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Presenter
Presentation Notes
The overall goal is to improve the characterization of geothermal reservoirs by developing joint and time-lapse joint inversion of several geophysical methods with two goals: 1) for exploration, provide a better definition of the potential target to drill  (perform a better delineation of the geothermal resource) and 2) optimize and monitor ground water and heat flows in order to produce a reservoir at its optimum. This is a collaboration between the Colorado School of Mines and ORMAT. Project objectives: We propose to develop a general framework for the time-lapse joint inversion of geophysical data (especially seismic, gravity, magnetic, in-situ temperature, self-potential, and DC resistivity, MT and CS-AMT data) to (i) reduce the cost of geothermal exploration by providing a better picture of the plumbing system of geothermal fields (consistent with topic #5) and (ii) to monitor fluid flow during the exploration of these geothermal fields, especially during fracturing tests and pumping tests (consistent with topic #4). This approach involves the following steps: (1) We plan to develop a deterministic joint inversion of geophysical data that are sensitive to the structure of the subsurface (units and faults) (based on structural inversion) (2) develop a framework for the joint inversion of geophysical data that are sensitive to fluid flow (resistivity, self-potential, in-situ temperature data) in order to get a better estimate of the permeability tensor distribution, (3) Coupled these methods with a fluid flow simulator like TOUGH2/TOUGHREACT/COMSOL to reduce also the non-uniqueness of the inverse problem. This approach will be demonstrated on a test case corresponding to the Jersey Valley geothermal field (Nevada) developed by ORMAT and will be commercialize by ORMAT. These methods will be used to develop and validate this geophysical approach to accelerate the growth of geothermal energy in the US and to discover new geothermal resources.
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Relevance/Impact of Research 

Objectives of the project 
• Forward modeling geophysical response with fluid flow/heat modeling 
• Joint inversion (stochastic/deterministic) for ground water flow imaging  
• Combined passive and active geophysical methods /new methods 
• Technical feasibility at Jersey Valley geothermal field (Nevada)   
 

Impact on costs 
• Decrease of the costs of drilling through better characterization targets 
• Better management of existing fields through time lapse geophysics 
• Methodologies can be easily transferred to other DOE test sites 
• ORMAT can use the new approaches for both production and  
  site management 

Presenter
Presentation Notes
Technical Merit, Innovation, and Impact. While the joint inversion of geophysical data is presently used to monitor oil and gas reservoirs or for exploration purpose in the oil industry (see recently the work of Exxon for instance to combine CSAMT with seismic), a similar effort has not been done for the geothermal energy incorporating different geophysical methods in a joint inversion. We propose to develop new methods to integrate geophysical data (surface and downhole measurements) and new methods to perform time-lapse geophysical monitoring during EGS stimulations in order to (1) decrease the cost of drilling (2) get a better insight about the plumbing system of geothermal field and especially inverting, in a stochastic framework, the permeability structure. A state-of-the art of geophysical joint inversion will be provided below. Our research is divided in two steps: (i) the development the first year of the algorithms and tests on both synthetic and existing real datasets (ii) the second and third years an application to a geothermal field in Nevada operated by ORMAT (second and third years of the project). These new approach will be commercialize by ORMAT in the US. The goal is to decrease cost for exploration by better defining the targets to drill. In terms of monitoring, the goal is to use time lapse geophysics to produce a geothermal reservoir a the right level without depleting the heat over time.
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Scientific/Technical Approach 

Reservoir Modeling (1) Seismic properties  
(2) Resistivity (m and n) 
(3) Effet of saturation  

Petrophysics 

(1) Multiphase flow 
(2) Multiscale porous  
      media 

Geology and texture 

(1) Joint inversion 
(2) Time-lapse 
(3) Seismic+EM 
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Presenter
Presentation Notes
The key word is integration of the geophysics (static and timelapse), petrophysics, geology, and reservoir modeling (multiphase flow, deformation, fracking, pumping tests) to better understand the plumbing system of geothermal field and to produce a geothermal field at the optimum level. There are some similarities in the way geophysics is used in enhanced oil recovery (EOR) to optimize the production of an oil reservoir. 
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Accomplishments, Results and Progress 

Original Planned Milestone/ 
Technical Accomplishment 

Actual Milestone/Technical 
Accomplishment 
 

Date 
Completed 
 

Task 1 Assemble & Assess Data 
 

Milestone 1 Previous data compiled  01/01/2013 

Task 2 Joint Inversion Model (CSM) 
      

