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2.1 Introduction 
 
In compliance with Statewide Order (SWO) 29-N-6, §3615.B [Title 40, U.S. Code of Federal 
Regulations (40 CFR) §146.84], the following discussion centers on the plume model for the High 
West CCS Project.  The model establishes the required pore space, defines the area of review 
(AOR), outlines comprehensive corrective action plans, and assesses the overall feasibility of the 
project within the specified regulatory framework.  Both Section 3 – AOR and Corrective Action 
Plan and Section 5 – Testing and Monitoring Plan utilize the forecasted plume to help determine 
the best strategies and plans to minimize the impact of carbon sequestration. 
 
The primary objectives of the plume model are to: 
 

1. Maximize the utilization of accessible pore space for carbon sequestration activities. 
2. Evaluate the most strategically optimal well locations to facilitate carbon storage. 
3. Simulate and assess the migration of injected CO2 and the resultant pressure influence to 

prevent any adverse effects on underground sources of drinking water (USDW), critically 
stressed faults, or other oil and gas, injection, or mining activities. 

4. Provide supporting data to determine corrective action and monitoring plans. 
 
2.2 Project Summary 

 
The High West CCS Project site is in St. Charles and Jefferson Parishes, approximately 10 miles 
(mi) southwest of New Orleans, Louisiana, and 8 mi south of Waggaman, Louisiana.  The 
sequestration site encapsulates 21,079 acres of land that is viable for carbon capture and storage 
(CCS).  The focus of this permit application is on five injection wells, Spoonbill Nos. 001, 002, 003, 
004, and 005, where each well plans to inject between 1.5 to 2.5 million metric tons per year 
(MMT/yr).  Each well plans to inject for 20 years, resulting in a total of 30 to 50 MMT of 
supercritical CO2 being safely sequestered per well.  Throughout the life of the project, a total of 
200 MMT will be stored in the High West CCS Project area.  Figure A-2 in Appendix A provides a 
detailed description of the property.  
 
2.2.1 Software 
 
2.2.1.1 Petrel™ Software Suite 
Industry standard SLB’s (previously Schlumberger) Petrel software has been selected for the 
intricate task of constructing a detailed geocellular model as part of the permit application for 
the CCS site.  This globally recognized software seamlessly integrates data from both well logs 
and seismic sources to generate a highly accurate representation of the subterranean reservoir.  
The geocellular model, developed with Petrel, delineates various layers of the site, including the 
Miocene Shales between Sequence Boundary (SB) 2.1 and SB 2.1B (upper confining zone (UCZ)), 
Miocene sands from FS 4-SB 7.3 (injection zone), and Miocene shales between SB 7.3 and FS 7.4 
(lower confining zone (LCZ)). Utilizing Petrel, the permeability and porosity properties of the 
injection were spatially distributed, incorporating well log analysis and established 
methodologies.  These approaches enhance the accuracy of the reservoir depiction in the model. 
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2.2.1.2 Rock Flow Dynamic’s Software Suite – tNavigator 
The tNavigator software suite offers a comprehensive suite of capabilities for advanced reservoir 
modeling and simulation, making it a powerful tool across a spectrum of subsurface applications.  
Its core strengths lie in its high-performance computing architecture, enabling rapid and accurate 
simulations of complex reservoir behaviors.  This architecture includes sophisticated Equation of 
State (EOS), crucial for predicting the movement of supercritical fluids like CO2 in CCS projects.  
The software offers advanced visualization capabilities to provide users with detailed insights 
into simulation results, helping facilitate informed decision-making.  This software can perform 
sensitivity analysis that allows for robust risk assessment and optimization of field development 
strategies. 
 
2.2.2 Data Sources 
 
The data sources used to build the geocellular and dynamic models include offset well logs, core 
data, 3D seismic data, public databases, and publicly available literature, such as the Society of 
Petroleum Engineers (SPE) and American Association of Petroleum Geologists (AAPG) peer-
reviewed papers.  Specific references are cited as relevant. 
 
An initial assessment involved the examination of public databases and literature at both regional 
and site-specific scales.  The regional review aimed to discern major trends within the project 
area and its vicinity.  By comparing these trends with site-specific data, an increased confidence 
level in the reservoir properties was achieved.  Utilizing public regional databases was 
instrumental in estimating the salinity and temperature of the reservoir.  Additionally, key 
reservoir properties such as rock compressibility and relative permeability were deduced from 
information available in public literature.  These assumptions are further discussed in Section 2.5. 
 
Offset well log analysis was conducted to inform the reservoir characterization and populate the 
geocellular model.  The openhole log data encompassed comprehensive analyses including 
gamma ray, spontaneous potential (SP), resistivity, porosity (sonic, neutron, density), 
photoelectric factor, caliper, and other relevant measurements.  Utilizing these well logs enabled 
the identification of formation tops, determination of rock properties, and assessment of 
temperature gradients, thereby enhancing the representation of the subsurface reservoir.  
Petrophysical analysis was performed on 55 wells, shown in Figure 2-1, to appraise the target 
injection zone and subsequent confining layers.  
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Figure 2-1 – Map of the data employed for the High West CCS Project , showing the injection site (yellow 
star), wells with licensed biostratigraphic reports (the red stars), the Waterford Oil Company No. 001 
(API No. 17-089-00211, Serial No. 64758) type log (purple star), proposed High West stratigraphic test 
well location (blue triangle), petrophysics wells (cyan circles), Avondale 3D seismic data  (green dashed 

outline), Gheens 3D seismic data (red dashed outline), Couba Island 3D seismic data (blue dashed 
outline), and leased property (Blue solid outline). 

