGRP 

Pipeline(s) 

SEGEP 

Pipeline(s) 

Top Granitic 

Intrusion 

( Felsite ) 

Productive 

Steam Reservoir 

Outline 

Subsea Depth (ft) 

Date 
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Fieldwide Seismicity Analysis    

  01 April 2016 to 30 September 2016 – Bi-weekly Animation 

 
    

 

    Top Steam 

Reservoir 

Contour Lines 

Top Granitic 

Intrusion 

( Felsite ) 

08 April 2016 

Magnitude 3.77 

12 May 2016 

Magnitude 3.83 

16 May 2016 

Magnitude 3.00 

31 May  2016 

Magnitude 3.17 

21 June 2016 

Magnitude 3.34 

10 June 2016 

Magnitude 3.31 

30 July 2016 

Magnitude 3.37 

Subsea Depth (ft) 

Date 
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Fieldwide Seismicity Analysis    

  01 April 2016 to 30 September 2016 – Bi-weekly Animation 

 
    

 

    Top Steam 

Reservoir 

Contour Lines 

Top Granitic 

Intrusion 

( Felsite ) 

SRGRP 

Pipeline(s) 

SEGEP 

Pipeline(s) 

Productive 
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Subsea Depth (ft) 
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Fieldwide Synchronized Water Injection and Seismicity Analysis    

  01 April 2016 to 30 September 2016 
    

 

    SRGRP 

Pipeline(s) 

SEGEP 

Pipeline(s) 

Productive Steam Reservoir Outline 
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Fieldwide Synchronized Water Injection and Seismicity Analysis    

  01 April 2016 to 30 September 2016 
    

 

    

Subsea Depth (ft) 

Date 

Subsea Depth (ft) 

SRGRP 

Pipeline(s) 

SEGEP 

Pipeline(s) 

Productive Steam Reservoir Outline 
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Monthly Water Injection Volume 

All Historical Injection Wells 

Equivalent to Blue Disc Radius 

Tomographic Double-Difference 

Seismicity Hypocenters 

Depth-scaled by Sphere Color  

Magnitude-scaled by Sphere Size 

Seismic Monitoring Advisory Committee Meeting 

1984 through 2016 Time-Synchronized Animation 

Monthly Water Injection and Induced Seismicity Hypocenters 
 

 

 

 

 

 

 

Paradigm Geophysical SKUA 

GOCAD 3D Seismicity Analysis 

and Time- Animation Software 

allows an improved 

understanding of the 

spatiotemporal relationships 

between water injection, 

induced seismicity, and fracture 

orientations at The Geysers.  

 Map View  

Subsea Depth (ft) 

Date 
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1984 through 2016 Time-Synchronized Animation 

Monthly Water Injection and Induced Seismicity Hypocenters 
 

 

 

 

 

 

 

Monthly Water Injection Volume 

All Historical Injection Wells 

Equivalent to Blue Disc Radius 

Tomographic Double-Difference 

Seismicity Hypocenters 

Depth-scaled by Sphere Color  

Magnitude-scaled by Sphere Size 

Selected  

Seismicity Alignments 

    NNW to SSE 

     WSW to ENE 

SHmax  

N 23°E  

Induced seismicity patterns are indicative of permeability variations and fluid flow. 

The Geysers reservoir appears to be subdivided by intersecting zones of faulting 

and fracturing, the majority of which are oriented NNW-SSE and WSW-ENE. 

 Map View  

Subsea Depth (ft) 

Date 
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Seismicity Slice Analysis and Fracture Zone Interpretation 
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Seismicity Slice Analysis and Fracture Zone Interpretation 
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Seismicity Slice Analysis and Fracture Zone Interpretation 
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Seismicity Slice Analysis and Fracture Zone Interpretation 

“Magnitude 4 Divide” 
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3D Analysis of Injection Well Options 

Induced Seismicity Relationships   

Blue Arrow is Cross Section View Angle 

The wells within slice NW01 are shown in both views  

(a portion of the well is within corridor) 

January 1984 through July 2016 seismic events* within slices SE01, NW01 and NW02 are shown in both views  

12 

7/8 

17 

11 

5/6 

9/10 

3 

14 

Sea Level 

5000’ Subsea 

10000’ Subsea 

= Water Injection Target 

Map View View From Southeast (Along Azimuth 320°) 

* USGS Tomographic Double Difference Refined Hypocenters  
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3D Analysis of Injection Well Options 

Induced Seismicity Relationships  

The wells within slice NW01 are shown in both views  

(a portion of the well is within corridor) 

January 1984 through July 2016 seismic events* within slices SE01, NW01 and NW02 are shown in both views  

Blue Arrow is Cross Section View Angle 

Top Felsite Surface 

Top Steam Contours 

Sea Level 

5000’ Subsea 

10000’ Subsea 

View From Southeast (Along Azimuth 320°) Map View 

Cobb Creek  

Unit 12 

7/8 

17 

11 

5/6 

9/10 

3 

14 

= Water Injection Target 
Fluid Flow into Fractured 

Granitic Intrusion (Felsite) 

* USGS Tomographic Double Difference Refined Hypocenters  
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3D Analysis of Injection Well Options 

