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DISCLAIMER	
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United 
States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial 
product, process, or service by trade name, trademark, or manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof. 
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1. Executive	Summary 
 
The Knox Project objective is to evaluate the potential of formations within the Cambrian-Ordovician strata above the Mt. Simon 
Sandstone (St. Peter Sandstone and Potosi Dolomite) as potential targets for carbon dioxide (CO2) sequestration in the Illinois 
and Michigan Basins. The suitability of the St. Peter Sandstone and Potosi Dolomite to serve as reservoirs for CO2 sequestration 
is discussed in separate reports. In this report the data gathered from the Knox project, the Illinois Basin – Decatur Project (IBDP) 
and Illinois Industrial Carbon Capture and Sequestration project (IL-ICCS) are used to make some conclusions about the 
suitability of the Maquoketa shale as a confining layer for CO2 sequestration.  These conclusions are then upscaled to basin-wide 
inferences based on regional knowledge. 
 
Data and interpretations (stratigraphic, petrophysical, fractures, geochemical, risk, seismic) applicable to the Maquoketa Shale 
from the above mentioned projects was inventoried and summarized. Based on the analysis of these data and interpretations, the 
Maquoketa Shale is considered to be an effective caprock for a CO2 injection project in either the Potosi Dolomite or St. Peter 
Sandstone because it has a suitable thickness (~200ft. ~61m), advantageous petrophysical properties (low effective porosity and 
low permeability), favorable geomechanical properties, an absence of observable fractures and is regionally extensive. Because it 
is unlikely that CO2 would migrate upward through the Maquoketa Shale, CO2, impact to above lying fresh water aquifers is 
unlikely.  Furthermore, the observations indicate that CO2 injected into the St. Peter Sandstone or Potosi Dolomite may never 
even migrate up into the Maquoketa Shale at a high enough concentrations or pressure to threaten the integrity of the caprock.  
 
Site specific conclusions were reached by unifying the data and conclusions from the IBDP, ICCS and the Knox projects. In the 
Illinois Basin, as one looks further away from these sites, the formation characteristics are expected to vary.  The degree of how 
well this data can be extrapolated throughout the Basins (regionalized) is difficult to quantify because of the limited amount of data 
collected on the Maquoketa Shale away from IBDP, IL-ICCS and the Knox projects.  
 
Data gathered from the IBDP/IL-ICCS/Knox projects were used to make conclusions about the suitability of the Maquoketa shale 
as a confining layer for CO2 sequestration. This study indicates that the Maquoketa Shale would be a suitable caprock for a CO2 
injection program in either the Potosi Dolomite or St. Peter Sandstone.  
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2. Knox	Project	Description 
 
This Knox project is part of a larger project co-funded by the United States Department of Energy (US DOE) under cooperative 
agreement DE-FE0002068 from December 8, 2009 through September 31, 2014. The objective of the study is to evaluate the 
potential of formations within the Cambrian-Ordovician strata above the Mt. Simon Sandstone as potential targets for carbon 
dioxide (CO2) sequestration in the Illinois and Michigan Basins. The Illinois State Geological Survey (ISGS) requested 
Schlumberger Carbon Services to evaluate the potential injectivity of the Ordovician age St. Peter Sandstone and the Cambrian 
age Potosi Dolomite, which is part of the Knox Supergroup. The evaluation of these formations was accomplished using wireline 
data, core data, pressure data, and seismic data acquired through funding in this project, as well as existing data from two 
additional, separately funded projects (Figure 1). The first project is the US DOE National Energy Technology Laboratory funded 
Illinois Basin – Decatur Project (IBDP). The second project, also funded by the US DOE, is the Illinois Industrial Carbon Capture 
and Storage Project (IL-ICCS). The IL-ICCS project is funded through the American Recovery and Reinvestment Act (ARRA).  
 
Generally, the Knox Project addresses the following questions: 

 Could the St. Peter Sandstone and Potosi Dolomite serve as suitable targets for CO2 sequestration at 
locations within the Illinois Basin where they lie at depths below the Underground Sources of Drinking 
Water (USDW)? 

 Is the overlying Maquoketa Shale an effective seal to stop the upward migration of CO2 into overlying 
formations and USDWs? 

 What is the risk of fracturing the seals or the reservoir and allowing CO2 to move in unanticipated 
directions?   

 How CO2 will interact with the waters and mineralogy of the seal (Maquoketa Shale) and reservoirs 
(St. Peter Sandstone and Potosi Dolomite)? 

 

3. Maquoketa	Shale	Seal	Integrity	Study	Objective 
 
The primary objective of this topical report is to address the following questions related to the CO2 sealing characteristics of the 
Maquoketa Shale: 

1. To what extent do site-specific data from the IBDP and IL-ICCS projects support the inference that Maquoketa Shale 
would be an effective caprock?  

o Is the overlying Maquoketa Shale an effective seal to stop the upward migration of CO2? 

o What is the risk of fracturing the Maquoketa Shale or the reservoir and allowing CO2 to move 
in unanticipated directions?   

o How will injected CO2 interact with the brine waters and mineralogy of the seal (Maquoketa 
Shale)? 

2. To what extent does regional information support the inference that Maquoketa Shale would be would be an effective 
caprock; generally in the Illinois and Michigan Basins, and sub-regionally in different areas? 
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3. To what extent can the site-specific and regional data be regionalized (extrapolated throughout the basins) so as to 
provide plausible inferences that are valid beyond the IBDP and IL-ICCS locations?  

 
This caprock integrity evaluation was focused on the Maquoketa Shale because it is deemed to be a much more reliable barrier to 
upward CO2 migration than the formations directly overlying the CO2 injection target zone (Potosi Dolomite and St. Peter 
formations) (Figure 2).  Formations directly overlying the Potosi Dolomite (Shakopee, New Richmond and Oneoto) are considered 
to be secondary storage formations rather than caprocks because they have porosity, high permeability and significant natural 
fracture density that would allow for CO2 movement. For similar reasons, the Supergroups (Plattesville and Galena) above the St. 
Peter Sandstone may not always be considered a caprock.  The Maquoketa Shale is considered to be an effective caprock for a 
CO2 injection project in either the Potosi Dolomite or St. Peter Sandstone because it has a sufficient thickness (~200ft.; ~61m), 
advantageous petrophysical properties, favorable geomechanical properties, and an absence of observable fractures and is 
regionally extensive. 
 
These objectives were accomplished by means of a workflow comprising the following main tasks: 

1. An inventory of available data from the IBDP, IL-ICCS and Knox projects for the Maquoketa Shale was 
compiled.  

2. An inventory of available interpretations and conclusions that was derived from data that were 
collected from IBDP, IL-ICCS and Knox projects has been summarized for the Maquoketa Shale. 

3. An inventory of available regional interpretations has been summarized. 

4. Available data, interpretations and conclusions have been integrated and a unified evaluation of the 
CO2 sealing characteristics of the Maquoketa Shale has been completed. 

