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Benefit to the Program  
Program goals being addressed. 

–  Develop technologies that will support industries’ ability to 
predict CO2 storage capacity in geologic formations to within 
±30 percent.  

From the RFP:  “… provide training opportunities for graduate and 
undergraduate students that will provide the human capital and 
skills required for implementing and deploying CCS 
technologies. Training can be accomplished through 
fundamental research ….   Fundamental research is needed to 
advance science in:  simulation and risk assessment; …. 
verification, and accounting; ….and integrity for long-term CO2 
storage and capture. 
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Benefit to the Program  

Our project has two goals:  training and research.  

Training:  2 M.S. and one 1 PhD student will receive degrees and can 
continue in the arena of carbon sequestration. 1 post-doctoral  
student has received technical and project-management training.  A 
university course has been developed and delivered twice.   The 
training enables advance professionals to enter  the GCS field.   

Research: (a) developing simulation methodologies to better understand 
and predict leakage of CO2 from the injection zone, and impact of 
leakage on aquifers, (b) experiments to understand impacts of CO2 
leakage on aquifer water quality.    The research should enhance 
public confidence in sequestration, and enable better prediction of 
storage efficiencies.   
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Project Overview:   
Goals and Objectives 

The primary objectives of the project are to train 
students and advance the science in two critical 
areas of risk assessment:   

(1) multi-process, multi-scale characterization and 
model simulation of the risks associated with 
leakage into overlying aquifers;  

(2) pore-scale geochemical processes in CO2 
sequestration…including mineral reactivity and 
multiphase fluid reactions, needed to assess 
the likelihood of an successful sequestration 
effort.   
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Project Overview:   
Goals and Objectives 

Success criteria:    

–  MS students complete thesis and receive graduate 
degrees 

–  PhD student completes required exams, dissertation, 
and receives PhD degree.   

–  Post-doctoral researcher achieves career position 
–  Experiments and simulations are completed. 
–  Peer-reviewed journal articles are submitted/accpted 

(goal:  1 per MS student and 3 per PhD student, and 1 
additional for the per team) 
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Project Overview:   
Goals and Objectives : Tasks 



Accomplishments to Date 
–  Alexis Sitchler (PhD Penn State) has received training as a 

project manager for this project, and recently agreed to a 
tenure-track faculty position in the Geology & Geological 
engineering Dept at CSM.  She will continue a career in 
GCS research. 

–  Erica Siirilla (B.S. Univ. Colorado) completed M.S. Thesis 
and degree (grad date Dec 2010), and entered PhD 
program at CSM.  Expected to graduate in May 2013 

–  Hannah Menke (B.S. Columbia Univ) completed her M.S. 
thesis, defends tomorrow at 9:30 am.  Will continue on to a 
PhD program in carbon sequestration at Imperial College 
(London). 

–  Katy Kirsch started an M.S. Thesis (Hydrology) in May.   
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Accomplishments to Date 
–  Developed and delivered (twice) a graduate-level course 

(ESGN/GEGN 598) on carbon sequestration, focusing on 
fundamental applied concepts and papers from the literature.    
More than 35 graduate students received training via course.   

–  Post-Doc (Navarre-Sitchler) and two PhD students (Siirilla, 
Wunsch) participated in teaching carbon sequestration and/
or risk in ESGN/GEGN 598 and ESGN/GEGN 581 (risk 
assessment).   

–  2 M.S. Theses completed (Siirilla and Menke) 

–  3 peer-reviewed papers completed.  

–  Risk assessment methodology created.  

–  Experimental protocal developed, experiments underway   
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Technical Status 

Because this is a training grant, we have 
arranged this section by student: 

•  Erica Siirilla 
•  Hanna Menke 
•  Katie Kirsch 
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CO2 plume 

A:	  CO2	  leakage	  and	  
dissolu2on	  of	  metals	  

B:	  Heterogeneous	  flow	  
and	  transport	  of	  
metals	  

C:	  Possible	  capture	  in	  
one	  or	  more	  down-‐
gradient	  wells	  

D:	  Water	  delivery	  
system	  to	  many	  
different	  households	  

E:	  Household	  exposure	  
and	  health	  risk	  via	  
mul2ple	  pathways	  
to	  varying	  
individuals	  

Siirilla 1. Development of a Quantitative Human 
Health Risk Framework for CO2 Leakage  





•  Mul2-‐component,	  
nonlinear	  
geochemical	  
reac2ons	  and	  fluid	  
transport	  

•  Run	  un2l	  a	  steady-‐
state	  metal	  
concentra2on	  and	  
pH	  are	  achieved	  

Steady-state  
Concentration 

Initial 
Concentration 

?	  

