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The threat of triggering earthquakes is preventing the 

rapid development of new energy technologies

Basel geothermal project. 
(KEYSTONE/Georgios Kefalas)

Induced seismicity is a concern for shale gas 

development, geothermal energy, and 

geologic carbon sequestration.

Activating hidden faults is the main concern.

Goal: to develop a better approach to geological 

site characterization and early hazard detection.

Approach: combine techniques for analyzing 

microseismic data with a physics-based model to 

forecast microseismic cloud evolution. 

Field data sets: Newberry and Basel



Injecting fluids into the subsurface can trigger significant 

earthquakes.

Microseismicity due to injection is 

driven by changes in pressure

This microseismicity illuminates the 

subsurface and can potentially 

allow us to:

• Observe the growth of the pressure 

plume.

• Identify faults.

• Identify fabric, if moment tensor 

characteristics can be measured 

accurately.

• Ultimately, predict the evolution of the 

plume as injection procedes.Microseismicity at Basel



We want a precise image of the cloud of 

microseismicity and how it changes over time.

State of the Art: 
• Crude Earth models.

• Poor earthquake 

locations.

• Limited ability to resolve 

small magnitude events.

3 months of microseismicity at the Newberry geothermal 

injection site.

Techniques:

• Ambient Noise 

Correlation

• Bayesian Location

• Matched Field 

Processing



We want to increase the resolution of the catalog by 

identifying very small events

(Matched field processing)



Newberry microseismicity: October – December 2012

Events identified beneath the 

geothermal fields:
• The original Foulger Consulting 

catalog (207 events)
• MFP earthquake detection code 

was able to identify 240 additional 
events.

Depth view showing newly detected 
events as spheres. 
• Circles are color coded to indicate 

the number of new events 
detected. 

• Catalog events designated as a 
master event (red dots). 

• Catalog events not used as master 
events (black dots).



Sensors 

Events Location  
Point Estimates  

Deep events 

Shallow events 

Bayesloc: 

• Links observed data to 

unobserved parameters

• Simultaneously locates 

multiple microseismic 

events

Constraints on 

• Arrival-time data

• Travel time model,

• Location parameters. 

Locate the microseismicity to identify tectonic features 



Uncertainties in microseismic locations are very large.

Event locations with their 95% ellipsoids.

BayesLoc characterizes the uncertainty 
associated with the seismic location. 

Vertical errors are significantly larger 
than the horizontal errors, primarily due 
to the recording station geometry. 

At Newberry, two seismic swarms are 
most likely occurring in distinct regions of 
the reservoir.

(Gardar Johannesson and Steve Myers)

And the same is undoubtedly 

true of moment tensor 

estimates.



Seismic models can be used to predict travel times and 

estimate location.

12/01/2012 event at 3.2 km

Prediction of P and S arrivals. 

Used to calculate location of the microseisms.



The data are much more complicated than the predictions

12/01/2012 event at 3.2 km
Very simple models only explain a fraction of

the seismic record



Seismic Interferometry : ambient noise correlation



Creating a 3D model of the Newberry geothermal site

Ambient noise correlation

• 1 month of data

• 22 Newberry network

• 12 CC, UO, UW stations

• 231 paths in network

• 402 unique paths total

• 0.1 – 2 Hz : long paths

• 0.5 – 8 Hz : 5 – 10 km paths

• 0.6 – 15 Hz : short paths

• Depth resolution 5 km

• Vp, Vs, estimate of Qs
Map of the Newberry experiment, 
conducted by AltaRock Energy.



Ambient noise correlation: identifies large variations in seismic 

velocity both laterally and vertically

We are able to image highly detailed structures from the surface through the zone of 

microseismicity.

Vp, Vs,  and radial variations in Q.



The precision of the 3D model allows us to predict where the 

microseismicity will occur. 



The 3D model is precise enough to capture much of the 

complexity seen in the seismic records.

Record of the 12/01/2012 event recorded at NB19 (black) compared with synthetics from the 
reference 1D (green) and 3D (red) models.



We can use subtle changes in the waveform to precisely 

locate the seismicity
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• Identify faults as they become illuminated by the microseismicity

• Predict the growth of the pressure front 

• Will enable us to avoid and mitigate induced seismicity.

State of the Art: 
• Faults at risk of slipping 

are too small to detect in 

advance.

Technique:

• The Virtual Seismometer 

Method (VSM)

We want to identify significant faults in real time.



Magnitude is dependent upon rupture length, risk depends on 

magnitude…

Fault trace inferred from 

connecting the 

microseisms

Focal mechanisms indicate a 

series of shorter en echelon 

fractures, not a single feature

Focal mechanisms reveal slip 

direction parallel to the inferred fault 

trace, supporting a single feature

Low Risk High Risk



back propagating the cross 

correlated signal 
classical adjoint (Tromp et al, 2005)

Using correlated signals we can estimate the Green’s function between two 

microquakes. 



Focal mechanisms can be measured using amplitude of the 

VSM signal



VSM signal is very sensitive to the relative location of the 

sources

2 sources vertically offset create

a distinctive bullseye pattern.
2 sources laterally offset create

a simple linear pattern.



Image the permeability field and forecast future 

plume growth.

Technique:
• Hydromechanical Inversion: We derive a permeability 

model for the field that is consistent with the observed 
data. This permeability model will then be used to 
forecast future plume evolution near coherent 

seismogenic features. 

State of the Art:

• No time and space dependence
• Cannot forecast microseismic cloud growth

Growth of the microseismic cloud is driven by 

pressure front evolution.  

If we knew the permeability field a-priori, we could 

model future cloud growth as a diffusion process.

The objective is a physics-based but data-constrained 

model



Hydromechanical modeling: Re-thinking microseismic 

data as a network problem.
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• Individual microquakes are viewed 

as nodes of a network.

• Links between events indicate fluid 

flow path

Efficient graph optimization algorithm:

Search for network that satisfies three criteria:
• The network connects all microseismic events to 

the injector along some path 

• The timing of all events along a particular flow 
path is consistent with a triggering front 
propagating at finite speed along that path

• The overall length of the connected graph is 
minimized.



Flow network analysis: Following the growth of the plume

Plan View

Injection point

CO2 plume

Figure:  “Flow network” analysis of Basel EGS microseismic cloud based on a directed min-tree algorithm.
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Conclusions:

At Newberry, we have demonstrated the ability to image highly detailed 

structures from the surface through the zone of microseismicity. 

• This 3D image is accurate enough to predict the scattered energy 

seen in  seismic records.

• This allows us to more precisely measure the microseismicity 
associated with fluid injection.

We have demonstrated that the VSM technique is capable of 

recovering source parameters including location and focal mechanism 

and has resolution similar to an ideal "virtual seismometer".

We have begun to develop a “flow network” analysis of Basel EGS 

microseismic cloud based on a directed min-tree algorithm.



Conclusions

Ambient Noise Correlation (the "virtual 

earthquake" method) provides high resolution 

on scales ranging from hand samples (mm) to 

continents (1000s of km). 

• It can be employed anywhere seismometers can 

be installed in large numbers.

• Since it completely strips away the need for 

earthquake or artificial sources, experiments can 

be designed explicitly to the problem at hand. 

At Newberry, we are able to image highly detailed structures from the 

surface through the zone of microseismicity. 

• This 3D image is accurate enough to predict the scattered energy seen in  

seismic records.

• This will allow us to more precisely measure the microseismicity associated 
with fluid injection.