5. The risks and uncertainties that are associated with this evaluation have been summarized. 

 

4. Regional	Geology	of	the	Maquoketa	Shale 
 
Within the Illinois Basin (Figure 1) a stratigraphic column presented in Figure 2 shows the position of the Knox Supergroup and 
Maquoketa Shale. The formation depths and naming nomenclature are taken directly from the local IBDP and IL-ICCS study area.  
In addition to geological variation, throughout the Illinois Basin and into the Michigan Basin, the formations often go by different 
names.  For example, the Maquoketa Shale is known as the Utica Shale in the Michigan Basin.  
 
Within the Illinois Basin, Michigan Basin, and some adjacent regions, the Knox is everywhere overlain by the St. Peter Sandstone. 
The Maquoketa Shale (or its Michigan-Basin equivalent Utica Shale) also has regional extent, and is thought to be a reliable 
caprock for CO2 injected into underlying formations of the Knox Supergroup. 
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5. IBDP and IL-ICCS Well Summary 
 
During the development of the IBDP and IL-ICCS projects, five wells have been drilled as of July 2014 with a 6th well planned.  
Table 1 provides a brief summary of the wells, the associated project and the well description. Figure 3 is a well location map 
displaying where these wells are located in relation to one another.  
 

Well 
(Short 
Name) 

Well (Long Name)  Project  Well Description  

CCS1 
Carbon Capture and 
Storage Well #1 
(CCS1) 

IBDP  CO2 injection well currently in operation. 

CCS2 
Carbon Capture and 
Storage Well #2 

IL‐ICCS  Proposed CO2 injection well not yet drilled. 

GM1 
Geophysical 
Monitoring Well #1 
(GM1) 

IBDP 
GM1 was drilled and instrumented with a permanent 
geophone array to facilitate the acquisition of time‐lapse 3D 
VSP surveys over the life of the project.   

GM2 
Geophysical 
Monitoring Well #2 
(GM2) 

IL‐ICCS 
GM2 was drilled and will be instrumented with a retrievable 
geophone array. 

VW1 
Verification Well #1 
(VW1) 

IBDP  VW1 and VW2 were designed to monitor the storage 
formation and formations immediately above the primary 
caprock using continuous pressure monitoring and 
intermittent fluid sampling.   VW2 

Verification Well #2 
(VW2) 

IL‐ICCS 

Table 1: IBDP and IL-ICCS well summary 
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Figure 3: IBDP and IL-ICCS well locatioon map 
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6. Site	Specific	(IBDP/IL‐ICCS)	Available	Maquoketa	
Shale	Data	and	Interpretations 
 
For the IBDP, IL-ICCS, and Knox projects, there have been many different types of data collected with various technology specific 
interpretations. The challenge with utilizing data from IBDP and IL-ICCS was that these data are taken from a very small area of 
the Illinois Basin and that most of the data collection and interpretation was focused on the lower lying Mt. Simon Sandstone, 
which is the CO2 target injection formation and the Eau Claire Formation, which is the primary seal. An extensive data review of 
IBDP, IL-ICCS, and Knox was completed to identify what data was available or relevant to an evaluation of the Maquoketa Shale. 
Table 2 is a brief summary of what primary types of data and previous interpretations were used for the evaluation of the 
Maquoketa Shale.  Data that are not relevant to the Maquoketa Shale are not listed. 
 

Data Type Data From IBDP Data From IL-ICCS Data From Knox 

Wireline Program 4 wells  
(CCS1, VW1, GM1, GM2) 
Comprehensive Logging 
program. 

1 Well (VW2) 
Comprehensive Logging 
program. 

 

- 

Geological Modeling Geological model Geological model Geological model (2) 
Petrophysical Analysis ELANPlus* advanced 

multimineral log analysis 
(CCS1, VW1, GM1, GM2) 

ELANPlus analysis 
(VW2) 

- 

Fracture Analysis FMI* fullbore formation 
microimager (CCS1, VW1, 
GM1, GM2) 

FMI (VW2) Fracture Analysis 
FMI  
(CCS1, VW1, GM1, GM2 

Core Analysis and 
Geomechanics 

 - GM2 Maquoketa Shale whole 
core (2599-2616ft; 792.3-
797.6m) and analysis 

Wellbore  Integrity 
Evaluations 

Cement Bond Log (CBL) 
on IBDP wells 
Review of abandoned wells  
in the immediate area 

CBL on VW2 well 
 

-  

Geochemical Investigations - - Report on CO2-Brine-Rock 
Interactions (3) 

Risk  - - Risk evaluation process (4) 
3D seismic  
 

3-dimensional (3D) seismic 
survey 

- Post-stack Seismic Inversion 
for the Knox Fm (5) 

Table 2: Available data and interpretations from the IBDP, IL-ICCS and Knox projects as applicable to the Maquoketa Shale. 

(Mnemonics are described in the following sections of this report) 

 
 
 
 
 
 
 

6.1.	 Wireline	Program 
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The wireline data collected from IBDP and IL-ICCS were used to develop a petrophysical interpretation of the formations within the 
stratigraphic column (Figure 2).  Table 3 and Table 4 summarize the logging suits run on the wells and the specialty logging 
analysis that was completed.  
 

Well Logging Tool Abbreviation 

Open-hole 
(OH) / 
Cased-hole 
(CH) 

CCS1 VW1 VW2 GM1 GM2 

4 Arm Caliper PPC OH x x   x  x x  

Casing Collar Locator - Junk Basket - Gauge CCL-JB-Gauge CH x         

Cement Bond Log CBL-VDL CH x x  x x  x 

Correlation Log CCL-GR-P/T CH x         

Directional Survey DIR OH x x       

ECS* elemental capture spectroscopy sonde ECS OH x x       

HRLA* high-resolution laterolog array tool HRLA OH x x   x   

Hostile Environment Natural Gamma Ray Sonde HNGS OH x x       

Isolation Scanner* cement evaluation service 
Isolation 
Scanner CH 

x x       

MSCT* mechanical sidewall coring tool MSCT OH x x       

MDT* modular formation dynamics tester MDT OH         

Platform Express* integrated wireline logging tool 
Platform 
Express OH 

x x  x x  x 

Pressure Temperature P/T-GR-CCL CH x x   x   

PS Platform* production services platform  PS Platform CH x x       

RST* reservoir saturation tool RST CH x x   x   

Spontaneous Potential SP OH   x       

USI* ultrasonic  imager USI CH   x       

Table 3: Well log inventory as applicable to the Maquoketa Shale 

 

Special Logging Tool and Analysis Abbreviation 

Open-hole 
(OH) / 
Cased-hole 
(CH) 

CCS1 VW1 VW2 GM1 GM2 

CMR-Plus* combinable magnetic resonance tool CMR-Plus OH x x       

ELANPlus* advanced multimineral log analysis ELANPlus OH x x x  x x 

FMI* fullbore formation microimager  FMI OH x x x     

Sonic Scanner* acoustic scanning platform Sonic Scanner OH x x  x     
PoroSpect* carbonate porosity solution  
(Open Fracture Analysis) PoroSpect OH 

 x x   

Table 4: Special well log inventory and analysis as applicable to the Maquoketa Shale 

	
6.2	 Geological	Modeling		
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All three projects (IBDP, IL-ICCS, and Knox) utilized the Petrel* E&P software platform to develop project specific geologic 
models; however the Knox model is focused on incorporating relevant data with regards to the scope of the project (2). These data 
were used to develop geocellular models and reservoir simulations with a focus on the Potosi Dolomite (vuggy dolomite) and 
therefore do not incorporate formations above the Oneota Formation. Reservoir simulation work was also completed on the St. 
Peter Sandstone.  However, the data and analysis from these overlying formations has been included in the caprock evaluation 
and has proved valuable in formulating the conclusions that follow in this report.   

