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Disclaimer 

Federal Requirements under the Underground Injection Control Program for Carbon 
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Executive Summary

Federal Requirements Under the Underground Injection Control (UIC) Program for 
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Definitions 

Area of Review (AoR)

  

Boundary condition parameters

Capillary Pressure

Computational code 

Computational model

Confining zone 
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Constitutive relationship

Equation of state

Geologic sequestration (GS)

Geophysical surveys

Governing equation

Ground Penetrating Radar (GPR)

Heterogeneity

Hysteresis

Immiscible

Initial conditions

Intrinsic permeability

Model calibration
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Multiphase flow

Numerical Artifacts

Parameter

Relative permeability

Sensitivity Analyses

Stochastic Methods

Underground Injection Control Program

Underground Source of Drinking Water (USDW)
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1. Introduction 

UIC Program Class VI Well Site Characterization Guidance

UIC Program Class VI Well Construction Guidance

UIC Program Class VI Well Testing and Monitoring Guidance. 

UIC Program Class VI Well Project Plan Development Guidance
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1.1. Overview of the Class VI Rule AoR and Corrective Action Requirements
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Figure 1-1: Flow Chart of Monitoring and Modeling at a GS Project. 
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UIC Program Class VI Well Project Plan Development Guidance

1.2. Organization of this Guidance 
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2. Computational Modeling for Geologic Sequestration

model
code
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Figure 2-1: Equations of State for Carbon Dioxide.
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2.1. Modeled Processes
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2.2. Model Parameters

UIC Program Class VI Well Site Characterization Guidance
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Table 2-1: Model Parameters for Multiphase Fluid Modeling of Geologic Sequestration.

Parameter Description Estimation Methods Dimensions 

Hydrogeologic Properties  

Intrinsic Permeability 
Represents properties of the 

subsurface that impact the rate 
of fluid flow. 

See the UIC Program Class 
VI Well Site Characterization 
Guidance, and Section 2.2.1 

of this guidance 

L2 

Porosity 

The relative volume of void 
space within a formation. 

Controls the volume of carbon 
dioxide that may be stored. 

See the UIC Program Class 
VI Well Site Characterization 

Guidance 

Dimensionless 
 

Capillary Pressure 

The pressure difference across 
the interface of two immiscible 
fluids (e.g., carbon dioxide and 

water) 

Calculated based on fluid 
saturations (see Section 
2.2.2 of this guidance) 

M/LT2 

Relative Permeability 

Factor that determines the 
decrease in permeability for a 
fluid due to the presence of 

other immiscible fluids 

Calculated based on fluid 
saturations (see Section 
2.2.2 of this guidance) 

Dimensionless 
 

Fluid Pressure 
Force acting on a unit area, 

measure of the potential energy 
per volume of fluid 

See the UIC Program Class 
VI Well Site Characterization 

Guidance 
M/LT2 

Temperature Measure of the internal energy 
of a fluid 

See the UIC Program Class 
VI Well Site Characterization 

Guidance 
Temperature 

Formation Compressibility 
Measure of change in aquifer 
volume with a change in fluid 

pressure 

See the UIC Program Class 
VI Well Site Characterization 

Guidance 
LT2/M 

Water Saturation 
The percent of system void 
space occupied by aqueous 

fluids 

See the UIC Program Class 
VI Well Site Characterization 

Guidance 

Dimensionless 
 

Carbon Dioxide Saturation 
The percent of system void 
space occupied by carbon 

dioxide 

Calculated by the 
computational model 

Dimensionless 
 

Storativity 

The volume of fluid released 
from storage per unit decline in 

head per unit area of the 
formation 

See Standard References, 
e.g., Fetter, 2001 Dimensionless 

Fluid Properties  

Viscosity Measure of the internal 
resistance to flow 

Calculated based on 
equations of state, also 

influenced by fluid 
composition (see Section 

2.2.4 of this guidance) 

M/LT 
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Parameter Description Estimation Methods Dimensions 

Density The mass of a fluid per unit 
volume 

Calculated based on 
equations of state, also 

influenced by fluid 
composition (see Section 

2.2.4 of this guidance) 

M/L3 

Composition 

Molecular makeup, by volume 
or mass, of a fluid. 