(A) At	  the	  leakage	  source: 	   	  	   	  	  (B)	  Far-‐field	  aquifer:	  

•  Steady-‐state	  
concentra2on	  from	  
(A)	  used	  as	  ini2al	  
metal	  concentra2on	  

•  Contaminant	  plume	  
modeled	  with	  a	  
par2cle-‐tracking	  
technique	  

•  Linear	  reac2ons	  	  

Drawing Connections Between Geochemical Reactions and 
Aquifer Transport at Different Scales 

Answers questions such as, 
“How does mineralogy 
composition affect the risk?” 

Answers questions such as, 
“How does aquifer 
stratification affect the risk?” 



•  Initialize variable 
parameters 
• Uncertain parameters 
unchanged 

Outer,	  Uncertainty	  Loop	  

Stochastic Monte Carlo Simulations 

Inner,	  Variability	  Loop	  

Includes a Robust, Probabilistic Treatment of Risk:  
The Nested Monte Carlo Approach 



Yields Risk as a Function of Uncertainty and Variability 
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Example simulations show: 

1.  The specific metal mobilized in the 
event of CO2 leakage greatly affects 
the outcome of risk 

2.  Hydrologic aquifer properties such 
as the degree of stratification and 
local dispersion greatly affect the 
magnitude and distribution (i.e. 
uncertainty) of risk 

3.  Risk is sensitive to the hydrologic 
flow parameters and warrants 
further examination in CCS risk 
assessment 



SiiriIIa 2: Investigating how kinetic sorption and local 
dispersion influence risk. 

2.  Kinetic (rate-dependent) sorption 
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1.  Local (sub-grid) dispersion 
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96 ensembles  
Per ensemble:  
•  200 

realizations 
•  4 wells 

76,800 BTCs 
for statistical 
analysis 

1.  Sorption: 
•  Equilibrium 
•  Kinetic “slow” 
•  Kinetic “fast” 
•   Tracer 

2.  Local dispersion 
•  Pe = ∞ 
•  Pe ≠ ∞ 

3.  Anisotropy 
•  ε = 0.1 
•   ε = 0.006 

4.  Mean groundwater 
velocity 
•  v = 0.001 m/d 
•  v = 0.01 m/d 
•  v = 0.1 m/d 

5.  Continuous and pulse 
sources 

An Expansive Sensitivity Analysis Was Conducted 

Siirila and Maxwell 



1.  Even when equilibrium 
conditions were expected 
based on Da number (i.e. slow 
groundwater velocities), the 
effect of kinetic reactions is 
apparent 

- Faster breakthrough, lower peak 
concentration, but more tailing 

- Higher overall risk 

2.  The inclusion of local dispersion in non-sorbing solutes 
(i.e. a tracer) yields either apparent retardation or 
acceleration when the simulated aquifer is highly 
anisotropic – higher calculated risk 

Significant Findings Include: 

c) Kinetic, possibility 2 
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Implications: Carcinogenic, Human Health Risk 
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Shaded Area: ED 

Cmax
Blue line:  
average obtained 
from a moving ED 
window 

C

C
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Black line:  
Environmental 
concentration max 

Risk is only calculated during this time of contamination 

Question1: How can risk outside of this Exposure Duration (ED) window 
influence an assessment? 
Question2: How does the assessment change given varying concentration 
signals? 
Question3: How is risk affected by the size of the ED window? 

Siirilla 3: The Development of a Time Dependent Risk 
Assessment (TDRA) framework 
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b) Average Exposed Individual, LEA                 
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 Risk Scenario 1   

Using two contamination 
scenarios, TDRA yields 
1.  Information on how risk 

changes as a function of 
time: d(Risk)/dt 

2.  A comparison of risk 
duration versus magnitude  

Percent of time over the 
RAL: 
-  Scenario 1: 63%  
-  Scenarios 2: 93% 

Consider higher risk over a 
shorter period of time?  Or a 

lower risk over a longer period 
of time? 