6.3	 Stratigraphic	Position	and	Petrophysical	Analysis	

All relevant Knox data collected, analyzed, and interpreted have been incorporated into a unified geological model.  Figure 3 is a 
site map which illustrates the location of the IBDP and IL-ICCS wells.  Figure 4 shows a legend for VW2 and GM1 log sections 
(Figure 5 and Figure 6). Table 5 lists additional track mnemonics described later in figures and later sections of this report.  In 
addition to the gamma ray log that is displayed, the results of on ELANPlus are presented. ELANPlus analysis utilizes the variety 
of available logging curves to calculate effective porosity, permeability and the formation lithology fractions.  Figure 5 (Maquoketa 
Shale) displays the ELANPlus results and brief geological description of the Maquoketa Shale at GM2. This figure displays how 
the Maquoketa Shale is divided by the Fort Adkinson Limestone into the Upper and Lower Maquoketa Shale.  A summary of the 
geological characteristics for formations relevant to the Knox Project are presented in Figure 6 (New Albany Shale to Base of 
Potosi Dolomite). 

Between the four wells, a close look at the lithology fraction track from the ELANPlus results will show some variability.  Some 
formation lithological variability is expected because these are different wells; however, in this case, the primary reason for this is 
because the types of logging curves that were available to compute the lithology fractions varied in the each well.  The lithology 
fractions calculated at VW1 is considered to be the most representative of the Maquoketa Shale because there was a more 
comprehensive logging suite run across this formation which resulted in more accurate lithology fraction calculations.  There will 
also be some variation in the way the effective porosity and permeability is calculated; this is because borehole rugosity which 
artificially raise the results. The effective porosity and permeability calculated at GM1, GM2 and VW1 are considered to be 
representative of the Maquoketa Shale because there was less borehole rugosity in these wells. 
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Figure 5: ELANPluss log of VW1 and geeological summaryy (Maquoketa Shalee)
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Figure 6: ELANPlus
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6.5	 Core	Analysis 

Two sections of core were cut and collected from the Upper and Lower sections of the Maquoketa Shale.  The details of the core 
collected are presented in Table 6 and Figure 8).  These cores also cover the transition zone above and below the Maquoketa 
Shale. The results from the associated core analysis and from lower lying formations were used in petrophysical analysis and in 
the development of a one dimensional (1D) Mechanical Earth Model (MEM) as discussed in the below sub section  
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6.6 Core Test Interpretation and 1D MEM  

Well Formation 

Core 
Length 

Top Bottom 
Core 

Length 
Top Bottom 

(ft) 
Measured 

Depth 
(MD) 

(MD) (m) (MD) (MD) 

(ft) (ft) (m) (m) 

GM2 

Base Silurian/Upper 
Maquoketa Shale Transition 

13 2,599 2,612 4 792 796 

Upper Maquoketa Shale 24 2,612 2,636 24 796 803 

Lower Maquoketa Shale 17 2,795 2,812 17 852 857 

Lower Maquoketa 
Shale/Galena Transition 

13 2,812 2,825 13 857 861 

Table 6: Summary of where core was recovered from the Maquoketa Shale 

Figure 8 below illustrates the GM2 well log with 6 sample photographs (2 ft. sections) of the whole core. These images show the 
dark gray to black laminated shale facies of the Maquoketa Shale and the transition zones above and below.   The images of the 
core section and a lithological description (6) are presented in Appendix 2: Maquoketa Whole Core Images and Geological 
Description. 
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Figure 8: Maquoketaa Shale whole coree photos from GM2.  The blue circles in the image highliight the transition zzones 
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6.6	 Core	Test	Interpretation	and	1D	MEM		

6.6.1		 Introduction 

Rock mechanical properties tests were performed on core samples collected from the GM2 and VW1 wells. These tests were 
performed to evaluate the Maquoketa Shale as a seal and the Potosi Dolomite in the Knox group as a potential reservoir for CO2 
sequestration.  The physical and mechanical response of a material is dependent on the rate at which it is loaded and the applied 
stress and strain amplitude.  Logging-based measurements are in the kilohertz range; whereas actual physical loading rates 
acting on a wellbore are generally much slower (pseudo-static). Rock failure (tensile or shear) is a pseudo-static process. This is 
the rationale for performing laboratory pseudo-static testing on the core samples. 

The testing program consisted of: 
• Indirect tensile strength tests (Brazilian method) with stress oriented perpendicular, parallel, and oblique to bedding (7)

• Unconfined compressive strength (UCS) (8)

• Multi-stage triaxial compression tests with concurrent ultrasonic velocity measurements on as-received vertical samples (8) (9)

The core test results provided valuable rock mechanical properties that can provide only a qualitative assessment of the caprock 
integrity (Maquoketa Shale) and reservoir quality (Potosi Dolomite).  The results of the qualitative assessment are presented in 
Appendix 1: Qualitative Implications of the Core Results (10). To provide a one dimensional (1D) static quantitative interpretation 
of the caprock integrity a 1D Mechanical Earth Model (1D MEM) was constructed using these core data for calibrating the rock 
properties. This task is of high importance because if CO2 is injected into a reservoir, the operations management and regulators 
need to be confident that the integrity of the overlying caprock will not be compromised and that the reservoir quality is suitable for 
a safe CO2 injection project. The 1D MEM was completed by Schlumberger Petrotechnical Services (PTS) on June 19, 2014 and 
a presentation of results is contained in Appendix 3: Geomechanical  (11).   

6.6.2		 Objective 

The objective of performing these rock mechanical properties tests on core samples was as follows:  

 In order to help answer, assess and make a prediction of:

o The integrity of the Maquoketa shale as a caprock (i.e. the caprock functions without any breach either due to
deformation &/or failure),

o The wellbore integrity during drilling, logging and completions (i.e. the borehole stays stable),

o And the integrity of Potosi Dolomite as a reservoir (i.e. the reservoir functions as a good sequestration target).

The answers to these questions are supported by the results of the core tests which provide the following poro-elastic 
parameters: 

o Peak compressive and tensile strength,

o Quasi-static elastic properties (Young’s Modulus and Poisson’s Ratio),

o And Mohr-Coulomb failure envelope delineation (Cohesion and Friction Angle).
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 The above static and dynamic mechanical rock properties  from core tests were then used for correlating well-log derived rock
properties and assisting in calibration of the 1D MEM. The aim is to understand and make realistic predictions and inferences of
geomechanical behavior of the Maquoketa Shale and Potosi Dolomite based on core test data and the 1D MEM.