Measurement of salinity, 
concentration of trace 

compounds 

See the UIC Program Class 
VI Well Site Characterization 

Guidance 
M/L3 

Fluid Compressibility The change in volume of a fluid 
from a unit change in pressure 

See Standard References, 
e.g., Perry and Green, 1984 LT2/M 

Chemical Properties  

Aqueous Diffusion 
Coefficient 

The rate of chemical transport 
due to a concentration gradient 

See Standard References, 
e.g., Tamimi et al., 1994 L2/T 

Aqueous Solubility 
The maximum concentration of 
a chemical (e.g., carbon dioxide) 
dissolved in the aqueous phase 

Salinity, temperature and 
pressure dependent (see 

Spycher et al., 2003; 
Spycher and Pruess, 2005) 

M/L3 

Solubility in Carbon Dioxide 

The maximum concentration of 
a chemical (e.g., water) 

dissolved in separate-phase 
carbon dioxide. 

Temperature and pressure 
dependent (see Spycher et 

al., 2003; Spycher and 
Pruess, 2005) 

M/L3 

Fluid injection and withdrawal rates  

Injection Rates Injection rates at each well Planned site 
operational data L3/T 

Withdrawal Rates Any fluid withdrawal rates 
within model domain 

Measure rates for wells 
conducting pumping 

within the AoR 
L3/T 

Boundary Conditions 
Fluid pressures and/or flow 

rates at the edges of the model 
domain 

Tested in conjunction with 
model extent, to ensure no 
artificial influence on model 

results 

Varies 

Fluid injection and withdrawal rates (Continued)  

Initial Conditions 
Fluid pressures and/or flow 

rates within the domain at the 
beginning of the model run 

Based on pre-injection site 
characterization data, see 
the UIC Program Class VI 
Well Site Characterization 

Guidance 

Varies 
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Parameter Description Estimation Methods Dimensions 

System Orientation and Simulation Controls  

Model Extent (domain) The lateral extent of the model 
in all directions 

Tested in conjunction with 
boundary conditions, to 

ensure no artificial influence 
on model results 

L 

Number of Model Layers Model vertical discretization 

Based on conceptual site 
model of site stratigraphy, 
see the UIC Program Class 

VI Well Site Characterization 
Guidance 

Dimensionless 

Layer Thickness Vertical extent of each model 
layer 

See the UIC Program Class 
VI Well Site Characterization 

Guidance 
L 

Grid Cell Size Lateral size of each model cell 

May vary throughout 
domain, as dictated by 
conceptual model and 

computational necessities 

L2 

Model Timeframe The complete duration of the 
model run 

Tested to ensure long 
enough to allow for 

pressure decline to pre-
injection conditions 

T 

Time Step Size 
The duration of each temporal 

interval during the model 
timeframe 

Often controlled by code, 
tested to ensure small 

enough to not artificially 
influence results 

T 

L = Length; M = Mass; T = Time 

2.2.1. Intrinsic Permeability
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UIC Program Class 
VI Well Site Characterization Guidance

UIC Program Class VI Site Characterization 
Guidance
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2.2.2. Relative Permeability and Capillary Pressure 
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Figure 2-2: Example Relative Permeability-Saturation and Capillary Pressure-
Saturation Relationships for Water and Carbon Dioxide.

. 
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UIC Program Class VI Well Site Characterization 
Guidance



UIC Program Class VI Well Area of Review 19
Evaluation and Corrective Action Guidance

2.2.3. Injection Rate

2.2.4. Fluid Properties and Equations of State

2.2.5. Mass-Transfer Coefficients
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2.2.6. Mineral Precipitation Kinetic Parameters

2.2.7. Model Orientation and Gridding Parameters
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2.3. Computational Approaches

2.3.1. Numerical Approaches
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2.3.2. Analytical, Semi-Analytical, and Hybrid Approaches

2.4. Model Uncertainty and Sensitivity Analyses
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2.5. Model Calibration 



UIC Program Class VI Well Area of Review 24
Evaluation and Corrective Action Guidance



UIC Program Class VI Well Area of Review 25
Evaluation and Corrective Action Guidance

Box 2-1. Model Calibration Case Study: Frio Brine Pilot Project

Figure 2-3: Geologic Schematic of Frio Brine Pilot Project. The arrow at top indicates the north direction.  
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Box 2-1. Model Calibration Case Study: Frio Brine Pilot Project, continued

Slr
m

Slr m

Slr
m

Figure 2-4: Observed and Modeled Carbon Dioxide Arrival at the Observation Well Based on Change in 
Fluid Density. 