 
The High West CCS Project area was covered by several 3D seismic surveys conducted for oil and 
gas exploration.  One hundred square miles of 3D seismic survey data were licensed from three 
surveys and were processed into one merged 75 mi2 survey for interpretation.  The seismic 
reprocessing had several goals: 1) process data from the three surveys with a consistent seismic 
wavelet, 2) use a consistent statics calculation across the three surveys, 3) normalize the surveys 
to a uniform source-to-receiver azimuth and offset distribution, 4) image the subsurface with a 
consistent velocity function, and 5) bring all three surveys on to a consistent grid for 
interpretation. These goals were met which resulted in a unified seismic dataset that was used 
to fully evaluate subsurface features and formation trends at the High West CCS site. 
 
A comprehensive assessment of the 3D seismic survey data was conducted and seamlessly 
integrated into the workflow to enhance the characterization of the injection zone and confining 
layers.  The supplementary data acquired from the 3D seismic survey, coupled with the formation 
tops identified through well-log analysis, was employed for the identification of key structural 



Class VI Permit Application, Section 2 – High West CCS Project                      Page 7 of 65 

horizons, as illustrated in Figure 2-2.  The seismic data allowed for an enhanced visualization of 
the subsurface, revealing features such as faults, structural, or stratigraphic changes in the 
subsurface.  Integrating this data into the geocellular model substantially enhanced its precision, 
resulting in a more thorough comprehension of the targeted stratigraphy including the Flooding 
Surfaces (FS) and SBs illustrated in Figure 2-2. 

 

Figure 2-2 – Major structural horizons used in the construction of the static earth model (SEM). Injection 
will occur across five zones bounded by FS 4 and SB 7.3. The top of the lower confining zone (LCZ) and 

the upper confining zone (UCZ) are shown as SB 7.3 and SB 2.1, respectively. Vertical exaggeration is 3x. 
 
Additional site-specific data will be collected after the submittal of this permit application to 
supplement the data and findings that supported the project design work in this submission.  A 
stratigraphic test well is planned to gather core, fluid samples, and geophysical logs, including 
additional data that will further increase the accuracy of the computational models. 
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2.3 Trapping Mechanisms 
 

In a CCS project, four primary trapping mechanisms exist that sequester the supercritical CO2, 
schematically represented in Figure 2-3.  Structural and stratigraphic, residual gas (also referred 
to as residual CO2), solubility, and mineral trapping mechanisms—all present in the current model 
except for mineral trapping—are discussed in the following sections. 
 

 

Figure 2-3 – CO2 Storage Mechanisms (IPCC, 2005) 
 
2.3.1 Structural/Stratigraphic Trapping 
 
Structural trapping in CCS involves the physical confinement of injected CO2 through the presence 
of sealing faults, stratigraphic, or other geological traps.  Similar to naturally occurring 
hydrocarbon reservoirs, CO2 can frequently be sequestered in anticlinal folds.  This phenomenon 
is captured in the geologic model.  The static model contains the confining shales and shale 
baffles that act as barriers inhibiting supercritical CO2 flow.  As a low-viscosity fluid, supercritical 
CO2 is less dense than the surrounding brine in the injection zone.  Consequently, CO2 ascends 
until its buoyant forces are no longer greater than the capillary entry pressure of the caprock.  In 
the dynamic model, the mass density of CO2 exhibits a range from approximately 45.2 pounds 
per cubic feet (lb/ft3), in the shallowest injection interval, to 48.2 lb/ft3, in the deepest intervals.  
Concurrently, the average surrounding brine density was calculated at 65.92 lb/ft3. 



Class VI Permit Application, Section 2 – High West CCS Project                      Page 9 of 65 

EOS calculations are executed to ascertain and predict the phase behavior, density, and other 
thermodynamic properties of CO2.  These mathematical formulations can predict the density and 
phase segregation of the injected fluid at any given model location based on the pressure and 
temperature conditions at that location.  tNavigator uses several well-known EOS formulas, 
including the modified Peng-Robinson method (Peng and Robinson, 1976).  The EOS 
implemented within the plume model was the modified Peng-Robinson method, due to its widely 
accepted use for volumetric and phase equilibria. 
 
2.3.2 Residual Gas Trapping 
 
Residual gas trapping constitutes a physical trapping mechanism where minute quantities of CO2 
persist in the pore space as the plume continues to migrate.  As water is displaced in the rock, 
the CO2 fills the space.  However, depending on the movement of CO2 and the aqueous phase 
through saturation and capillary forces, CO2 remains residually trapped within the pore space. 
 