6.6.3		 1D	Quantitative	Evaluation	of	Caprock	Integrity	Using	the	1D	
MEM	and	the	Core	Results	

6.6.3.1	 1D	MEM	Objective 

The primary objective of constructing a 1D MEM is to determine the earth stress in the Maquoketa Shale in order to be able to 
quantitatively assess its failure limits as a primary caprock. The construction of the 1D MEM was completed on VW1 using offset 
well data from VW2, GM2 and CCS1 and involved the following four task summary of the 10 steps outlined in Figure 10. 

 Task 1: Data collection, review and quality check (Step 1)

 Task 2: Construction of 1D Mechanical Earth Model (MEM) for an existing VW1 using also data from the offset CCS1,
VW2 and GM2. (Step 2-9)

 Task 3: Perform Wellbore Stability (WBS) analysis to assess failure of the rock at the wellbore and to ascertain the
formation stress regime and their contrast.   (Step 10 looping with 8 and 9)

 Task 4: Analysis of the result.  The 1D MEM report figures are provided in Appendix 3: Geomechanical and a summary of
the results are presented below.

6.6.3.2	 Task	1:	Data	collection,	review	and	quality	check 

PTS was supplied with the necessary data in order to build the 1D MEM. Additionally, drilling reports and operation logs were 
reviewed for extracting calibration data (MDT, mini frac, drilling events such as losses, tight hole, kicks etc.  

6.6.3.3	 Task	2:	Construction	of	1D	MEM 

A 1D MEM is the building block of any geomechanical study (Figure 9).  This 1D MEM was constructed using the geological model 
of the area. Formation tops, unconformities were identified and a proper mechanical stratigraphy was modeled.  The mechanical 
stratigraphy differentiates whether the facies are grain supported or clay supported or non-clastic.  It also provides the deformation 
mechanism.  As listed below, this mechanical stratigraphy was then used along with petrophysical logs to evaluate the elastic 
properties and strength parameters of the rock followed by determination of the pore pressure and three principal stresses. 

1. UCS: The strength of a rock sample when crushed in one direction (uniaxial) without lateral restraint.

2. Young’s Modulus (YME or E): is a measure of the stiffness of a rock.

3. Poisson’s Ratio (PR): is the ratio of transverse contractional strain to longitudinal extensional strain, i.e.
measure of a material compressed in one direction and associated expansion in the other two directions
perpendicular or parallel to the direction of stress.

4. Pore Pressure: is the pressure of fluid held within a rock, in gaps between particles.

5. Three Principal Stresses: Minimum horizontal stress, maximum horizontal stress and vertical stress
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Figure 9: Example oof a mechanical earrth model (11) 
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 The minimum horizontal stress of St. Peter Sandstone ranges  from 2630 psi to 3325 psi (average 2980 psi) (Sigh,
Figure 12).

o This means that there are zones in St. Peter Sandstone than can experience initiation and propagation of
hydraulic fracture if the CO2 injection pressure exceeds 2630 psi.

 The minimum horizontal Stress in Potosi Dolomite ranges from 1420 psi to 4930 psi (average 4010 psi) (Sigh, Figure 12).
o This means that there are zones in Potosi Dolomite than can experience initiation and propagation of hydraulic

fracture if the CO2 injection pressure exceeds 1420psi.
 The minimum horizontal stress of the Maquoketa Shale ranges from 2010 psi to 2890 psi (average 2410 psi) (Sigh,

Figure 13).
o This means that if the CO2 subsurface plume reaches the caprock, its pressure should not exceed 80% of the

2010 psi (i.e. 1610 psi considering 20% safety factor) otherwise the caprock is likely to fail in tension. Another
practical implication of CO2 injection is that the injected zone would have increases in the minimum horizontal
stress dynamically while the zone above and below would experience minimum horizontal stress decreases.
These dynamic changes can only be understood by 3D reservoir geomechanics simulation and can additionally
constrain the limits of failure in the caprock.

o The mechanical profile of the Maquoketa Shale is subdivided into the Upper and Lower Maquoketa Shale by the
intervening Fort Adkinson Limestone. The minimum horizontal stress of the Upper Maquoketa Shale is higher
than the Lower Maquoketa Shale.  The intervening Fort Adkinson Limestone has an even higher minimum
horizontal stress than either the Upper or Lower Maquoketa Shale and it acts as an additional buttress to the
integrity of the caprock.
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Figure 12: Stress prrofile at VW1 (Top oof Maquoketa Shalee to Base of Potosi Dolomite) along wwith petrophysical properties 
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Figure 13: Stress Pr
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4) Use the seismic data and inversion for distribution of optimal properties of the reservoir, petrophysical and
geomechanical into the 3D geological model.

5) Construct reservoir simulation models and a 3D geomechanical model
6) Run a 4D reservoir geomechanics simulation under the planned injection scenarios to dynamically simulate the reservoir

with time and assess if the integrity of the caprock would be breached or not.
7) For any planned well or existing well, the following data inputs are essential to help in assessment of the caprock

 Wireline data with preferably sonic scanner at least across the caprock and target reservoir(s).
 Stress test or MDT mini-frac in the caprock and reservoir zones.
 Triaxial geomechanical tests on core collected from the caprock and target reservoir (both unconfined and

confined).
8) A fault reactivation study should be complete if there are identified faults in the area.

6.7	 Wellbore	Integrity	Evaluations	

Compromised wellbore integrity is a risk that all CCS project operators must evaluate and understand.  This section is intended to 
be a general approach for how to evaluate and how to mitigate this risk with an Illinois Basin specific focus on CO2 injection 
projects within the Potosi Dolomite and St. Peter Sandstone which utilize the Maquoketa Shale as a primary caprock. Within the 
area surrounding an injection well, there is a risk that CO2 plume or formation brine may migrate up through the Maquoketa Shale 
into USDWs, not through the formation itself but via compromised wellbores that penetrate the caprock.  These wells could be the 
project’s CO2 injection wells, the CO2 monitoring wells or legacy oil and gas wells in the immediate area. Because injected CO2 will 
naturally rise in the formation via buoyancy, it will take the path of least resistance; if that path is a compromised wellbore, then the 
wellbore would become a pathway for CO2 to move into a USDW.  Furthermore, there is a risk that the CO2 injection will cause the 
formation pressure to increase so as to force formation brine upwards through a compromised wellbore into a USDW. 

6.7.1		 Examples	of	compromised	well	integrity	

There are a number of ways well integrity can be comprised and upward migration of CO2 or brine can occur. Figure 14 is an 
illustration of potential leakage pathways in an abandoned well. These failures can be the result of poor cement and historical well 
completion or abandonment methods that are not considered reliable compared to today’s standards.  
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o RST) can be run in the well periodically to measure for CO2 migrating up beyond the injection zone (Figure 14).