Figure 2-5: Observed and Modeled Pressure Increase at (a) the Injection Well and (b) the Monitoring 
Well (from Doughty et al., 2007).
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Box 2-1. Model Calibration Case Study: Frio Brine Pilot Project, continued

Figure 2-6: Comparison of (a) Initial and (b) Post-Calibration Model Predictions of Carbon Dioxide 
Plume Evolution. 
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2.6. Existing Codes used for Development of GS Models
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3. AoR Delineation Using Computational Models

UIC Program Class VI Well Project Plan 
Development Guidance 

UIC Program Class VI Implementation Manual

3.1. AoR Delineation Class VI Rule Requirements
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3.2. Data Collection and Compilation 

UIC Program Class VI Well Site 
Characterization Guidance

3.2.1. Site Hydrogeology 

UIC Program Class VI Well 
Injection Depth Waivers Guidance 
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UIC Program Class VI 
Well Site Characterization Guidance

UIC Program 
Class VI Well Site Characterization Guidance

3.2.2. Operational Data 
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3.3. Model Development

A Note Regarding Hypothetical Examples

3.3.1. Conceptual Model of the Proposed Injection Site 
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Box 3-1. Hypothetical Example of a Conceptual Site Model

Figure 3-1: Hypothetical Conceptual Site Model for Geologic Sequestration. 
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Box 3-1. Hypothetical Example of a Conceptual Site Model, continued
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3.3.2. Determination of Physical Processes to be Included in the Computational 
Model

3.3.3. Computational Model Design 

3.3.3.1. Computational Code Determination 
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3.3.3.2. Model Spatial Extent, Discretization, and Boundary 
Conditions

3.3.3.3. Model Timeframe

3.3.3.4. Parameterization
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3.3.4. Executing the Computational Model

a priori

3.4. AoR Delineation Based on Model Results
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3.4.1. Determination of Threshold Pressure Front

Method 1. Pressure front based on bringing injection zone and USDW to equivalent hydraulic 
heads (applicable to under-pressurized case only).  

, = +  ( )

= +  ( )
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UIC Program Class VI Well Site Characterization Guidance

Figure 3-2: Fluid Density Functions for Varying Salinities.
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Method 2. Pressure front based on displacing fluid initially present in the borehole (applicable 
to hydrostatic case only). 

= ( )
=
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Methods for over-pressurized cases.
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Box 3-2. Hypothetical Example of an AoR Delineation

·

Figure 3-3: Hypothetical Geologic Sequestration Site: Cross Sectional Schematic and Calculations. 
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Box 3-2. Hypothetical Example of an AoR Delineation, continued

Pi,f

Pi,f Pi,f

Pf

Pi,f

Pi,f
Pi,f
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Box 3-2. Hypothetical Example of an AoR Delineation, continued

Figure 3-4: Hypothetical Geologic Sequestration Site: Model Predicted Maximum Pressure Within the 
Injection Zone. 
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Box 3-2. Hypothetical Example of an AoR Delineation, continued

Figure 3-5: Hypothetical Geologic Sequestration Site: Model Predicted Extent of Supercritical Carbon 
Dioxide Plume Over Time. 
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Box 3-2. Hypothetical Example of an AoR Delineation, continued

Figure 3-6: Hypothetical Geologic Sequestration Site: Initial Area of Review Based on Model Results. 
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3.5. Reporting AoR Delineation Results to the UIC Program Director 

UIC Program Class VI Well Project Plan Development Guidance

UIC Program Class VI Well 
Recordkeeping, Reporting, and Data Management Guidance for Owners and Operators.
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4. Identifying Artificial Penetrations and Performing Corrective 
Action 

UIC Program Class VI Well Testing 
and Monitoring Guidance

4.1. Rule Requirements
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4.2. Identifying Artificial Penetrations within the AoR 

UIC Program Class VI Well Construction 
Guidance
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4.2.1. Historical Research
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4.2.2. Site Reconnaissance

4.2.3. Aerial and Satellite Imagery Review

4.2.4. Geophysical Surveys 
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4.2.4.1. Magnetic Methods
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4.2.4.2.

