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Presentation Outline 
•  Benefits 
•  Project Overview 
•  Technical Status 

–  Premise  
–  Observations and Active Experimentation 

•  Meso-Scale Observations 
–  Appropriate Caprocks  
–  Velocity-Stepping Experiments – permeability and stability 
–  Slide-Hold-Slide Experiments – permeability and recurrence 

•  Micro-Scale Observations  
–  Sintering 
–  xCT Imaging  

–  Analysis at Micro-Scale 
•  Digital Rock Physics (DRP) models – permeability and stability 
•  Continuum – permeability and stiffness  

•  Accomplishments 
•  Synergistic Opportunities 
•  Summary 
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Benefit to the Program  
Addresses:  
Area of Interest 1, Geomechanical Research 
…….to determine the constraints of whether seals transected by blind faults will 
fail seismically or aseismically when contacted by increased reservoir 
pressures including CO2 and the implications of this rupture on seal breaching 
and loss of inventory.  
Relevance to FOA (“in italics”) 
This project will provide: 
“improved understanding of geomechanical processes and impacts critical to 
scCO2 injection operations.  
This [project specifically] includes [and integrates]: theoretical studies, [and] 
laboratory, work to: 
(a) evaluate and assess the probability of induced seismicity;  
(b) understand, characterize, and measure potential permeability changes from 
slip along existing faults; and  
(c) understand and assess the geomechanical behavior and effects of 
increased reservoir pressure on fractures, faults, and sealing formations.”  
This will include……. 
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Project Overview:   
Goals and Objectives 

Examine geophysical and mineralogical controls of caprocks on: 
•  Fault slip – Stable/unstable or aseismic/seismic 
•  Permeability evolution – Sense and magnitude 
•  Potential for seal breaching – Permeability and capillary behavior 
Including: 
•  Nature, form and rates of weakening that condition whether fractures and 

faults fail either seismically or aseismically 
•  Nature, form and rates of healing that define whether fractures may 

strengthen and then re-fail on multiple successive occasions, and  
•  Permeability evolution (enhancement or destruction) that is driven on 

fractures as a consequence of these behaviors 
•  Feedbacks on healing conditioned both by physical and chemical 

transformations and the redistribution of mineral mass driven by fluid 
transport.    



Technical Status & Methodology 
Background 
•  Felt seismicity 

–  Stable versus unstable slip 
•  Mineralogical controls 
•  Geometric (stiffness) controls 

•  Seal breaching 
–  Evolution of permeability and capillarity characteristics 

Methodology 
•  Collect, Synthesize and Characterize Sedimentary Formation Samples (Fitts, Lead) 

–  Collect Homogeneous and Mineralogically Complex Sedimentary Rocks (Peters)   
–  Sinter Mineral Mixtures to Create Idealized Analogs of Sedimentary Rocks (Fitts)   
–  Conduct Baseline Characterization of Natural and Synthetic Caprocks (Fitts)   

•  Laboratory Experimentation (Elsworth, Lead)   
–  Evolution of Fault Rheology and Transport Parameters (Elsworth) 
–  3D Imaging of fault contact area, fault geometry, and mineralogy & textures (Fitts)   

•  Modeling for Response and for Caprock Screening (Elsworth, Lead)   
–  Digital Rock Physics Modeling of Response (Elsworth) 
–  Caprock Screening Heuristics (Peters, Fitts)  5 



Seismic – vs- Aseismic Events 

6 ![Peng and Gomberg, Nature Geosc., 2010] 

  Mw = 8 4 0   Mw = 6
  1s

  1 day

  1 hour

 1min

  1 year

  1 month

Seismic Moment (N.m) [Magnitude] 

D
ur

at
io

n 
(s

) [
se

cs
 ->

 y
ea

rs
] 



7 

(a-b > 0)
Velocity Strengthening

(a-b < 0)
Velocity Weakening

aln
(V

/V
0)

bln
(V

/V
0)

