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Background: The EFRC Program
• Department of Energy:
–Office of Basic Energy 

Science
• Requirements: 
–Basic Research 
–Collaborative Research  
–Publications
–US Scientific Workforce 

(Students)



GSCO2 Overview
• Overarching question:

What are the mechanisms of injection-induced 

microseismicity, and can we control and predict its 

occurrence?

• Research to include 
• microseismicity, 
• mechanical and seismic properties, and 
• transmission of energy.



DOE Basic Research Need-Grand Challenge:

• Use-inspired basic research
• Recognized uncertainty and 

limitations to CO2 geologic 
storage
• Strategically identified basic 

research expected to alleviate 
observed risk in large-scale 
deployment of CO2 storage 

Integrated Characterization, Modeling, and Monitoring of 
Geologic Systems 

(Basic Research Needs for Geosciences:  Facilitating 21st Century Energy Systems, DOE, 2007)
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Themes Organizations

GSCO2 Research Themes and Organizations

• Microseismicity
• Geology
• Reactions (CO2-brine-rock)
• Pore-scale pressure 

transmission
• Laboratory measurements

• ISGS/UIUC
• Los Alamos National Lab
• National Energy Technology Lab
• NORSAR
• Northwestern U.
• Schlumberger
• SINTEF
• Texas Tech U. 
• U. Notre Dame
• U. Southern California
• U. Texas-Austin



How can we unravel the links 
between induced microseismicity 
and the stress field?

Small, critically stressed fractures slip 
due to small in-situ stress field

changes, via minor increases in pore 
pressure

Microseismicity: NORSAR, Schlumberger, SINTEF, UIUC

• Shear wave splitting
– Observed temporal changes in 
“fast” and “slow” shear waves
– Associated with fractures and 
stress field changes
• Event cluster characterization
– Waveforms of succession of 
microseismic events within 
individual clusters

• Big block test
– Cubic meter rock (block), cut 
diagonally, and stressed 
– Pore pressure increased to 
induce slippage
• Pore pressure-fracture zones
– Continuum scale modeling of 
pressure perturbations within 
fracture zones 
– short term and localized pressure 



Energy released due to interface 
movement

• First large block experiment 
of slippage along fracture 
due to pore pressure change 
via a simulated wellbore 
under 3D stress field.
• Testing hypothesis that 

seismicity occurs on critically 
stressed fractures via small 
pore pressure changes
• Collaboration: Laboratory 

(TerraTek, SINTEF), 
Computational (NORSAR, 
UIUC)

Injection Induced Seismicity: Large-Scale Laboratory Test



Mapping recorded AEs

Big “Acoustic Emission” Bang

• 22 injections of different viscosity 
fluids; 

• 36,000 localized AEs recorded; two 
sliding events (i.e. acceleration) 
occurred

• Under low differential stresses, no 
sliding of interfaces was recorded;

• Pore pressure increase up to 145 
psi (<1 MPa) did not cause 
acceleration of sliding, 

• Fracture oriented  45 deg to the 
stress field, was relatively strong 
and difficult to slide. 

• Relatively high pore pressure 
required to cause intensive AEs



How do reservoir-scale geologic 
features relate to geomechanical 
and seismic rock properties?

Geologic features of the reservoir and 
crystalline basement control injection-
induced energy transmission that may lead 
to microseismicity.

Reservoir-scale Geology: TTU, NORSAR, UIUC

• Great Unconformity
– Weathering characterization of 
the upper crystalline basement in 
relation with topography
• L MtS facies
– Facies analyses 
– Ancient (outcrop) and modern 
(surface) analogs

• Natural fracture characterization
– 3d characterization from natural 
analogs (outcrop)
• Pore pressure-basement
– Continuum scale modeling of 
pressure perturbations near 
geologic features (basement highs) 
– short term and localized pressure
• Refined provenance
– Testing Hafnium isotope



Surficial Basement Characterization

Strengths and Weaknesses, Highs and Lows

• Investigating the effects of various 
basement conceptual models in controlling 
injection induced energy transmission that 
may lead to microseismicity 

Simplified earth models St. Francois Mts. outcrop, southeast MO

• Lithology: Granite in topographically lows or on top of 
high. Granite altered with elevated clay component.

• Fractures: Rhyolite has regularly spaced and linear 
fractures that are radially oriented around topographic 
highs. Fractures in granite likely clay lined.

Basement Surface Hypothesis



Uncovering the crystalline basement

Patterns indicate rock types below the great 
unconformity in the Granite-Rhyolite Province 
(black outline)

St. Francois Mountains outcrop (black oval) 
provides an exposed analogue of suspected 
buried calderas.

(DEM,	Marshak	et	al.	2017)) 

Red indicates ancient volcanic rocks, predominantly rhyolite
Blue indicates magma intrusion, predominantly granite

Crystalline Basement Lithology
• Well cuttings used
• Nearly 3000 well penetrations of 

the crystalline basement
• Eight state full/partial coverage



How do CO2, brine, rock reactions 
affect the geomechanical and 
seismic rock properties?

Geochemical reactions alter the stress 
field and reduce mineral strength along 
grain boundaries, thus promoting fracture 
propagation and microseismicity.