Hysteresis modeling is used in the model to accurately predict the amount of residually trapped 
supercritical CO2.  tNavigator offers several methods to determine residual gas trapping, such as 
the Carlson and Land model (Land, 1968) (Land, 1971) (Carlson, 1981).  The “CARLSON_A” 
keyword was chosen to implement the Carlson and Land model for this simulation because of (1) 
it is validated for use in water-alternating-gas injection and (2) it is the one model that represents 
the two-phase system.  The critical parameter—trapped gas saturation—will be discussed in 
Section 2.5.3.   
 
2.3.3 Solubility Trapping 
 
Solubility trapping is a chemical trapping mechanism characterized by the interaction between 
supercritical CO2 and brine.  Due to its high solubility in brine, CO2 forms a solution with a higher 
density than the original connate brine.  As a result, the CO2-laden brine descends within the 
geologic formation, trapping the CO2-enriched brine due to gravity segregation.  This mechanism 
contributes to the reduction of CO2 migration and enhances the storage capacity of the reservoir. 
 
tNavigator models the solubility of CO2 and other components using Henry’s Law, the general 
form of which uses the following formula: 
 

(Eq. 1)   𝑓𝑓 = 𝑥𝑥 ∗ 𝐻𝐻 
Where: 
 f  = the fugacity of the component 
x  =  composition of the component in the aqueous phase 
H =  Henry’s Law constant  

 
The Henry’s Law constant for a specific component (e.g., CO2) can be calculated as a function of 
pressure, temperature, and salinity in tNavigator using correlations developed by Li and Nghiem 
(Li & Nghiem, 1986).  The latter correlation was chosen for its improved accuracy at modeling 
CO2 and hydrocarbon gas solubility in high-salinity brines. 
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2.3.4 Mineral Trapping 
 
Mineral trapping or geochemical trapping is another form of chemical trapping that occurs due 
to reactions between CO2 and the geochemistry of the formation.  During CO2 injection into the 
reservoir, four primary drivers interact with one another: (1) CO2 in the supercritical phase, (2) in 
situ hydrochemistry of the connate brine, (3) aqueous CO2, and (4) the geochemistry of the 
formation rock.  The interaction of these components results in CO2 often being precipitated out 
as a new mineral.  This new mineral is typically Ca-CO3, or calcium carbonate (i.e., limestone).  
 
Mineral trapping can also occur due to the adsorption of CO2 onto clay minerals.  Once hysteresis 
and solubility trapping are included in the model, geochemical formulae can be added through 
an internal geochemistry database to describe mineral-trapping reactions.  For aqueous 
reactions, the following formulae were used: 
 

𝐶𝐶𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂 = 𝐻𝐻+ + 𝐻𝐻𝐻𝐻𝑂𝑂3− 
𝐶𝐶𝑂𝑂3−2 + 𝐻𝐻+ = 𝐻𝐻𝐻𝐻𝑂𝑂3− 
𝑂𝑂𝐻𝐻− + 𝐻𝐻+ = 𝐻𝐻2𝑂𝑂 

 
These three reactions are common ionic reactions that can occur in the reservoir between water 
and CO2.  The following formulas show the mineral reactions used in the model.  Each mineral is 
commonly found within sandstone in an underground aquifer and causes the precipitation of 
carbon oxides in a solid state: 
 

𝐴𝐴𝐴𝐴𝐴𝐴ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆2𝑂𝑂8) + 8𝐻𝐻+ = 4𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝐶𝐶2+ + 2𝐴𝐴𝐴𝐴2+ 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3) + 𝐻𝐻+ = 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻𝐻𝐻𝑂𝑂3− 

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 (𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆2𝑂𝑂5(𝑂𝑂𝐻𝐻4)) + 6𝐻𝐻+ = 5𝐻𝐻2𝑂𝑂 + 2𝐴𝐴𝐴𝐴3+ + 2𝑆𝑆𝑆𝑆𝑆𝑆 
 
While geochemical trapping can have a greater impact on CO2 over hundreds or thousands of 
years, the short-term effects of these trapping mechanisms are small, and fluid movement is 
dominated by structural, residual and solubility trapping.  Due to the extraordinarily long 
timeframes geochemical reactions take to see any applicable effect, the geochemical trapping 
mechanism is not assumed in the current model.  As more data is received on the reservoir’s 
geochemical properties, sensitivities could be run to determine the applicability of these traps. 
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Figure 2-5 – Lower model surface utilizing the FS 8 horizon and depicting the fault intersections in the 
surface. The outline of the 3D seismic data used in the construction of the model is shown with a white 

polygon.  
 
The 3D model was created in NAD27_LS1702 coordinate system and included a structural 
interpretation based on 79 wells.  Of those wells, 64 were drilled inside the model boundaries 
with position data, well logs, 3D seismic data, faults and horizon from seismic interpretations in 
time, and public regional shape files.  A list of these wells is provided in Appendix B-10.  Of the 79 
wells, 55 were used for the petrophysical evaluation.  The flowchart in Figure 2-6 describes the 
process followed during the geocellular model construction.
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Figure 2-6 – Geocellular Model Workflow
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2.4.2 Structural Framework 
 