Co
ef

fic
ien

t o
f F

ric
tio

n 

(a-b)ln(V/V0)

DC

DC

Loading Point Displacement

V0 V  > V0

τ

Fracture Plane

σn
V0

σn

τ

ks Vlp

ks

(b)

(a) (c)

σn

τ

Two Layers of 
Frature Gouge

50 mm x 50 mm x 5mm

Saturated in 
Zipper Bag

Filled with DI water

τ:	
  Shear	
  stress	
  
σn:	
  Normal	
  stress	
  
Ks:	
  Fracture	
  s5ffness	
  
V0:	
  Ini5al	
  velocity	
  
Vlp:	
  Load	
  point	
  velocity	
  
Dc:	
  Cri5cal	
  slip	
  distance	


0>−ba

0<−ba

sc KK >

sc KK <

Stability  mediated  by  a-‐‑‒b  and  Kc  
and  upscaled  in  situ  via  Ks�

Requirements for Instability (Seismicity) 

Kc =
σ n (b − a)

Dc

a − b



8 

Mineralogical Controls on Instability 
[Ikari et al., Geology, 2011] Friction 

Stability (a-b) 

Velocity Weakening  
(unstable slip) 

Velocity 
Strengthening  
(stable slip) 
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[Niemeijer, Elsworth et al., GRL, 2009] 

Frictional Response of Mixtures 
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Permeability – Seismicity Coupling

Measuring (a-b) Values of Shale/Artificial Samples 
1.  Velocity step and SHS experiments: a-b values and healing rate
2.  Measuring Dc values to determine the critical stiffness and 

critical fracture length
3.  Determine permeability evolution with different fracture 

roughness. 
4.  Coupling seismic behavior/stability and permeability evolution
5.  Comparing the response to water and CO2-brine
6.  Develop a constitutive model that can predict or explain the 

changes in permeability
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Evolution of Fault Rheology and Transport Parameters 
Apparatus 
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Rate-State Friction, Porosity and Permeability
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VS  Experiments  on  Permeability�
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Detrending  Permeability  Data�
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3D	
  Imaging	
  of	
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3D	
  Imaging	
  of	
  fracture	
  contact	
  area,	
  fracture	
  geometry,	
  and	
  mineralogy	
  &	
  textures	
  
Synchrotron	
  based	
  x-­‐ray	
  tomography	
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Amherstberg	
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Synthetic Caprock Analog 
Reproduce Mineralogically Complex Sedimentary Caprock Formation  

Mineral	
  content	
  of	
  green	
  river	
  shale	
  sample	
  by	
  X-­‐
ray	
  diffrac=on	
  (Yildirim,	
  2014)	
  

An=cipated	
  mineral	
  content	
  distribu=on	
  of	
  
fabricated	
  sample	
  	
  

Resedimenta=on	
  Apparatus	
  Assembly	
  
(Schneider	
  et	
  al.,	
  2011)	
  

Resedimented	
  
Sample	
  

Dead	
  Weight	
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Digital	
  Rock	
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  Response	
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Digital	
  Rock	
  Physics	
  Modeling	
  of	
  Response	
  
Simulated	
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Digital	
  Rock	
  Physics	
  Modeling	
  of	
  Response	
  
Mineralogical	
  Influence	
  on	
  Shear	
  Strength	
  of	
  Simulated	
  Fault	
  Gouge	
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Digital	
  Rock	
  Physics	
  Modeling	
  of	
  Response	
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Modeling	
  Fracture	
  Evolu5on:	
  	