Geochemical Reactions: UTA, USC, NETL UIUC 

• Micromechanical properties
– Sample surface map of hardness 
using nano-indention 
– New nano-scratch test 
• Clay swelling
– Strain induced clay swelling
– Perporometry and He 
pycnometry

• Flow paths and pore structure 
alteration
– mapping pore structure changes 
from CO2 reaction and flow 
experiments
– PET scan, FTIR
• Mineralogical alterations
– Related to mechanical properties



Nanoscale Investigation of Mechanical Properties

Depth =6925 ft

Depth =6924 ft

Depth =6927 ft

Quantifying mineralogy and morphology influence the 
micromechanical properties

- CO2-brine-rock reactions result in an alteration in 
mechanical properties and pore structure

- Nanoprobing
- 180 x 180 µm
- 400 locations, 9 µm apart

- Map of the different geomechanical microconstituents
- Correlated to the mineralogy, morphology, and pore 

structure
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Red (4)-quartz; Green- K-Feldspars/Clays (3, 2); Dark Blue (1)-pores



Geochemical Rx: Strengthening or Weakening? 

Static	aging	experiment Flow-through	aging	experiment

Multi-scale	conceptual	model	
of	Mt	Simon	sandstone

Testing the hypothesis that CO2-rock
interactions alter the constitutive
behavior of the rock
- After exposure to CO2-rich brine during 
static and flow-through experiments, an 
increase in nanoporosity and microporosity
is recorded with decrease in K-Feldspar.

Multi-scale micromechanical modeling 
connects nanoscale performance to the 
constitutive response at the 
macroscopic level (cohesion and 
friction angle).
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Red (4)-quartz; Green- K-Feldspars/Clays (3, 2); 
Dark Blue (1)-pores



How does pore fluid pressure 
transmit energy in porous and 
fractured media?

Flow path heterogeneity leads to localized 
pore pressure increases, leading to 
localized solid skeleton failure or slippage 
of existing cracks, inducing microseismicity.

Pore-scale Pressure Transmission: UIUC, ND, USC, NETL 

• Rock skeleton-microcracking
– Local stress concentration due to 
pore and mineral distributions
– Initiation of microseismicity
• Core-scale fracture initiation 

model
– Upscaled from pore-scale 
images and characteristics
– Fracture generation, termination 
and propagation

• Microfluidic experiments
– Liquid CO2-water flow 
– Heterogeneous 2d model
– Compressible and 
incompressible rock skeleton
• Advanced pore-scale imaging
– Effects of mechanical stressing, 
and CO2-brine flow reactions



Physical Model (green) vs. LB Model 
(red)

• First direct comparison 
(images) of detailed experiment 
and simulation of CO2
displacing water at pressure in 
realistic pore geometry.
– Lab: high pressure flow cell with 
imaging at pressure
– Simulation: new Lattice 
Boltzmann optimization and 
memory management algorithms

• Collaboration: Environmental 
fluid mechanics (Notre Dame) 
and computational science 
(UIUC)

Pore Scale Modeling: Numerical Meets the Physical

Good	agreement	between	simulation	and	experiment
Discrepancy	likely	due	to	significant	reduction	of	inertia	(simulation)



Inertial effects alters the flow 
pathways

Exploring Inertial Effects at the Pore Scale
• Absolute values of the viscosities 

were further increased while the 
viscosity ratio and capillary 
number were constant.
– Secondary CO2 pathways were 
suppressed, as the viscosities 
increased.

• Due to low CO2 viscosity and high 
local velocity (Haines jumps), 
inertial effects were significant.

• Conclusion: a potential limitation to 
use of proxy fluids that only rely on 
the capillary number and viscosity 
ratio in both experiment and 
simulation 



How can measurements of 
geomechanical properties at 
pore/core scales be improved?

Distinct experiments on characterization of 
thermo-hydro-mechanical properties of rock 
will improve measurements specific to 
injection-induced microseismicity.

Geomechanical Measurements: UIUC, LANL

• Nonlinear mechanics
– Linear, nonlinear wave 
propagation, and vibrations
– Micro-fractured rock samples 
• Geomechanical measurements
– Relationship between 
microstructure and microseismic 
events

• Nonequilibrium energy states
– Low temperature electrical 
resistivity 
– Nano-scale fractures
– Relationships between 
thermodynamic state and 
microstructure/rock skeleton



Cryogenic experiments (70ºK) with 
small-scale samples (2x 6 mm)

Hypothesis: A small perturbation can 
cause an abrupt displacement of sand 
grains in a critical state
Purpose: reveal metastable states by 
removing energy from rock by reducing 
temperature to absolute zero
Test: 
• coat surface of samples with metallic 

films 
•place 250 µm electrical contacts w/ 

leads
•measure electrical resistivity during 

cooling and heating
Samples: 1) Berea sandstone, 2) 
solid, continuous, single-crystal Silicon 
wafer, and 3) Silica-glass etching

Energy transmission through grains 

Sand	stone	(top)	is	coated	with	a	thin	Al	film	(~500	nm)	and	a	
controlled	sample	is	also	coated	with	a	similar	film.	
Indium	electrical	contacts	

Search for critical metastable 
states in Berea sandstone 



Observed	jumps	in	Berea	ss
resistance	(compared	to	
continuous	materials)	
suggests	microfractures

Electrical Disruptions and Microfracture Propagation

The	film	breaks	where	a	single	sand	
grain	shifts.	Thus	jumps	of	the	
electrical	resistance	were	observed.	

Proposed	microscopic	model

Concept:	shifts	of	sand	grains

Curve	1:	Sandstone.	Curve	2:	Etched	
silica	wafer.	Curve	3:	smooth,	silica	
wafer.		All	coated	with	a	530	nm	Al	film.
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