The 3D seismic interpretation of 23 faults and 34 surfaces of the stratigraphic framework were 
used to construct the 3D structural model for the High West CCS Project (Figure 2-7).   The 
stratigraphic framework used in the High West CCS Project covers the Upper and Middle Miocene 
intervals.  Two faults, both related to salt domes south of the project, extend upwards through 
the shallowest portions of the model while the remaining 21 faults mapped have either no offset 
at the base of the mapped framework or minimal offset within the High West CCS Project lease 
area. 
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Figure 2-7 – Structural model faults and surfaces used in construction of the SEM displayed in a 3D view. 
The High West CCS Project lease area is shown with the red polygon displayed at sea level. All units are 

in feet.  
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Appendix B-1 and B-3 illustrate the faults for the top of the upper and lower confining surfaces, 
the UCZ (SB 2.1-SB 2.1B) and LCZ (SB 7.3-FS7.4), respectively.  The majority of the faults mapped 
in the High West CCS Project area are related to older depositional features such as growth faults 
and salt-withdrawal basins present below the LCZ. Nine seismic time horizons and their 
corresponding well markers were used to develop a velocity model that was used to convert time 
horizons to depth.  The velocity model was then used to generate 21 depth horizons that were 
used to populate the SEM and generate the 34 surfaces in the SEM.   In total, 45 formation and 
biostratagraphic tops were used to further refine the model vertically.  
 
The injection zone at the High West CCS Project, and the confining zones, were deposited in a 
deltaic to fluvial environment during the middle and upper Miocene.  Sediments were deposited 
on a stable shelf with cyclicity between sand and shale provided by rising and lowering sea level 
as well as meandering channels that were bringing sediments to deeper water further south.  The 
deepest sands in the injection intervals have characteristics of prograding deltaic sands that are 
coarsening upwards while the shallow sand at the top of the injection zone, and those above the 
injection zone, display characteristics of north-south oriented distributary channels that feed 
sediments to the south.  Most of the injection intervals exhibit prograding to aggregating sand 
bodies that are oriented along strike to the paleo-shoreline.   These depositional characteristics 
were captured in the interpretation of the seismic data and used in our SEM modeling to guide 
facies and reservoir properties distribution.  Examples of these seismic interpretations are shown 
in Figure 2-8. 
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Figure 2-8 – Examples of seismic attribute maps guiding the population of reservoir properties into 
portions of the model away from well control.  Yellows and red colors indicate sand-prone seismic 

signatures while browns represent shale-prone seismic signatures.  The stars show the location of the 
type well on the individual maps for reference. 
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The mapped seismic attributes were used in the SEM to guide the continuity of the data in the 
major and minor directions while matching the well data.  The petrophysical properties were 
distributed (e.g., facies and porosity) from 55 wells with available information, using the 
geostatistical modeling tools to preserve the heterogeneity and trends of the Miocene 
Formation.  The anisotropy used in the lower Miocene units had one of two azimuths, in general, 
either an azimuth of roughly 160°, or 60°.  This anisotropy corresponds with observed 
depositional trends described in the technical paper of Miocene-age sediments along the Gulf 
Coast (Snedden and Galloway, 2019).  The two major trends seen in the geologic model are 
shown in Figure 2-9, with the 160 degrees NW-SE trend representing the fluvial facies and the 60 
degrees NE-SW trend representing the paleo-shoreline-parallel deltaic facies. 
 

 
Figure 2-9 – Variogram trends from two layers demonstrating the two major trends seen in the data 

going into the SEM. 
 
An example of well log data is displayed in Figure 2-10, with Vclay, SP, resistivity, lithofacies, 
effective porosity, and permeability from petrophysical interpretation, and the same properties 
displayed to the left in the 5.6-ft vertical average grid after modeling.  The initial model was 
cropped to the seismic area and then upscaled.  Table 2-1 details the initial geocellular model, 
which has 33 zones defined between 34 tops, including the entire Upper and Middle Miocene 
Formation as well as the UCZ (SB 2.1 to SB 2.1B) and LCZ (SB 7.3 to FS 7.4) shales.      
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Figure 2-10 – Example Well Log (Waterford Oil Company No. 001) with Petrophysical Log Data from the 
SEM. Facies, effective porosity and permeability from the SEM at the well location are shown in the right 

three tracks. 
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Figure 2-11 – General statistics for the entire model for the facies property.  Each zone was also checked 
individually. Raw data is shown in red, upscaled cells in green, and populated property in purple. 

 
The primary differentiator between the sand and shale facies was the Vclay percentage.  Vclay 
greater than 35% was considered shale while 35% and lower was considered sand.  For every 
SEM zone, vertical proportion curves were calculated, variogram ranges were estimated, seismic 
attribute maps by zone were used to estimate facies trends, and then a facies was estimated by 
zone at every grid cell via Sequential Indicator Simulation (SIS). Figure 2-12 shows a vertical 
section displaying the facies property extracted from the SEM along a west-east profile. 
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Figure 2-12 – Facies property extracted from the SEM along a west-east profile. Yellow represents sand 
facies and gray represents shale. The injection site is marked with a vertical black line as a well and the 

injection zone is highlighted with the vertical red bar along the well. 
 