Induced Seismicity Relationships  

The wells within polygon NW01 are shown in both views  

(a portion of the well is within corridor) 

January 1984 through July 2016 seismic events* within polygon NW01 are shown in both views  

Blue Arrow is Cross Section View Angle 

Top Felsite Contours  

Enhanced for Slice NW01 

(thick black lines) 

Sea Level 

5000’ Subsea 

10000’ Subsea 

View From Southeast (Along Azimuth 320°) Map View 

Cobb Creek  

Unit 12 

7/8 

17 

11 

5/6 

9/10 

3 

14 

Top Felsite Surface 

Top Steam Contours 

= Water Injection Target 

* USGS Tomographic Double Difference Refined Hypocenters  
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3D Analysis of Injection Well Options 

Induced Seismicity Relationships  

 

The wells within polygon NW01 are shown in both views  

(a portion of the well is within corridor) 

1984-2016 seismic events within polygon NW01 are shown in both views  

Cobb Creek  

Unit 12 

7/8 

17 

11 

5/6 

9/10 

3 

14 

Top Felsite Surface 

Top Steam Contours 

Blue Arrow is Cross Section View Angle 

Top Felsite Contours  

Enhanced for Slice NW01 

(thick black lines) 

= Water Injection Target 

Sea Level 

5000’ Subsea 

10000’ Subsea 

Unit 12 Water Injection Target: 

Induced seismicity animations suggest that fluid flow has primarily 

descended northeastward within the permeable Graywacke interval 

overlying less permeable Felsite.  

 

Propose a well track encountering a substantial portion of the 

permeable (brittle and fractured) Graywacke interval directly above the 

Felsite.  

 

Fluid flow does penetrate Felsite fracture systems in other areas, 

including the Unit 14 area to the southwest. 

View From Southeast (Along Azimuth 320°) Map View 
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3D Structural Model Building with Paradigm Geophysical SKUA GOCAD Software 

 
 

 

 

 

 

 

 

 

Map View 

Oblique View From SSE 

Field Outline 

Top Felsite 

Top Granitic Intrusion (Felsite) 

color-scaled by depth 

Top Hornfelsic  

Graywacke 

translucent tan surface 

Top Steam Contours 

color-scaled by depth 

Topographic Surface Slice SW01 

color-scaled by depth 

Well Slice SW01 

271 well segments; 216 with lithology logs 
Southeast 

Top Serpentinite Slice SW01 

light purple 

Base Serpentinite Slice SW01 

dark purple 

Northwest 

Slice SW01 

Model constraints include lithology logs for over 1000 well 

“segments”, temperature logs, pressure logs, tracer analysis 

patterns, heat flow patterns, reservoir history matching, 

surface geologic maps and induced seismicity hypocenters  

Vertical exaggeration of 1.25 x 

Subsea Depth (feet) 
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3D Structural Model Building with Paradigm Geophysical SKUA GOCAD Software 

2003 to 2016 Induced Seismicity Animation; Slice SW01  
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Top Granitic Intrusion (Felsite) 

color-scaled by depth 

Top Hornfelsic  

Graywacke 

translucent tan surface 

Top Steam Contours 

color-scaled by depth 

Well Corridor SW01 

271 well segments; 216 with lithology logs 
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light purple 

Base Serpentinite Slice 

dark purple 

Topographic Surface Slice 

color-scaled by depth 

Southeast Northwest 

Seismic Event Depth (Feet)  

Induced seismicity patterns 

appear to be indicative of fluid 

flow pathways and boundaries 
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3D Structural Model Building with Paradigm Geophysical SKUA GOCAD Software 

Fracture Network Interpretation (in progress) 
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Top Granitic Intrusion (Felsite) 

color-scaled by depth 

Top Hornfelsic  

Graywacke 
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color-scaled by depth 

Well Corridor SW01 
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Southeast Northwest 
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Oblique View From SSE 
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3D Structural Model Building Goal: Improved reservoir management and induced seismicity  

mitigation through a refined understanding of fluid flow paths, fluid boundaries, reservoir  

heterogeneity and reservoir compartmentalization. 

 

 

 

 

 

 

 

Date 

Induced seismicity patterns 

appear to be indicative of fluid 

flow pathways and boundaries 

35 



36 

Top Granitic Intrusion (Felsite) 

color-scaled by depth 
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3D Structural Model Building Goal: Improved reservoir management and induced seismicity  

mitigation through a refined understanding of fluid flow paths, fluid boundaries, reservoir  

heterogeneity and reservoir compartmentalization. 