Milestone 2: Meetings (ORMAT/CSM) 
 
Milestone 3 Codes released 
 

01/01/2013 
 
01/01/2013 

Task 3 : Database (ORMAT and CSM) 
      
Task 4 Petrophysics 
 
Task 5 Testing EM system 
      
Task 6 Acquisition Planning 

Milestone 4: Measurements complete 
 
Milestone 5: Petrophysics 
 
Milestone 6: Acquisition plans 

01/01/2013 
 
In progress 
 
In progress 
 
01/01/2013 

PHASE 1 Assemble Data & Model Development 

Decision Point: Go - No go" Decision of field acquisition  (January 2013) 
 
Publications: 8 publications in the peer-reviewed literature 
 

Presenter
Presentation Notes
Task 1 - Assemble and Assess Data Assemble and Assess Data. Prior data collected both at Jersey Valley, Nevada, and at an analog volcano sites in Italy will be gathered, assessed, and edited.  This will provide the initial data sets to begin building the inversion routines as well as catalog the data all ready available for Jersey Valley. The field work at Stromboli will be done in January 2012 at no cost for DOE. Task 2- Formulate Joint Inversion Model CSM: Formulate Joint Inversion Model. Joint inversion code will be developed and tested using the existing data.  This will be a “beta” version of the code ready for testing. ORMAT will provide data to test the code. Task 3 - Establish Database ORMAT with CSM: Establish database of data and results in a Geographic Information System (GIS). Task 4 - Rock Samples Gathered from Jersey Valley: ORMAT will help in gathering rock sample from Jersey Valley. CSM: Measure samples from Jersey valley. Complex resistivity, density, porosity, permeability and ultrasonic compressional and shear velocities will be measured on selected samples from Jersey Valley.  This information will allow us to calibrate the remote geophysical measurements. Task 5. Testing of the Electromagnetic System  CSM will calibrate and test the Controlled Source AudioMagnetoTelluric system (MT/CS-AMT) and evaluate the feasibility of joint inversion with seismic or other data.  This evaluation will initially be done in the vicinity of CSM where data is available and then in the Upper Arkansas Valley (CO) near the Mt. Princeton Geothermal field where CSM has collected seismic and resistivity data in a previous DOE project. Task 6 - Acquisition Planning Acquisition Planning. Field acquisition for surveying, self-potential, resistivity, gravity, etc. will be planned between ORMAT and CSM.  This includes considering staff capabilities, land access, permits, environmental and safety conditions.  A detailed plan is needed for both our base surveys and all time-lapse surveys projected. 
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Publications (Phase 1 of the project) 

Karaoulis M., A. Revil, A., J. Zhang, and D.D. Werkema, Time-lapse cross-gradient joint inversion of cross-well DC 
resistivity and seismic data: A numerical investigation, Geophysics, 77(4), D141–D157, 2012. 
 
Karaoulis M., A. Revil, D.D., Werkema, P. Tsourlos, , and B.J. Minsley, IP4DI SOFTWARE: A 2D/3D time lapse 
tomographic algorithm for DC resistivity, induced polarization, and frequency-domain induced polarization data, 
Computers and Geosciences, 2012.  
 
Revil A., A. Jardani, J. Hoopes, M. Karaoulis, C. Colwell, M. Batzle, A. Lamb, and K. van Wijk, Non‐intrusive  
estimate of the flow rate of thermal water along tectonic faults in geothermal fields using the self‐potential method, 
FastTIMES, 16(4), 2011. 
 
Karaoulis M., A. Revil, Minsley B., M. Todesco, J. Zhang, and D.D.Werkema, 4D Time-lapse gravity inversion, 
submitted to Geophysical Journal International. 
 
MacLennan, K., M. Karaoulis, and A. Revil, Complex conductivity tomography using low-frequency cross-well 
electromagnetic data, submitted to Geophysics, 2012. 
 
Byrdina S., D. Ramos, J. Vandemeulebrouck, P. Masias, A. Revil, A. Finizola, K. Gonzales Zuniga, V. Cruz, Y. 
Antayhua, and O. Macedo, Influence of the regional topography on the remote emplacement of hydrothermal  
systems with examples of Tiscani and Ubinas volcanoes, Southern Peru, Earth and Planetary Research, 2013. 
 