6.7.3		 Legacy	Well	Integrity	and	Risk	Mitigation	

In the case of legacy oil and gas wells, like many CCS projects that utilize deep saline storage, the Potosi Dolomite and St. Peter 
Sandstone are located well below the Mississippian age sandstone and carbonate oil reservoirs (Figure 2).   Because of this, oil 
and gas operators only drilled down to these lower formations for exploration purposes and if hydrocarbon resources were found 
to be absent, drilling down to these lower formations was rare; however there are some water disposal wells in these formations. 
Nevertheless, the risk of one of these wells being close to the migration pathway of the CO2 plume must be mitigated by the 
considering the following general investigations: 

 This risk is already low because there are few legacy wells drilled into these deep saline formations in the Illinois Basin.

 Complete a database well search for wells that penetrate the caprock (Maquoketa Shale) and gather the below
information:

o Distance to the CO2 injection well

o Evaluate the well completion and abandonment records

o Evaluate the cement integrity by examining the CBL logs

 Compare the results of the predictive CO2 plume extent and formation pressure pulse extent from reservoir simulations
with the location of the legacy well.  Risk decreases substantially the further the legacy well is from the injected CO2

plume.

 If a legacy well poses a potential risk, the following steps are available to mitigate this risk.

o Locate the new CO2 injection well away from the legacy well.

o Re-enter the legacy well and quantify its well integrity or abandon the well with modern abandonment
technologies.

o A MMV program should be designed to monitor the plume development over time and there should be a way to
detect the plume in the event that it migrates towards the legacy well.

 A geomechanical evaluation will need to be completed to understand how the formation and cement bond could fail
around the legacy wells (Figure 14 caption 6). This is unlikely because the CO2 injection would be at 80% of the rock
fracture pressure as found with geomechanical modeling; however, heterogeneity in the mechanical integrity of the rock
must be considered.  If the rock strength was weaker at the legacy well(s) the formation could fracture and be a conduit
for upward CO2 migration.  This becomes much less of a risk the further away the legacy wells are from the CO2 injection
well.

o A 1D mechanical earth model (MEM) should be completed to evaluate the geomechanical properties at the at
risk legacy well.   To complete this, a minimum well data set would be a density log and shear and compression
sonic velocity logs.

o A 3D MEM should be completed to understand the heterogeneity in the geomechanical properties of the
injection formation and caprock formation.



Page 35 of 89

6.8	 Geochemical	Investigations	of	CO2‐Brine‐Rock	Interactions	
of	the	Knox	Formation	and	Maquoketa	Shale	

As mentioned in Section 3, one of the objectives of this caprock evaluation was to answer the question as to how injected CO2 will 
interact with the waters and mineralogy of the Maquoketa Shale.  The below section is a word for word summary taken from a 
report developed by the Illinois State Geological Survey titled Geochemical Investigations Of CO2-Brine-Rock Interactions Of The 
Knox Formation And Maquoketa Shale In The Illinois Basin (3) with the permission of the authors. 

Considerable interest in deep reservoir injection, storage, and waste disposal has steadily increased throughout the United States 
with the recent shale gas boom and with the country’s efforts to curb the release of man-made greenhouse gas through efforts 
such as CCS.  The Illinois Basin Knox Formation reservoir has little economic interest with respect to oil, gas, or water supply, but 
may have great potential as a storage reservoir. This study examines laboratory simulated geochemical interactions between 
reservoir and seal rock, fluid, and CO2 of the Knox Formation rocks from various locations around the Illinois Basin. This 
investigation will provide an understanding of the potential interactions of the Knox Formation/Maquoketa Shale seal system and 
its efficacy as a CO2 sequestration target. 

Portions of the Knox Formation (Potosi Dolomite, Gunter Sandstone, Shakopee Dolomite, New Richmond Sandstone, and 
Maquoketa Shale) are being assessed for CO2-sequestation potential as part a regional study of the Illinois and Michigan Basins. 
The Illinois State Geological Survey (ISGS) is involved in a related project, the IBDP, large-scale carbon capture and storage 
project in Decatur, Illinois, USA, which allowed access to well core and fluid sampling for our study.  

A series of experiments using samples obtained from the IBDP site (rock and brine), other rock samples from within the Illinois 
Basin (outcrop and core), and laboratory produced synthetic and natural brines, were developed to identify the reaction 
mechanisms, kinetics, and solid-phase products that are likely to occur in the Knox Dolomite and the Maquoketa Shale when 
exposed to supercritical CO2. A total of twelve high-pressure, high-temperature batch reactor experiments were conducted using 
Potosi Dolomite (SW Missouri outcrop), Gunter and New Richmond Sandstone (Morgan Co, IL), and Maquoketa Shale (IBDP 
site). In addition to batch experiments five core flood experiments were conducted using Potosi Dolomite (IBDP site), Gunter 
(Kentucky Blan well, Hancock Co.) and St. Peter (Marion Co., IL) Sandstones. The core flood experiments used either a 
laboratory produced synthetic brine or DI water. 

A variety of analytical techniques were utilized to characterize the physical, geochemical, and mineralogical changes between the 
pre- and post-reaction products. These included petrography (scanning electron and standard petrographic microcopy), x-ray 
diffraction and ion chromatography and inductively coupled plasma analysis; results were then used to compare what is expected 
from numerical geochemical modeling and the laboratory interaction studies.  

Analysis of both rock and brine samples strongly indicate dissolution of dolomite (the dominant mineral present throughout the 
Knox Formation) while in the presence of supercritical CO2 and brine. High magnification petrographic analysis revealed evidence 
of dissolution along the edges of dolomite crystals; the pristine dolomite rhombohedra appeared pitted and jagged along crystal 
faces of post-reaction samples. Additionally, post-reaction brines contained calcium, magnesium, and strontium in concentrations 
elevated above those of the non-reacted brines, also strongly indicating the dissolution of dolomite. Post-reaction brine analyses 
indicated the Knox Formation-CO2-fluid interactions observed in this study did not liberate any EPA-regulated inorganic 
contaminants that may be present in the solid phase samples.  
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Speciation calculations based on the post-reaction Potosi brine composition indicate that the system reached equilibrium before 
the end of the four month experimental duration. As a result, five short term (approximately six hour) core flood experiments were 
performed. Interpretation of post-reaction brine chemistry and equilibrium modeling of these short term experiments indicate that 
the systems reached equilibrium within the approximately six hour duration of the experiments. The fast reaction rates observed in 
the experiments suggest that larger scale models simulating CO2 sequestration reactive transport for the Knox formation do not 
need kinetic constraints to create an accurate picture of reservoir processes.  