2.4.3.2 Effective Porosity (ØEffective) 
ØEffective is the reservoir property that controls the amount of CO2 storage in the reservoir as well 
as being correlated to permeability.  Facies is the main driver for the likelihood of a portion of 
the reservoir to have higher ØEffective.  Figure 2-13 shows a histogram display of the ØEffective 
property for the entire model, split by facies, comparing the raw data (from logs in red) to the 
upscaled logs (in green) and populated grid property (in purple).  The sand facies, which acts as 
the reservoir, has a much higher average ØEffective property than does the shale facies that forms 
the seals. 
 
ØEffective is calculated zone by zone, conditioned to facies, using separate variograms by zone and 
by facies.  The property is distributed via Gaussian Random Function Simulation (GRFS).  Figure 
2-14 shows the same west-east vertical section from the SEM as Figure 2-12 but displaying the 
ØEffective property.  
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Figure 2-13 – Histogram display for all zones.  Raw data is shown in red, upscaled cells in green, and 
populated property in purple. Typical values of ØEffective range from 0-2% in shales and 23-28% in sands.  

 
 

 
 

Figure 2-14 – ØEffective property extracted from the SEM along a west-east profile. Yellow and orange 
colors represent high porosity rock, typically sand, and cooler blue colors represents low porosity rock, 
typically shale. The injection site is marked with a vertical black line for a well and the injection zone is 

highlighted with the vertical red bar along the well. 
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2.4.3.3 Permeability 
Permeability is typically measured in core samples and then related back to well log calculations 
based on the depth of the core samples.  Permeability can be estimated by nuclear magnetic 
resonance well logs or by injection or production tests.  Since none of these data are currently 
available locally in the High West CCS Project, data was used from privately accessed core 
databases, filtered to samples from similar depths, pressures, and depositional environments, to 
relate ØEffective to permeability at the High West CCS Project.  Figure 2-15 shows the same west-
east vertical section from the SEM, as the previous figures, displaying the permeability property. 
The transform used calculated permeability from the ØEffective property is shown in Figure 2-16. 
 

 

Figure 2-15 – Permeability property extracted from the SEM along a west-east profile. Yellow and 
orange colors represent high permeability rock, typically high porosity sand, and cooler blue and purple 
colors represents low permeability rock, typically shale.  The injection site is marked with a vertical black 

line for a well and the injection zone highlighted with the vertical red bar along the well. 
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Figure 2-16 – Porosity-permeability transform developed from privately accessed core databases using 
samples collected from rocks deposited in similar depths, pressures and depositional environments. The 

points on the cross plot represent the core sample measurements of porosity and permeability while 
the curved line fitted through the data points represents the transform used to calculate permeability 
from the SEM porosity values.  The displayed equation is the calculated permeability transform used. 

 
Figure 2-17 is a display of the three attributes modeled over the five injection zones (FS 4 to SB 
7.3).  The structural and facies 3D models were used for the fault slip potential (FSP) analysis in 
the modeled area.   
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               Figure 2-17 – Modeled injection zone (FS 4 to SB 7.3): Facies, ØEffective, and Permeability  
compared to the Waterford Oil Company No. 001 well logs used to populate the properties. 
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2.4.4 Upscaling the SEM for Reservoir Simulation. 
 
The initial SEM built for the High West CCS Project had an average cell thickness of 5.6 ft and 
contained over 260 million grid cells.  The initial SEM was upscaled for computational efficiency 
by merging grid cells with 0-5 ft of thickness and to vertically coarsen the non-reservoir intervals 
outside the injection zone while preserving the vertical anisotropy in porosity and permeability.  
In the coarsened grid cells, porosities were averaged, dominant facies were assigned and 
permeabilities were recalculated using the Miocene Core Study porosity-permeability transform.  
Examples of the upscaled SEM and porosity and permeability properties are shown in Figure 2-18. 
 
A third facies was created after upscaling from the Petrel model.  Due to the nature of upscaling, 
some cells were dominantly shale but averaged to be moderate porosity and permeability.  To 
better reflect that these grid cells would be more akin to sandy shales or shaley sands, a third 
facies was implemented from the “sandy shales”.  A cutoff of 5 millidarcy (mD) was used to 
separate the sandy shales from the shale facies.  This added facies cutoff only affects 11% of the 
active grid cells in the model and does not significantly impact the results of the model.  The 
inclusion of a third facies provides additional conservatism as it allows the CO2 plume to migrate 
further. 
 
The porosity values in the sands (Facies 3) had a pore volume (PV) weighted average of 23.64%.  
The porosity values in the shaley sands (Facies 2) had a PV weighted average of 22.38%.  The 
porosity values in the shales (Facies 1) had a 9% PV weighted average.   
 
The porosity-permeability relationship was then applied to the model, resulting in a PV weighted 
average of 118 mD for the sand facies.  The sandy shale facies permeability had a PV weighted 
average of 67 mD. The shale facies permeability had a PV weighted average of 0.54 mD.   
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Figure 2-18 – Examples of the porosity (top) and permeability (bottom) properties along a west/east 
vertical profile from the upscaled SEM. Consolidating thin layers and coarsening of the non-injection 

intervals increased the efficiency of the simulation. The injection site is marked with a vertical black line 
and the injection zone is highlighted with the vertical red bar along the well. 
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The 3D structural grid with facies, ØEffective, and permeability properties distributed across every 
zone were exported as a RESQMLv2 file, to run the compositional dynamic simulation in 
tNavigator. 
 