Soueid Ahmed, A., A. Jardani, A. Revil, and J.P. Dupont, SP2DINV: A 2D forward and inverse code for self-potential 
problems, submitted to Computers & Geosciences, 2012. 
 
Zhou J., A. Revil, M. Karaoulis, D. Hale, and J. Doetsch, Image-guided Inversion of Electrical Resistivity Data, 
submitted to Geophysical Journal International.  

Presenter
Presentation Notes
We plan a total of 15 publications in the peer-reviewed literature regarding this project. Note all the codes are released free of charge to the community through papers in Computers and Geosciences. 
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Prediction geophysical data  
through forward modeling (Task 1) 

Geothermal field: 
- Topography controls 
- Self-potential data 
- Hot springs data 
 Numerical tool: Comsol Multiphysics 4.3 

 

Presenter
Presentation Notes
This work has been recently published in EPSL in 2013. We have developed some forward simulation of how the topography influences the position of a geothermal field associated with active volcanoes in Peru. The forward modeling is used to predict the temperature of the hot springs and the self-potential field. In turn these information can be used to constrain the ground water flow / heat flow modeling.  
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Image guided inversion (Task 2) 

Image-guided Inversion of Electrical Resistivity Data 
J. Zhou , A. Revil ,M. Karaoulis  D. Hale  and J. Doetsch  

(submitted to Geophysical Journal international) 

Goal: Increase resolution resistivity inversion 

b) Image guided inversion with interpolation 

Next step: inversion MT+seismic data 
(test Upper Arkansas Valley Colorado) 

Manipulation model covariance matrix 

CLASSICAL 

NEW 

Presenter
Presentation Notes
Electrical resistivity tomography is based on solving a Poisson equation for the electrical potential and is characterized by a good sensitivity only in the vicinity of the electrodes used to gather the data.  To provide more information to electrical resistivity tomography (ERT), we propose an image-guided or structure-constrained inversion of the apparent resistivity data.  This approach uses structural information directly from a high resolution geophysical method based on the propagation equation (e.g., migrated seismic or ground penetrating radar images) or possibly from a geological cross-section of the subsurface based on some prior geological expertise.  The locations and orientations of the structural features can be extracted by image processing methods (structural tensors and semblances).  We introduce these structural constraints into the inversion of the apparent resistivity data by weighting the four-direction smoothing matrix to smooth along, but not across, structural features, so that both discontinuities and coherences are preserved. This implies that sharp and smooth features can be recovered in the inverted resistivity model.  Such a procedure can be used to get a more realistic resistivity distribution, which can be in turn used quantitatively as the recovered resistivities are closer to the true ones.  We check the validity of this approach using two synthetic case studies as well as a real dataset for which the image used to guide the inversion of the electrical resistivity data is a GPR section.
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Time lapse gravity inversion 

Karaoulis M., A. Revil, Minsley B., M. Todesco, J. Zhang, and D.D.Werkema, 4D Time-lapse gravity inversion, 
submitted to Geophysical Journal International. 

1) Forward modeling (TOUGH) 

2) Forward modeling gravity field 

True density 

3) Time-lapse inversion of the gravity data 

True density distribution 

Inverted density distribution 

(use of an active time constraint) 

2D+time inversion 

Next step: fully coupled inversion 

Presenter
Presentation Notes
Traditional methods used to invert gravity data are generally based on smoothness as a regularizer. They however provides unfocused (very smoothed) images while the target may be characterized by sharp boundaries. Gravity monitoring is also becoming an important method. The time-lapse inversion of gravity data is generally based on sequential inversion. This approach may lead however to artifacts to the propagation of errors in the sequence of tomograms. We propose a deterministic time-lapse inversion approach of gravity data combining two approaches: image focusing and a time-dependent regularizer both included directly in the cost function to minimize. Time-lapse inversion of gravity data is used to filter noise contaminated data as long as the noise is not correlated over time. Our approach can also to incorporate prior information regarding the density model to retrieve. Our forward solver is based on Comsol Multiphysics 4.3 due to its high flexibility to mesh irregular domains, a feature that is important to include realistic (unsmoothed) topography from digital elevation maps for instance. We benchmarked the accuracy of the forward modeling using analytical expression, and test the effectiveness of the focusing algorithm. We test the code for the monitoring of a geothermal field. In all these cases, the approach we follow is successful in retrieving the position of the density changes.
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Example of test of the joint inversion 
Localization of coal burning front  (Task 2) 
A. Revil, Karaoulis M., et al, In press in Geophysics 