In summary, results suggest that although an initially chemically reactive scenario is presented for the Knox Formation-CO2-brine 
system for the sample locations indicated, the effect of this reactivity would likely reach equilibrium shortly after injection of CO2 
into the reservoir ceased. According to IBDP site geophysical logs, the Maquoketa Shale is approximately 200 feet thick in the 
central Illinois Basin, and a secondary (New Albany Shale) seal is 130 feet thick. Although lab analyses and interpretation of 
results for the reactivity of Maquoketa Shale are currently completed suggest it is highly unlikely that dissolution of the mineral 
constituents caused by sequestration activities in the region studied could result in a breach of the Maquoketa and overlying New 
Albany Shale seals before the reactions ceased.  

Results from this study and work that continues at the ISGS will aid in the development of improved methods for similar studies 
and provide needed data for computational modeling relevant to the Illinois Basin and elsewhere. Data from this study and further 
modeling efforts will provide information about the ability for deep saline reservoirs and shale seal rocks to safely store injected 
CO2 while minimizing the likelihood of contamination.  

6.9	 Risk	Assessment	

A risk evaluation process was prepared that describes a process and provides seed information for identifying and evaluating risks 
pertinent to a hypothetical CCS project (4). This risk evaluation identified generic risks and the technical questions raised were the 
center of all the investigations that have been completed for the Knox project. These investigations quantified the risks were 
qualitative before any of this work was completed. Any prospective CCS site located elsewhere in the Basin would require a site 
specific risk assessment. From this risk evaluation, there were four features events and processes (FEPs) that were applicable to 
the sealing characteristics of the Maquoketa Shale.  FEPs are the broad project-relevant concepts or elements that may combine 
through various chains of events to create various desirable and undesirable outcomes.  The Maquoketa Shale specific FEPs are 
presented in Table 7 below.  These risks are considered to be low. 

FEP NAME Scenario Example 

Subsurface conflicts, caprock 
Maquoketa becomes a target for shale gas production, and operators object to CCS 
injection permits that involve Maquoketa. 

Primary caprock identification 
CO2 trapping may occur somewhere within the thick dolostone beneath the Maquoketa. 
Inability to positively identify a single discrete trapping horizon before injection causes 
expansion of the monitoring footprint, extra cost, and uncertainty in monitoring design.  

Caprock separation thickness 
above reservoir 

Position of the ultimate shale caprock (Maquoketa) a large thickness above the injection 
horizon (Potosi Dolomite) and uncertainty about trapping in the intervening dolomite 
causes long delay in injection permit. 

Hydrocarbons 
Multiple scenarios related to previous oil and gas activity, future resource availability 
and/or sterilization (including possibility of shale gas in Maquoketa), abandoned wells. 

Table 7: Features events and processes (FEPs) relevant to the Maquoketa Shale 
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6.10	Post‐stack	Seismic	Inversion	for	the	Knox	Dolomite

Over the IBDP site, there was a 3D seismic survey completed in 2010 and a 3D seismic survey extension completed in 2011 (5).  
These data sets were merged and a post-stack inversion was completed with a focus on the Knox Supergroup. In addition to 
providing a method for interpreting formation horizons over the survey area, the 3D seismic results were utilized for a post stack 
seismic inversion as a means of quantifying porosity over the Knox Supergroup. Post-stack inversion for generating acoustic 
impedance from seismic stack amplitude is commonly used in lithology analysis and reservoir characterization. It is especially 
meaningful when transforming the inverted acoustic impedance (AI) volume into porosity using regression equations derived from 
well logs and cross-plotting analyses. Further geobody extraction and reservoir simulation work can fully benefit from these 
products.  Because these post-stack inversion regression equations were derived from the Knox Supergroup dolomites, they are 
not applicable to the different overlying lithologies (sandstones and shale); therefore, acoustic impedance was not transformed 
into porosity over the Maquoketa Shale.  

7. Regional	Maquoketa	Shale	Data	and
Interpretations	for	the	Illinois	and	Michigan	Basins

7.1	 Knox	Regional	2D	Seismic	Lines 
In a continuing collaboration with the Midwest Geologic Sequestration Consortium (MGSC) on the Evaluation of the Carbon 
Sequestration Potential of the Cambro-Ordovician Strata of the Illinois and Michigan Basin project, Schlumberger Carbon Services 
and WesternGeco acquired substantial two-dimensional (2D) seismic data in the Illinois Basin. This work included the design, 
acquisition and processing of approximately 125 miles of (2D) seismic reflection surveys running west to east in the central Illinois 
Basin (Figure 15). Schlumberger Carbon Services and WesternGeco oversaw the management of the field operations (including a 
pre-shoot planning, mobilization, acquisition and de-mobilization of the field personnel and equipment), procurement of the 
necessary permits to conduct the survey, post-shoot closure, processing of the raw data, and provided expert consultation as 
needed in the interpretation of the delivered product. 
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Figure 18: Structuree Map of the Utica SShale in Michigan ((15) 



P

F

8. C
C
F
C
fo
b

T
P
g

Page 42 of 89 

Figure 19: Isopach M

Conclu
Chara
Figure 20 and T
CO2 injection p
or the Knox pro

been out of sco

The Maquoketa
Peter Sandston
geomechanical

Map of the Utica Sh

usions
cterist
Table 8 summa
roject in the are
oject. Additiona
ope for the Kno

a Shale is cons
ne because it h
 properties, an

hale in Michigan (1

s	(Maq
tics)	
arize the obser
eas studied. Th
al work could b
ox project.  

sidered to be an
as a sufficient 
 absence of ob

5) 

quoket

rvations which 
he conclusions

be completed to

n effective cap
 thickness (~20
bservable fract

ta	Sha

indicate that th
s presented in t
o strengthen co

rock for a CO2 
00ft; ~61m), ad
ures and is reg

ale	Cap

he Maquoketa S
this report, sati
onclusions; how

 injection sche
dvantageous pe
gionally extens

prock	

Shale would be
isfy the scope o
wever, this add

me in either th
etrophysical pr
ive as supporte

e an effective c
of work that wa
ditional work wo

e Potosi Dolom
roperties, favor
ed by the data 

caprock for a 
as established 
ould have 

mite or St. 
rable 
 analyzed in 



Page 43 of 89

this report.  As a result, it is unlikely that CO2 would migrate upward through the Maquoketa Shale and therefore that CO2 impact 
to USDWs above is unlikely.  Furthermore, the observations indicate that CO2 injected into the St. Peter Sandstone or Potosi 
Dolomite may never even migrate up into the Maquoketa Shale at a high enough concentrations or pressure to threaten the 
integrity of the caprock.  

The site specific conclusions were reached by unifying the data and conclusions from the IBDP, IL-ICCS, and the Knox projects. 
In the Illinois Basin, as one looks further away from these sites, the regionalized (extrapolated throughout the Basins) data and 
conclusions are expected to vary.  The degree of variability is difficult to quantify because of the limited amount of data collected 
on the Maquoketa Shale away from IBDP, IL-ICCS, and the Knox projects.  Any potential CCS project located elsewhere in the 
Illinois Basin could use these conclusions as a reference point; however, to verify the sealing capabilities of the Maquoketa Shale 
at another location, many of the methodologies described above would need to be completed as discussed below in the 
Recommendations.  