A table of the SEM zone values is provided in Appendix B-11. 
 
2.5 Dynamic Plume Model 

 
2.5.1 Model Orientation and Gridding Parameters  
 
2.5.1.1 Spatial Conditions 
As discussed earlier, tNavigator uses the Petrel geologic model as an input.  The model was 
upscaled from its original grid cell dimensions to now be 250 ft x 250 ft x ~20 ft.  To mitigate 
computational demands, the confining shales were split into fewer layers.  The upper shale is 
split into nine layers (~225 ft on average) and the lower shale is split into two layers (~270 ft on 
average).  The model uniformly covers an area of approximately 47,100 acres (~74 square miles 
(sq mi)).  The grid extends 247 cells in the X-direction (east/west), 184 cells in the Y-direction 
(north/south), and 292 cells in the Z-direction.  Figure 2-19 provides a visual representation of 
the total area covered by the grid in the project zone. 
 

 
Figure 2-19 – Modeled Area  
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The model consists of approximately 13.3 million grid cells (~9.5 million active grid cells).  To 
improve the computational efficiency of the model and accuracy of the results, a pore volume 
cutoff was applied to the grid.  This cutoff was included to reduce the total amount of grid blocks 
and remove any cells that may cause numerical errors while preserving the major flow paths of 
the injected CO2.   A value 5,400 ft3 was chosen as the pore volume cutoff which equates to less 
than 3% of the average pore volume per grid cell. 
 
Multiple distinct sand packages have been identified as prospective candidates for supercritical 
CO2 injection.  Each package is stratigraphically confined by interbedded shales and shale baffles, 
serving as potential barriers to impede CO2 migration.  The integration of 3D seismic data has 
validated the geocellular model, offering a more precise depiction of the sand packages within 
regions characterized by substantial gaps in well data.  Following identification, these sand 
packages were targeted for CCS injection with five injectors. 
 
2.5.1.2 Boundary Conditions 
Boundary conditions were chosen based on geologic research into the depositional environment.  
The Gulf Coast sands within the project area display extensive interconnectivity across the region.  
To emulate this highly connected nature, an infinite-acting reservoir approach is utilized.  This 
method enables the accurate simulation of the pressure response arising from supercritical CO2 
injection.  Achieving this specific objective is realized through strategically positioning "volume 
modifiers" along the grid edges.  A value of 10,000 is applied uniformly along the edge of the grid, 
as Figure 2-20 illustrates, to enable infinite-acting behavior in the dynamic model.  The upper and 
lower confinements serve as sealing boundaries due to their very low permeability. 
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Figure 2-21 – Porosity (decimal fraction) Cross Section of the Dynamic Model 
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Figure 2-22 – Permeability (mD) Cross Section of the Dynamic Model  
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A KV/KH ratio of 0.1 was used to determine the vertical permeability in the model. A study 
conducted in the Frio sands, an analogous reservoir, suggests that KV/KH ratios from core data 
may have a wide range of values as seen in Figure 2-23 (Hovorka et al., 2003).  Core data may 
indicate KV/KH ratios in the range of 0.9 to 1 at the core plug level.  However, the choice of 0.1 as 
a value represents a standard upscaled value when extrapolating to the larger model grid-block 
scale, especially for intervals with high permeability.  When looking at the scales smaller than the 
grid thickness (20 ft), there is a high likelihood of vertical permeability variations that would result 
in a lower KV/KH value. 
 

 
Figure 2-23 – KV/KH vs. Porosity Relationship (Hovorka et al., 2003) 

 
For flow perpendicular to the bed boundaries (i.e., vertical flow), the flow will be dominated by 
the lowest permeability layers and reflected by a harmonic average of permeability data (“flow 
in series”).  Conversely, the flow parallel to bed boundaries will be dominated by the highest 
permeability layers and reflected by an arithmetic average of permeability. 
 
While perhaps appearing small relative to core data, a KV/KH ratio of 0.1 being a relatively high 
value is an important highlight.  In a reservoir simulator, the flow between blocks is determined 
not by permeability but by the transmissibility between two adjacent blocks.  The transmissibility 
between rectangular grid blocks is directly proportional to permeability multiplied by the cross-
sectional area through which fluids pass, all divided by the distance separating the centers of the 
two grid blocks.  This relationship can be expressed using the following equation: 
 

(Eq. 2)   𝑇𝑇 = 𝑘𝑘 ×  𝐴𝐴 𝐿𝐿�   
 
In this context, where A represents the cross-sectional area and L denotes the length of the flow 
path, there are distinct characteristics for vertical and horizontal flow between grid blocks.  In 
vertical flow, the cross-sectional area (A) is considerably larger, while the length of the flow path 
(L) is relatively shorter.  Conversely, in the case of horizontal flow between grid blocks, the area 
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(A) is much smaller, and the length (L) is significantly greater.  In the context of this simulation 
model, given a KV/KH ratio of 0.1, the vertical transmissibility will be 312.5 times higher than the 
horizontal transmissibility.   
 