1) Self-potential and resistivity data 

2)  Joint inversion of the geophysical datasets 

3)  Determination of the target (burning front) 

Next step: application to a geothermal target 

Presenter
Presentation Notes
Self-potential signals and resistivity data can be jointly inverted or analyzed to track the position of the burning front of an underground coal seam fire. We first investigated the magnitude of the thermoelectric coupling associated with the presence of a thermal anomaly (thermoelectric current associated with a thermal gradient). A sandbox experiment was developed and modelled to show that in presence of a heat source, a negative self-potential anomaly is expected at the ground surface. The expected sensitivity coefficient was typically on the order of -0.5 mV °C-1 in a silica sand saturated by demineralised water. Geophysical field measurements gathered at Marshall (near Boulder, CO) showed clearly the position of the burning front in both the electrical resistivity tomogram and in the self-potential data gathered at the ground surface with a negative self-potential anomaly of about -50 mV. In order to localize more accurately the position of the burning front, we developed a strategy based on two steps: (1) We first jointly inverted resistivity and self-potential data using a cross-gradient approach and (2) a joint interpretation of the resistivity and self-potential data was made using a Normalized Burning front Index (NBI). The value of the NBI ranges from 0 and 1 with 1 indicating a high probability to find the burning front (the NBI is however not strictly speaking a probably density). We validated first this strategy using synthetic data and then we applied it to the field data. We found a clear source localized at the expected position of the burning front of the coal seam fire. The NBI determined from the joint inversion is only slightly better than the value determined from independent inversion of the two geophysical dataset. 
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Coupled Inversion (Task 2)  

Wang, J., A. Revil, M. Karaoulis et al, in preparation for Geophysics 

CLASSICAL INVERSION 

NEW INVERSION 

TRUE     Multiphase flow in  
heterogeneous reservoir 

    Flow information transferred to the  
        Inverse problem in geophysics 

Presenter
Presentation Notes
We have developed a new 4D inversion approach based on the Gauss-Newton approach to invert cross-well apparent resistivity data to image the position of a saturation front in an heterogeneous reservoir. The difference with classical approaches is that this approach is based on explicitly connecting the change of resistivity to the petrophysical properties controlling the position of the front (porosity and permeability) and to the saturation through a petrophysical transform accounting for bulk and surface conductivity contributions and saturation. The distributions of the permeability and porosity are also inverted using the time-lapse resistivity data in order to better reconstruct the position of the oil water encroachment front. We get a better position of the front with the by-product of porosity and permeability inferences near the flow trajectory and close to the wells. Our numerical simulations show that the position of the front is recovered very well which is not the case with classical Gauss-Newton algorithm.
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Application to Stromboli (Task 1) 

    Joint inversion of the resistivity/gravity 
 
1) 3D resistivity tomography done 
 
2) 3D gravity inversion done 

    High resolution DEM of Stromboli 

Preparation of a paper for Nature Geosciences 

    Density at 100-200 m deep (with N. Linde, U. Lausanne) 

Presenter
Presentation Notes
Work at Stromboli. We have done 3 weeks of field work at Stromboli volcano in Italy in January 2012 and we have gathered an impressive database regarding 3D resistivity tomography and gravity in collaboration with Anthony Finizola (university of la Reunion, France) and Niklas Linde (University of Lausanne, Switzerland). The figure is showing some of the result of the inversion of the gravity data for which we used a very precise digital elevation map and bathymetry (left side). A 3D resistivity tomogram has been produce and we are presently finishing a paper for Nature Geosciences. In addition to resistivity and gravity data, we also gathered self-potential, temperature, and CO2 flux data that will be use for a 3D model of ground water flow circulations. 
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Database GIS (Tasks 3) 

1) Resistivity survey (IP) Gavity, Mag 
2) Radon-thoron soil  
3) Water chemistry 
4) Geological mapping  
5) Gravity survey  
6) 3 slim-holes data 
7) 9 full-sized wells  
8) Well-testing (flow/injection) 
9) Conceptual reservoir modeling  
10) Tracers test 
11) Leapfrog 3D structural model 
12) GIS database 
 