All the objectives outlined in this projects scope of work were achieved.  Data gathered from the IBDP/IL-ICCS/Knox projects were 
used to make conclusions about the suitability of the Maquoketa shale as a confining layer for CO2 sequestration. This study 
indicates that the Maquoketa Shale would be a suitable caprock for a CO2 injection program in either the Potosi Dolomite or St. 
Peter Sandstone.  

Conclusions 
Type 

Supporting 
Data Type 

Observations relevant to the Maquoketa Shale Which Indicate Suitable Caprock 
Effectiveness 

IBDP/IL-ICCS 
Site Specific 
Conclusions 

Stratigraphic 
Position and 
Petrophysical 
Analysis 

The stratigraphic position, the low permeability and low porosity of the Maquoketa Shale 
indicate that it would be an effective caprock. 

A thickness of ~200 ft. (61m)., a low effective porosity (<3%) and low permeability 
(<0.1mD) indicate that the Maquoketa Shale will be a reliable hydraulic barrier for the 
upward movement of CO2.  

Before CO2 injected into the St. Peter Sandstone could reach the Maquoketa Shale, it 
would have to migrate up through the Galena Group, Platteville Fm. and Platteville 
Limestone Fm., which act as thick (424 ft.; 130 m), low porosity (<3%), low permeability 
(<0.1mD) barrier to upward CO2 migration.   

CO2 injected into the Potosi Dolomite would most likely never reach the Maquoketa Shale 
(1570 ft.; 778m upwards).  Injected CO2 would have to migrate upwards into the thick 
(950 ft.; 290m) overlying Oneota Fm. and Shakopee Fm.  These formations have higher 
effective porosity (~5%) and permeability (<8mD) and would likely act as secondary 
storage formations with some intraformational barriers. If the CO2 migrates through these 
formations it would disperse into the very permeable St. Peter Sandstone.  

Fracture 
Analysis 

The absence of observable fractures in the Maquoketa Shale and the low level of 
fracturing observed in lower lying formations suggest that connected migration pathways 
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are highly unlikely. 
Core Analysis 
and 
Geomechanics 

The 1D MEM results show that the minimum (2010 psi) and maximum horizontal stresses 
in the Maquoketa Shale make it a mechanically suitable caprock.  
The intervening layers above the St. Peter Sandstone show high mechanical integrity and 
will also act as a seal.  

Geochemical 
Investigations 

Based on geochemical analysis, it is deemed highly unlikely that dissolution of the mineral 
constituents caused by sequestration activities in the region studied could result in a 
breach of the Maquoketa and overlying New Albany Shale seals before the reactions 
ceased. 

Risk For the identified FEPs, the risks were low concerning the Maquoketa Shale. 
3D Seismic The 3D seismic at IBDP showed that the thickness of the shale displays minor variability. 

Regional 
Conclusions 

2D Seismic The regional 2D seismic showed minor variability in the thickness of the Maquoketa 
Shale. One fault was identified that penetrates the Maquoketa. To safely mitigate this, 
CO2 sequestration projects involving the Knox Group should not be located near these 
structural features. 

Thickness 
(Isopach Maps) 

Isopach maps of the Maquoketa Shale in the Illinois Basin and the Utica Shale in the 
Michigan Basin display suitable caprock thickness throughout Illinois and Michigan. 

Table 8: Observations relevant to the Maquoketa shale which indicate suitable caprock effectiveness 
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Figure 20: Site speccific (IBDP/IL-ICCS)) observations relev
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9. Recommendations	for	Future	Projects
The data and conclusions presented in this report are limited to only a very small area in the Illinois Basin. As discussed above in 
the Conclusions Section, the sealing capabilities of the Maquoketa Shale are favorable for a CCS injection project in the St. Peter 
Sandstone and Potosi Dolomite at the IBDP, IL-ICCS, and Knox location.  Assumptions and extrapolation of these results away 
from this area further into the Illinois Basin or into the Michigan Basin must be completed with caution.  The conclusions presented 
here can be a good reference point to future investigations at other locations.  Future investigations would need to use similar and 
some additional methodologies to prove the sealing capabilities of the Maquoketa Shale at the specific study site.  The below 
items are recommendations to a future CCS project at another location evaluating the sealing capabilities of the Maquoketa Shale.  

 Complete similar caprock characterization work on the Maquoketa Shale as outlined in this report.
 In order to understand the potential risk of caprock failure, conduct reservoir simulations of CO2 injection into the Potosi

Dolomite and St. Peter Sandstone and model the effect up to and including the Maquoketa Shale.
 Further any 1D MEM work and complete a 3D MEM with the incorporation of any available seismic inversion results.
 In the case of an operational CCS project pressure and temperature sensors should be deployed to measure for any

changes in reservoir conditions that may indicate upward CO2 migration. Distributed acoustic sensors should be
deployed to listen for and induced seismic events that may indicate rock failure of the caprock.
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11. Appendix	1:	Qualitative	Implications	of	the	Core
Results 

11.1	Maquoketa	Shale 
Representative samples were selected for testing in both the Upper and Lower portions of the Maquoketa Shale on core collected 
from the GM2 well (Figure 5).  Only two samples were tested and, while these samples are assumed to be representative, they 
cannot themselves entirely capture the vertical heterogeneity and complex anisotropic properties intrinsically present in shale.  
They can, on the other hand, lend some insight into the expected behavior of the shale.  The tensile strength (TSTR) of the Lower 
Maquoketa sample tested at 2,800.4 ft. (853 m) is less than that of the Upper Maquoketa sample tested at 2,635.55 ft. (803 m) 
(Table 9).  Therefore, the conclusion is that the Lower Maquoketa sample is weaker than the Upper Maquoketa sample tested.  
Furthermore, the magnitude of the tensile strength in the Maquoketa Shale is lower than those of the Potosi Dolomite samples; 
however, in terms of gradient (psi/ft.) they are similar 0.3 to 0.5 psi/ft. This tensile strength gradient typically implies fairly 
competent and strong rock consistent with respect to its depth of burial. This further suggests that geomechanically; there are no 
strength related abnormalities in the Maquoketa Shale which would undermine its ability to act as a competent caprock. 

Formation Core Depth (ft.) Orientation Bulk Density (g/cc) Tensile Strength 
Tensile Strength 
Gradient (psi/ft.) 