2.5.2.2 In Situ Reservoir Pressure Gradients Discussion 
A 100% brine-filled reservoir is assumed for the dynamic flow model.  If hydrostatic conditions 
are also assumed, then the initial reservoir pressure will be equal to the weight of the fluid 
column.  McCain’s correlation (McCain, 1991) is used to calculate the density of brine at reservoir 
conditions.  A salinity of 125,000 ppm is used in the equation, resulting in a brine density of 65.92 
lb/ft3, or 0.465 psi/ft.  The midpoint of the injection zone is chosen to provide an average value.  
This pressure is then used to initialize the reservoir simulation at the midpoint, where tNavigator 
internally calculates pressures in each grid cell based on salinity and temperature at various 
points.  Equations 3 and 4 provide a step-by-step guide in the brine density calculations. 
 

(Eq. 3)   𝜌𝜌𝑤𝑤 = 62.368 + (0.4386 × 𝑆𝑆) + (0.001600074 × 𝑆𝑆2)   

  𝜌𝜌𝑤𝑤 = 62.368 + �0.4386 × 125,000
10,000

� + (0.001600074 × 125,000
10,000

2
) 

  𝜌𝜌𝑤𝑤 = 66.67 𝑙𝑙𝑙𝑙/𝑓𝑓𝑓𝑓3 

Where: 
𝜌𝜌𝑤𝑤  = density of brine 
S    =  total dissolved content of brine, expressed as weight percent 

 

(Eq. 4)   𝜌𝜌𝑤𝑤 @ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜌𝜌𝑤𝑤 @ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐵𝐵𝑤𝑤

   

  𝜌𝜌𝑤𝑤 @ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 66.67
1.0114

 

  𝜌𝜌𝑤𝑤 @ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 65.92 𝑙𝑙𝑙𝑙/𝑓𝑓𝑓𝑓3 

Where: 
𝜌𝜌𝑤𝑤  = density of brine 
Bw  =  volume formation factor of brine 

 
2.5.2.3 Injection Zone Fracture Gradient Calculation 
The fracture pressure is a function of Poisson’s ratio (ν), overburden gradient (OBG), and pore 
gradient (PG).  Eaton’s method (Eaton, 1968) is used to calculate the pressure required to fracture 
the injectable rock.  Primarily developed using data from Gulf Coast sands, this method offers a 
practical means of estimating the fracture pressure of the rock.  Eaton’s method is recognized as 
a standard practice in the industry, contributing to the assessment and optimization of hydraulic 
fracturing operations in various geological settings.  Table 2-3 provides the values of each input. 
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Public literature was utilized to determine the OBG of the target formation.  Figure 2-25 shows a 
composite OBG for the Gulf Coast at various depths (Eaton, 1968).  A value of 0.92 psi/ft was 
chosen to best represent the OBG in this area.  A PG of 0.465 psi/ft was calculated from the 
salinity estimates as discussed in Section 2.5.2.2. 
 

  

 
Figure 2-25 – Composite Overburden Stress Gradient for Gulf Coast Formations (Eaton, 1968) 

 
The inputs are used to calculate the fracture gradient (FG).  Equation 5 highlights the steps for 
calculating the gradient.  Per SWO 29-N-6 §3621.A.1 [40 CFR §146.88(a)], the well may not 
exceed 90% of the fracture gradient of the injection zone during injection operations.  Therefore, 
the model applied a pressure constraint of 0.628 psi/ft to all injectors. 
 

(Eq. 5)   𝐹𝐹𝐹𝐹 =  𝜈𝜈
1−𝜈𝜈

(𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑃𝑃𝑃𝑃) + 𝑃𝑃𝑃𝑃    

  𝐹𝐹𝐹𝐹 = 0.339
1−0.339

(0.92 − 0.465) + 0.465 

  𝐹𝐹𝐹𝐹 = 0.698 𝑝𝑝𝑝𝑝𝑝𝑝/𝑓𝑓𝑓𝑓 

𝐹𝐹𝐹𝐹 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.698 × 0.9 = 0.628 𝑝𝑝𝑝𝑝𝑝𝑝/𝑓𝑓𝑓𝑓 
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2.5.2.4 Reservoir Fluid Properties 
 
Reservoir Temperature 
 
A review of nearby well logs and regional literature was conducted to estimate the reservoir 
temperature.  First, public literature was used to gain insight into the regional temperature 
trends.  The study showed that the geothermal gradient changes with depth, and data was 
therefore looked at in 5,000-ft intervals.  Spoonbill No. 001 through 005 are situated in St. Charles 
Parish.  Figure 2-26 provides a snapshot of the average geothermal gradients in those parishes at 
the target formation depths. 
 