Presenter
Presentation Notes
ORMAT has assembled a database and the geology is discussed with Peter Drakos, the geologist of ORMAT.  The database include the data collected over the last 4 years at Jersey Valley. This database includes: 1) Shallow gradient-hole drilling (drilling history, mud log, cutting analysis), 2) Ground magnetic survey, 3) Resistivity survey (IP), 4) Soil mercury geochemistry, 5) Radon-thoron soil gas survey, 6) Water chemistry, 7) Detailed geologic mapping, 8) Gravity survey, 9) 3 slim-holes data (drilling history, mud log, cutting analysis), 8) 9 full-sized wells (drilling history, mud log, cutting analysis), 9) Well-testing (flow/injection), 10) Conceptual reservoir modeling, 11) Tracers test, 12) Leapfrog 3D structural model, and 13) GIS database. This database has been used to organize a 3D conceptual system of the geology and plumbing system of Jersey Valley.
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Application to Jersey Valley (Tasks 4 and 5) 

Profiles perform in March 2013 
 

Petrophysics and core measurements 
 

Resistivity 
 

Polarization 

Presenter
Presentation Notes
We have obtained the core samples in February 2013 (during our last visit at Jersey Valley). We have started the measurements of the following properties: complex resistivity, density, porosity, permeability and ultrasonic compressional and shear velocities. The gigure in the upper right-hand side showing some preliminary data for the in-phase and quadrature electrical conductivity of a core sample from Jersey Valley. The data shows a strong surface conductivity associated with the alteration of the material. We are going to get both some BET specific surface area measurements on these core samples and cation exchange capacity measurements to assess both the surface and quadrature conductivity and make some comparisons with the models of Revil (2012) and Revil (2013) both published in Water Resources Research. 
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Future Directions (year 2) 

Milestone or Go/No-Go Status & Expected Completion Date 
Task 6 permitting 9/1/2012  Done 
Milestone 7 –Permits obtained 1/1/2012 Done 
Phase II     Application to Jersey Valley 
                   Commercialization 
 
Task 1 Build Jersey Valley numerical model 
Milestone 8  Initial joint inversion model 
 
Task 2 Collect geophysical data 
Milestone 9 Data reduction/inversion 
 
Task 3 Joint inversion data Jersey Valley 
Task 4 Interpret results with geologic info 
Task 5 Lapse lapse acquisition 
 
Go no-go on time lapse acquisition 

 
 
 
 
10/01/2013   In progress 
 
03/01/2013   In progress 
06/01/2013   In progress 
 
06/01/2013    Not done 
08/01/2013    Not done 
08/01/2013    Not done 
 
09/01/2013     Not done 
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• Forward modeling geophysical response exploration 
• New joint inversion algorithms for exploration 
• New fully coupled inversion algorithms for monitoring 
• Forward modeling for reservoir temperature monitoring 
• Test of the inversion at Stromboli 
• Acquisitions at Jersey Valley (Nevada) 
• New acquisitions Upper Arkansas Valley (CO) 
•  Field camp at Pagosa Springs (CO) 
•  New method of time lapse geophysics 
• New method to monitor fracking 

 
 

 

Summary 



16 | US DOE Geothermal Office eere.energy.gov 

 
Timeline: 

 
 

Budget: 
 

 
 

 

 
 

Project Management 

Federal Share Cost Share Planned 
Expenses to 

Date 

Actual 
Expenses to 

Date 

Value of  
Work Completed 

to Date 

Funding  
needed to  

Complete Work 

255,586  21,000 
ORMAT 

 
24,000 CSM  

   220,447 
+21,000 
+24,000 

   
 

Phase II 
 

181,522  

 Planned   
Start Date 

Planned 
 End Date 

Actual  
Start Date 

Current  
End Date 

 1/1/2012  12/31/2012  1/1/2012 12/31/2012  

Timeline: 9/30/2011 to 12/31/2014 
– Budget   

•  Phase 1 (9/30/2011 to 12/31/2012)                   $255,586 
•  Project total cost(9/30/2008 to 2/28/2012)        $635,000 

– Partner ORMAT Technologies Inc. Cost Sharing : $151,000  
Phase 1  $21,000 
Phase 2   $85,000 
Phase 3  $45,000 
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