Figure 4-1: Total Field Aeromagnetic Map, Cook Creek Oil Field, Arcadia, Oklahoma.  



UIC Program Class VI Well Area of Review 56
Evaluation and Corrective Action Guidance

4.2.4.3. Electromagnetic Methods

4.2.4.4. Ground Penetrating Radar

4.3. Assessing Identified Abandoned Wells 
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4.3.1. Abandoned Well Plugging Records Review  
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Figure 4-2: Examples of Carbon Dioxide Leakage Through Improperly Abandoned Wells. 
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UIC Program Class VI Well Construction 
Guidance
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UIC Program Class 
VI Well Testing and Monitoring Guidance

4.3.2. Abandoned Well Field Testing 

UIC Program Class VI Well Testing 
and Monitoring Guidance
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Table 4-1: Tools for Assessment of the Integrity of Abandoned Wells. 

Tool Target Advantages Disadvantages 

Multifinger calipers Casing Non-destructive, relatively 
simple 

Only examines interior, only 
detects casing damage 

Sonic Logs Cement Non-destructive, yields 
information on cement bond 

Results averaged over well 
circumference, can’t indicate 
reasons for poor quality bond 

Ultrasonic Logs Casing, 
Cement 

Non-destructive, can detect 
flaws in casing and cement, 
provides three-dimensional 

images  

Sensitive to well fluids 

Cement evaluation log Cement 
Non-destructive, yields 

information on quality of 
cement bond 

Results averaged over well 
circumference 

Tracers Leak 
detection 

Can pinpoint routes of leaks, 
channeling 

Radioactive tracers require special 
handling and may have negative 

public perception 

Dynamic Cased Hole 
Tester Cement Can determine porosity of 

cement 
Semi-destructive, untested in low 

porosity conditions 

Sidewall coring Cement Can give detailed analysis of 
cement condition Destructive 

4.4. Performing Corrective Action on Wells Within the AoR 
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UIC Program Class VI Well Testing 
and Monitoring Guidance
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Figure 4-3: Well Evaluation Decision Tree. 
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4.4.1. Plugging of Wells within the AoR 

UIC Program Guidance on Class VI Well Plugging, Post-Injection Site 
Care, and Site Closure

UIC Program Guidance on Class VI Well Plugging, Post-Injection Site Care, and Site 
Closure 

UIC Program Class VI Well Construction 
Guidance
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4.4.2. Remedial Cementing

4.5. Reporting Well Identification, Assessment, and Corrective Action to the UIC 
Program Director

UIC Program Class VI Well Project Plan Development Guidance
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5. AoR Reevaluation

5.1. Class VI Rule Requirements Related to AoR Reevaluation



UIC Program Class VI Well Area of Review 69
Evaluation and Corrective Action Guidance

5.2. Conditions Warranting an AoR Reevaluation 

5.2.1. Minimum Fixed Frequency

5.2.2. Significant Changes in Operations
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5.2.3. Results from Site Monitoring that Differ From Model Predictions

UIC Program Class VI Well Testing and Monitoring 
Guidance.
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.

5.2.4. Ongoing Site Characterization

5.3. Performing an AoR Reevaluation 
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Box 5-1. Hypothetical Example of an AoR Reevaluation

Figure 5-1: Hypothetical Geologic Sequestration Site: Comparison of Model Predictions and Plume 
Monitoring Results at 20 Years of Injection.
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Box 5-1. Hypothetical Example of an AoR Reevaluation, continued

Figure 5-2: Hypothetical Geologic Sequestration Site: Comparison of Model Predictions and Pressure 
Monitoring Results at 20 Years of Injection. 
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Box 5-1. Hypothetical Example of an AoR Reevaluation, continued
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5.3.1. Demonstrating Adequate Existing AoR Delineation 

5.3.2. Modifying the Existing AoR Delineation
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Box 5-2. Hypothetical Example of a Presentation of the Revised AoR

UIC Program Class VI
Well Project Plan Development Guidance

Figure 5-3: Hypothetical Geologic Sequestration Site: Initial AoR Delineation and Delineation after 
Reevaluation.
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