 Risk Scenario 2    

d(Risk)/dt 

d(Risk)/dt 



Menke:   Numerical multiphase simulations to 
investigate leakage through a fault 
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High Performance Computing: 

•  Conducted at Golden Energy Computing Organization (GECO).  
• Simulations run for 3 years of injection,  then 0.5 years for 
pressure/saturation equilibration.  
•  > 1,000,000 degrees of freedom in each simulation 
•  1 simulated year of CO2 injection:  ~10 days (wall-clock time) on 
128 processors (30,700 CPU hrs) 
•  Suite of simulations used approx 1,500,000 CPU hrs 

Recently, won the best student 
presentation at the Front 
Range Consortium for 
Research Computing 
Symposium 



Leakage Pathways: Conceptual Model: 

Numerical Model:   PFlowTran (LANL) 



Base Case and Variation of Parameters: 
•  Base Case created from known literature values. 
•  Varied parameters to try and understand leakage constraints: 

–  Injection Points Horizontal Distance from Fault 
–  Injection Rate 
–  Fault Permeability 



Base Case 
Parameter 

Value 

Fault Perm 1x 10-12 m2 

Caprock Perm 1x 10-19 m2 

Formation Perm 1x 10-9 m2 

Injection Rate 1 kg/s 

Fault Dimensions 
[x,y,z] 

5m x 10m x 25m 
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Menke:  Findings 

- Brine leakage may increase for conditions where CO2 
leakage decreases (lower injection pressures, further 
distance from fault) due to relative permeability 
considerations 

-  Reduction in buoyancy (denser SC CO2)  at larger times 
can cause decreases in CO2 leakage and increases in brine 
leakage 

- Leakage rates do not scale linearly with injection rates, 
permeability, and distance from the fault. 

- If a leak is detected, leakage can be stopped “relatively 
quickly” by turning off injection (fast ramp down). 



Kirsch:  Dissolution Experiments with      
         Siliclastic Rocks     

Samples were collected from outcrop of the 
Mesaverde Group in northwestern Colorado in 
Routt County. 

These sandstones currently yield water to wells 
for local domestic and agricultural purposes, 
and have the potential for increased 
groundwater development in a water-scarce 
future. 

(1) 

(2) 

(3) 

To  investigate the geochemical response of 
sandstone aquifers to CO2 leakage 

Outcrop of the Mesaverde 
Group 



47% 

11% 

28% 

7% 
4% 3% 

Quartz 
Kspar 
Clay 
Porosity 
Other 
Plag 

Which minerals are likely controlling the 
aqueous concentration of trace metals?  

Rock 
Characterization: 

•  Point count 
•  Whole rock 
•  XRD 
•  BET surface area 
•  Sequential 

extraction 
•  SEM/EDX 

(1) (2) 

(3) 



Experiments:  How does the fluid composition 
and microbiology change with time at elevated 
CO2 partial pressures? 



Results so far:  Dissolution of silicate rock 
can buffer pH 

0.10 mm 



Summary: Lessons Learned 
- Aquifer heterogeneities are important in risk calculations 

- Kinetic reactions with local dispersion can result in lower peak 
concentrations, but earlier arrival and longer tails, thus higher calculated 
risk 

- Temporal risk calculated considering longer exposure durations with 
smaller concentrations important in evaluating the true risk 

- Brine leakage may increase for conditions where CO2 leakage 
decreases (lower injection pressures, further distance from Fault) due to 
relative permeability-pressure considerations 

- If a leak is detected, leakage can be stopped “relatively quickly” by 
turning off injection (fast ramp down). 

- Typical sandstone minerals can buffer acidity during leakage into 
aquifers 
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Summary: Future Work 

-  Siirilla to complete PhD dissertation. 

-  Menke successfully defend thesis 

-  Complete paper on multiphase simulations of leakage 
through faults. 

-  Complete experiments, evaluate metal release and 
impact on microbes from sandstones at typical aquifer 
pressures. 

- Kirsch to complete M.S. Thesis 

- Complete paper on experiments. 35 
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Questions? 



Appendix 
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Organization Chart 
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Project Overview:   
Goals and Objectives : Milestones 