Upper Maquoketa 
Shale 

2,635.55 
Perpendicular 2.591 1,395 0.53

Parallel 2.590 795 0.30
45 2.554 1,007 0.38

Lower Maquoketa 
Shale 

2,800.40 
Perpendicular 2.564 1,232 0.44

Parallel 2.561 438 0.16
45 2.566 763 0.27

Knox-Eminence 
Dolomite 

4,219.7 
Perpendicular 2.781 2,108 0.50

Parallel 2.792 1,298 0.31
45 2.791 2,210 0.52

Knox-Potosi 
Dolomite 

4,540.1 
Perpendicular 2.745 1,748 0.39

Parallel 2.706 1,902 0.42
45 2.682 1,454 0.32

Knox-Potosi 
Dolomite 

4,551.1 
Perpendicular 2.810 2,577 0.57

Parallel 2.822 2,437 0.54
45 2.806 2,062 0.45

Table 9: Appendix 1: Qualitative Implications of the Core Results summary of indirect tensile strength tests (Brazilian method) 

The magnitude of UCS observed in Maquoketa also signifies a generally high strength class of rock, which is a favorable quality of 
a good caprock (Table 10). The tests results of UCS in the vertical direction were over 104 psi for both upper (2,635 ft.) and Lower 
(2,800 ft.) Maquoketa Shale cored interval. The UCS in the horizontal direction for the Lower Maquoketa is 36% less than that of 
the Upper Maquoketa sample tested.  This provides further indication that the Lower Maquoketa is weaker than the Upper 
Maquoketa sample tested. 

Overall the Poisson’s ratio (PR) in the samples tested in the Maquoketa Shale are lower than the samples tested in the Potosi 
Dolomite and are generally low for a typical shale (see Table 10).  The implication of this is that the horizontal stresses could be 
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lower which may not be good for a caprock, as it would be easier to deform and fail the rock. The vertical PR is lower than the 
horizontal and the PR for Lower Maquoketa sample (2,800.4 ft.) is lower than the Upper Maquoketa sample (2,635.55 ft.). This 
indicates that it would be easier to deform vertically than horizontally, and that the Lower Maquoketa interval is more prone to 
deformation than the Upper Maquoketa interval.  
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GM2 
Upper 

Maquoketa Shale 
2,635.5 +/- 

0.5 

Vertical 1647 2.566 17,338 10,929 2.63 E+06 0.18 2696 37 

45 1647 2.554 11,739 5,766 2.89 E+06 0.22 1834 31 

Horizontal 1647 2.569 19,214 11,747 5.3 E+06 0.23 1409 49 

GM2 
Lower Maquoketa

Shale 
2,801.5 +/- 

1.5 

Vertical 1750 2.594 17,785 13,201 2.66 E+06 0.17 1205 47 

45 1750 2.578 13,132 3,935 3.12 E+06 0.23 560 44 

Horizontal 1750 2.577 18,345 7,569 4.89 E+06 0.20 2311 40 

VW1 
Knox-Eminence 

Dolomite 4,218.75 Vertical 2595 2.614 39,105 21,040 8.68 E+06 0.32 3900 48.7 

VW1 
Knox-Potosi 

Dolomite 4,540.1 Vertical 3100 2.825 >75,970 14,660 14.66 E+06 0.31 2140 64.6 

VW1 Knox-Potosi 
Dolomite 

4,551.6 Vertical 3133 2.779 56,868 17,640 13.31 E+06 0.33 2370 58.2 

Table 10: Appendix 1: Qualitative Implications of the Core Results summary of Mohr-Coulomb failure envelope parameters 

Mohr-Coulomb failure analysis shows that overall the cohesion and friction angles are high which is good for a caprock  
(Table 10); however, there are clear differences between the vertical and horizontal directions and between the Upper and Lower 
Maquoketa intervals. The vertical direction cohesion is higher for the Upper Maquoketa sample while in the Lower Maquoketa 
sample the horizontal cohesion is higher. Nevertheless, the Lower Maquoketa is more prone to failure in vertical and oblique 
direction when compared to the Upper Maquoketa.  

As expected of an anisotropic rock like shale, the Young’s modulus (Table 10) which is a measure of stiffness is almost twice as 
large in horizontal direction compared to the vertical. Overall a higher magnitude of the Young’s modulus would imply stiffer 
caprock which would have higher integrity against breach.  

Additionally, apart from the mechanical testing another advanced core analysis called Tight Rock Analysis (TRA) (16) was 
performed for the Maquoketa interval.  The results of these tests are presented at the end of Table 11 and plotted in Figure 21.  
These results demonstrate that Maquoketa shale is a low porosity and low permeability rock which is favorable quality for 
hydraulic sealing capacity of a caprock. 
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the dolomite reservoir.  Reservoir quality for CO2 sequestration in a dolomite is heavily dependent on porosities, permeability, 
presence of natural fractures, vugs, pore pressure, and the ability to maintain mechanical integrity during injection.  These 
properties were tested on the core samples taken.  Rotary Sidewall cores were taken throughout the Knox and the Maquoketa in 
the VW1 well.  Table 11 lists the petrophysical reservoir properties from routine core analysis performed on the Potosi rotary 
sidewall core samples as well as the Maquoketa samples to investigate reservoir and caprock quality respectively. The data show 
the Potosi reservoir to have fair sequestration potential with some intervals of quite high permeability and porosity (normally 
associated with vugs) compared to others of lower permeability and porosity as is to be expected in a vuggy dolomitic rock. 

The tensile strength of the core tested from 4,219.7 ft. (1286 m) (in the Eminence Formation) is lowest parallel to bedding in 
contrast to other orientations and other core depths (Table 9).  This means that (for this formation) it would be easiest to fail the 
rock in tensile mode vertically in this interval compared to the deeper interval.  The tensile strength of the core at 4,551.1 ft. (1387 
m) in the Potosi Dolomite which is within the zone of lost circulation zone observed during drilling) is largest when compared to the
two other Knox samples tested (shallower in the Potosi Dolomite 4,540.1 ft. (1384 m) and the Eminence dolomite 4,219.7 ft.(1286 
m)).  This is a good indication that the target reservoir rock, which would be storing the CO2, is a strong reservoir. 

Unconfined compressive strength of the shallower Knox core (4,218.75 ft.; 1286 m) in the Eminence dolomite is higher than that of 
the deeper samples (in the Potosi Doloite) which would indicate the Eminence could withstand a higher shear stress than the 
Potosi before failing (see Table 10).  This is a desirable characteristic of a formation overlying the reservoir.  The Mohr-Coulomb 
failure test shows that the sample tested at 4,218.75 ft. (1286 m)in the Eminence dolomite has the highest cohesion, which gives 
further confidence in the overlaying formation mechanical integrity in regards to shear stresses. 

The Young’s modulus which is a measure of stiffness of the rock is smaller for the shallower Knox sample at 4,218.75 ft. (1286 m) 
in the Eminence compared to deeper Potosi samples at 4,540.1(1384 m) and 4,551.1 ft.  (1387 m) In general the higher the 
Young’s modulus and Poisson’s ratio the stronger and tougher the rock is and therefore more resistive to failure.  For example, a 
crystalline igneous rock like granite is much tougher than a sedimentary rock such as unconsolidated sandstone.  The relatively 
high values for the samples tested indicate a stable rock and reservoir.  These would be favorable characteristics for borehole 
stability during drilling and CO2 injection.  Although as mentioned earlier, wellbore stability is also heavily dependent on stress 
regime, stress magnitude, pore pressure, mud weight, borehole trajectory and drilling practice. 
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12. Appendix	2:	Maquoketa	Whole	Core	Images	and
Geological	Description	
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13. Appendix	3:	Geomechanical
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