 
Figure 2-26 – Geothermal Gradients in Louisiana Parishes from Depths of 5,000 to 10,000 ft (Carlson and 

McCulloh, 2006) 
 
Well logs were also reviewed near the injection sites to determine site-specific temperature 
gradients.  From this review, the nearest well log was chosen to provide the most analogous data 
point to the target formation.  The reservoir temperature gradient was estimated to be 
0.98°F/100 ft, based on the average temperature gradient derived from the offset well review.  
This gradient is in line with the regional data, providing an increased confidence interval.  That 
gradient is added to an assumed surface temperature of 72°F, which is the mean annual surface 
temperature.  Figure 2-27 provides the offset well logs and their associated temperature 
gradients. 
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Figure 2-27 – Offset Logs Used for Reservoir Temperature Review 

 
Brine Salinity 
 
Regional salinity trends within the target reservoir were identified through a comprehensive 
review of published fluid samples.  Fluid data was extracted from the US Geological Survey (USGS) 
National Produced Waters Geochemical Database (Blonde, 2018), a comprehensive online 
repository of water samples aimed at improving the regional hydrological interpretations.  Fluid 
samples collected in Jefferson, Lafourche, Plaquemines, and St. Charles Parishes were analyzed 
to identify any discernible trends within the injection zone.  Figure 2-28 highlights the total 
dissolved solids (TDS) content for each sample, revealing notable variability in salinity within the 
injection zone.  The brine within the target appears to have an approximate range of 2,300 
milligrams per liter (mg/L) to 225,000 mg/L. 
 





   
 

Class VI Permit Application, Section 2 – High West CCS Project                        Page 43 of 65 

 
 

Figure 2-29 – Pore-Volume Compressibility vs. Initial Sample Porosity (Newman, 1973) 
 

2.5.3.2 Residual Gas Saturation 
Residual gas saturation (Sgr) refers to the amount of supercritical CO2 that can be residually 
trapped in the pore space.  Public literature was utilized to determine the input, as no site-specific 
data has been collected yet.  From a review of multiple sources (Hovorka et al., 2003; Holtz, 2005; 
Bachu and Bennion, 2008; Bachu, 2012), the Sgr values can range from 10 to 40% in sandstones.  
The model uses a value of 30%, as it best represents the Gulf Coast sandstone as seen in Figure 
2-30.  This figure portrays 144 data points from samples across the globe, including four samples 
taken from the Frio, an analogous depositional environment.   
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Figure 2-30 – Comparison of Sgr samples taken from the Frio Sands vs. published literature (Hovorka et 

al., 2003)   
 
Site-specific core acquisition and analysis is planned with a stratigraphic test well and/or upon 
completion of the subject injection wells.  The model inputs will be updated as new data is 
acquired. 
 
2.5.3.3 Relative Permeability Curves 
In the absence of site-specific data, relative permeability curves were generated using research 
findings from analogous depositional environments.  Traditional core testing faces challenges in 
accurately determining curve endpoints, leading to elevated irreducible water saturations (Swirr) 
and lower CO2 endpoints (Benson, 2013).  In the drainage CO2-brine relative-permeability 
experiments, as the water saturation decreases, the capillary pressure (PC) values increase rapidly 
as PC approaches the irreducible water saturation.  The high mobility ratio limits the necessary 
capillary pressure required to achieve high saturations of CO2 during the test.  This phenomenon 
causes the experimental relative-permeability measurements to end at water saturations higher 
than the actual irreducible water saturation.   
 
Corey-Brooks equations were utilized to generate drainage curves for the sand and shale facies.  
The necessary inputs for solving these equations were determined through a comprehensive 
review.  In this process, the irreducible water saturation was assumed to be 15.4% and 40%, for 
the sand and shale facies, respectively.  The sand and sandy-shale facies assumed CO2 
permeability endpoints of 1 and 0.65 for both brine and CO2 curves, respectively.  Fitting these 
assumptions to data from various references (Krevor et al., 2012) yielded brine and CO2 
exponents of 5 and 4, respectively.  For the shale facies, 1 and 0.5 were assumed to be the brine 
and CO2 endpoints, respectively.  The shale facies have CO2 and brine exponents of 6.5 and 2.6.  
Subsequently, imbibition curves were internally calculated in tNavigator using the Carlson and 
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Figure 2-51 – Maximum CO2 Plume Extent 

 
 

2.7.2.1 Stabilized Plume Growth Analysis 
Plume stabilization occurs when the growth rate or positional change has slowed to a nearly 
imperceptible change per year.  At that point in time, the CO2 plume is considered 
hydrodynamically trapped within the pore space.  This stabilization point is determined by the 
model output, where the areal growth rate is less than 0.4% per year. 
 
By the year 2073 (28 years post-injection), the plume is considered to be stable according to the 
results of the dynamic model.  A significant reduction in growth can be seen at that time.  After 
2095, the areal growth rate decreases below 0.4% per year on average and will continue to 
decline.  The carbon front’s growth continues to steadily decline until the end of the model.  
Figure 2-51 shows the plume stabilizing within 50 years after injection operations. 
 







   
 

Class VI Permit Application, Section 2 – High West CCS Project                        Page 62 of 65 

2.8 Final AOR 
 
The final AOR, based on 50 years after injection ceases and depicted in Figure 2-53, encompasses 
both the CO2 and critical pressure fronts.  Defining the monitoring requirements and potential 
corrective action plan for offset wells heavily depends on this designated AOR.  As the AOR 
involves two distinct fronts, it is essential to consider specific monitoring and corrective action 
measures for each front, to ensure a thorough approach in managing the carbon sequestration 
project. 
 

 
Figure 2-54 – Final AOR with CO2 Plume Extent and Critical Pressure Fronts 

 
 
Additional information to support Section 2 is provided in the following appendices: 
 
Appendices 

• App B-10 Well Logs Used in Static Model 
• App B-11 - Static Earth Model Zone Values  
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