  
Coupling	
  Reac5ve	
  Transport	
  &	
  Geomechanics	
  

Reac5ve	
  Transport	
  Model	
  
i)  Transport	
  

ii)  Aqueous	
  Specia5on	
  

iii)  Dissolu5on	
  Kine5cs	
  

Mechanical	
  Deforma5on	
  Model	
  
-­‐  Pyrak-­‐Nolte	
  &	
  Morris,	
  2000	
  	
  
-­‐  Model	
  fracture	
  as	
  two	
  half	
  spaces	
  

separated	
  by	
  cylindrical	
  asperi5es	
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Stressing	
  Reacted	
  Fractures	
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Accomplishments to Date 
–  Caprock Mineralogy 

•  Defined range of anticipated caprocks 
•  Prescribed experimental suite 
•  Acquired samples: Eagle Ford, Green River Shale and Opalinus 

–  VS and SHS Experiments 
•  Refined experimental equipment and protocols 
•  Completed first shale observations with water 
•  Developed mechanisms-based understanding of evolution RSF-k 

–  Imaging 
•  Frozen post-test fractures  
•  Completed first imaging and segmentation of sheared fractures in vivo 

–  Modeling 
•  Developed DRP models for friction – compared with mixtures data 
•  Developed RT models for stiffness and permeability evolution of fractures 
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Synergistic Opportunities 

– TILT.princeton.edu
– Linkages with URLs and 

field experimentation 
•  Seismicity-permeability 

correlations 
•  Linkages across scales for 

upscaling 
– Concurrent NETL projects 

•  Linkage between structural 
domains and materials 
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Summary 

31 

•  Rupture of caprocks is a potentially important issue in CCS where: 
–  Large overpressures may result from CO2 injection 
–  May result in seismic (felt) or aseismic rupture 
–  May result in loss of inventory 

•  Absent and needed are data/information to constrain: 
–  Seismic and aseismic reactivation of faults/fractures – distribution of felt/aseismic events? 
–  Healing of faults/fractures – what are event recurrence intervals? 
–  Evolution of multiphase flow and transport properties – likelihood of breaching and loss? 

•  Develop methodologies for: 
–  Integration of process measurements and imaging at microcscale 
–  Scaling microscale-to-mesoscale via digital rock physics models as a new tool 

•  Apply to CCS by: 
–  Enabling the screening of potential caprock materials for suitability and durability 
–  Providing a consistent view of the likelihood and consequences of breached seals on 

seismic risk and loss of inventory for candidate CO2 storage reservoirs. 

 



Appendix 
Following 
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Organization Chart/ Communication Plan 

Communication plan:  Biweekly Skype [Oct 23; Nov 6, ….] 
   Biannual meeting 
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Gantt Chart 
SCHEDULE of TASKS and MILESTONES

PI Y1Q1 Y1Q2 Y1Q3 Y1Q4 Y2Q1 Y2Q2 Y2Q3 Y2Q4 Y3Q1 Y3Q2 Y3Q3 Y3Q4
O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S

Elsw orth

Fitts
sedimentary formation samples
SubTask 2.1 – Collect Homogeneous and Mineralogically Peters
Complex Sedimentary Rocks 
SubTask 2.2 – Sinter Mineral Mixtures to Create(Fitts) Fitts
 Idealized Analogs of Sedimentary Rocks 
SubTask 2.3 – Conduct Baseline Characterization of Fitts
Natural and Synthetic Caprocks (Fitts)

Elsw orth
Subtask 3.1 -- Evolution of Fault Rheology Elsw orth
and Transport Parameters 
Subtask 3.2 -- 3D Imaging of fault contact area, fault Fitts
geometry, and mineralogy & textures 

Elsw orth
Subtask 4.1 -- Digital rock physics of response Elsw orth
Subtask 4.2 -- Caprock screening heuristics Peters/Fitts

BP1 Oct 2014 to Sept 2015 BP2 Oct 2015 to Sept 2016 BP3 Oct 2016 to Sept 2017

Task 1 -- Project management and planning

Task 2 -- Collect, synthesize and characterize 

Task 3 -- Laboratory Experimentation

Task 4 -- Modeling for Response and Caprock 
Screening
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