 

 

 

 

 

 

 

Black points are fieldwide  

2003-2016 seismic events 

Date 
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Induced Seismicity Analysis and 3D Structural Model Building 

Summary 
 

 

 

 

Present Capabilities 

Synchronized Water Injection / Induced Seismicity Analysis 

3D Well Planning 

3D Real-Time Drilling Analysis 

In Progress 

Seismicity Mitigation 

Refinement 3D Reservoir Model / Flow Simulation 

Reservoir Management 

3D Cell-Based 

Structural Model  

Test Volume  

in Central Geysers 
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Geothermal Industry Outreach 
  

   
Geothermal Resource Council Annual Meeting 

Sacramento, California, USA 

23-26 October 2016 

 
Geysers Update Session 

Tuesday, 25 October 2016; 1:30 pm to 3:40 pm 

 
Overview and Valley Fire Update                                                 

   Jim Kluesener      

   Vice President Regional Operations; Geysers 

Geology Introduction                                                                   

   Mark Walters        

   Senior Geologist  

Induced Seismicity Analysis and 3D Structural Model Building      

   Craig Hartline       

   Senior Geophysicist 

Geochemical Monitoring                                                             

    Melinda Wright     

    Senior Geologist  

Steamfield and Wells                                                                   

   John Farison         

   Senior Engineering Project Manager 

Power Plants                                                                                

   Tim Conant          

   Director of Geothermal Engineering 

 

 
 
 

 

 

 

 

 

 

High Efficiency “Super Rotor” 

Sonoma Unit 3 Power Plant 

SR-1 Pump Station 

Quicksilver Unit 16 Cooling Tower Rebuild  
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Additional Seismic Monitoring and Research 
  

  

41st Workshop on Geothermal Reservoir Engineering, 

Stanford University, Stanford, California 

February 22-24, 2016, SGP-TR-209 

 

Three-Dimensional Structural Model Building, Induced 

Seismicity Analysis, Drilling Analysis and Reservoir 

Management at The Geysers Geothermal Field, Northern 

California 

 
Craig S. Hartline1, Mark A. Walters1, Melinda C. Wright1, Corina K. Forson2 

and Andrew J. Sadowski3 

 

1 Calpine Corporation, 10350 Socrates Mine Road, Middletown, CA 95461 

 

2 Washington State Department of Natural Resources, 1111 Washington 

St. SE, Olympia, WA 98504 

 

3 Nevada Bureau of Mines and Geology, University of Nevada, Reno, NV 

 

“This is anticipated to contribute to reservoir management 

and induced seismicity mitigation efforts at The Geysers.” 
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Additional Seismic Monitoring and Research 
California Energy Commission Electric Program Investment Charge (EPIC) Program  

Approval of Grant Funding Opportunity 16-301 

 
  

  

Accepted Proposal: 

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

Processing 
 

Applicant                                                                                 Project Partners 

Lawrence Berkeley National Laboratory                                   Array Information Technology  

                                                                                                Calpine Corporation 

 

Project goals include the development of an advanced, low-cost, automated tomographic imaging system that uses micro-

earthquakes to form high-resolution spatial and temporal images of subsurface fluid flow, flow barriers and heterogeneity in 

producing geothermal fields. The project will focus on micro-earthquake imaging challenges that are unique to geothermal 

reservoirs, which can include complex fracturing and faulting, heterogeneous overburden and limited seismic velocity 

control.  

 

Better 3D (and 4D) subsurface resolution is anticipated to assist with seismicity mitigation efforts at The Geysers.  
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Additional Seismic Monitoring and Research 
California Energy Commission Electric Program Investment Charge (EPIC) Program  

Approval of Grant Funding Opportunity 16-301 

 
  

  

Project Team and Tasks 

Productive 

Steam Reservoir 

Outline 

Project Location 

Top Granitic Intrusion (Felsite) 

color-scaled by depth 

      2017                 2018                  2019 

Schedule 

Location 
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Early Detection and Warning System for Natural Earthquakes 

 
Primary Goal 

Automated control (and shutdown) of natural gas, electricity and water supply for refineries, chemical plants, 

public schools, medical facilities, … 

 

 

 

 

 

 

 

 

 
Two test sensors at The Geysers Prati 32 well pad. 

Installation date 15 September 2014. 

Tied in to Calpine power and communications. 

 

Geysers Project Goals 

Refinement of event detection software to: 

o Avoid false positives (caused by human activity) 

o Distinguish between: 

 smaller seismic events typical of The Geysers 

              these should be ignored  

 large seismic events (earthquakes)    

              triggering automated warnings and shutdowns 

Seismic Monitoring Advisory Committee Meeting 

Seismic Research Collaboration with Seismic Warning Systems 
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Early Detection and Warning System for Natural Earthquakes 

 
Primary Goal 

Cost-effective cloud-connected seismic network that provides  

earthquake early-warning and high-resolution shake maps. Designed  

to complement existing scientific solutions with the addition of  

low-cost mobile and wireless sensors. 

 

Hybrid approach to reduce casualties and provide structural engineers, utilities, transportation officials, and 

property owners with unprecedented near real-time information about the shake hazards. Backed by the 

National Science Foundation ($250,000) and Verizon ($1,000,000). 

 

Geysers Project Goals 
Initial sensor placement at the Calpine Geothermal Visitor Center for testing of network and firewall issues. 

Future expansion into The Geysers geothermal field for refinement of automated event detection and warning. 
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Seismic Research Collaboration with Zizmos 
 

  

Low cost MEMS* sensor 

Available Networking and Cloud Computing 

* Micro Electro-Mechanical Systems  

Early Warning Can Save Lives ! 
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Research Collaborations 
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