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1.1. Overview 
 
This site characterization for Orchard Storage Company LLC’s (Orchard Storage) Orchard Project, 
for injection wells No. 1 through No. 7 was prepared to meet the requirements of 16 Texas 
Administrative Code (TAC) §5.203 (c)(2) [Title 40, U.S. Code of Federal Regulations (40 CFR) 
§146.82(a)(3)].  This section describes the regional and site geology for the proposed location.  
This site characterization incorporates analysis from multiple data types, including core, well logs, 
seismic (2D), academic and professional publications (e.g., regional geologic frameworks), and 
nearby subsurface analogs. 
 
1.2. Regional Geology 
 
1.2.1 Regional Geologic Setting 
 
The Permian Basin is a large sedimentary basin covering more than 75,000 square miles of west 
Texas and southeastern New Mexico.  The basin developed in an open marine environment in 
the middle of the Carboniferous period, approximately 320-325 million years ago (Galley, 1958).  
It is an asymmetrical, northwest-southeast trending system bound by the Marathon-Ouachita 
orogenic belt to the south, the Northwest Shelf and Matador Arch to the north, the Diablo 
Platform to the west, and the Eastern Shelf to the east (Beaumont, 1981).  Figure 1-1 shows a 
map of the Permian Basin sub-basins and the Orchard location (from Merrill et al., 2015). 
 
Researchers commonly subdivide the Permian Basin into two sub-basins and one platform—the 
Delaware Basin to the west, the Central Basin Platform in the center, and the Midland Basin to 
the east (Popova, 2022).  The tectonic history of the Permian Basin is mainly affected by the uplift 
of the Central Basin Platform, and partly by the thrusting of the Marathon-Ouachita orogenic 
belt, with the main phase of basin differentiation occurring during the Pennsylvanian and 
Wolfcampian periods due to rapid subsidence in the Delaware and Midland basins (Popova, 
2020). 
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Figure 1-1 – Permian Basin sub-basins with the Orchard location indicated by the black star (from Merrill 
et al., 2015).   
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1.2.2 Regional Stratigraphic Model 
 
The Permian Basin Paleozoic succession is comprised of carbonate, clastic, and evaporite rocks.  
Figure 1-2 shows a generalized stratigraphic column of geologic units in the Paleozoic strata of 
the Permian Basin (Merrill et al., 2015).  This Permian System stratigraphy, per the U.S. Geological 
Survey (USGS) assessment of CO2 storage opportunities, reflects a composite of several 
stratigraphic schemes attributed to several decades of hydrocarbon development in the area. 
 
 

 
Figure 1-2 – Generalized stratigraphic column of geologic units in the Paleozoic strata of the Permian 

Basin (Merrill et al., 2015). 
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Each stratigraphic succession reflects a composite of high-frequency cyclicity incorporating 
lowstand, transgressive, and highstand system tracts across the region.  These successions are 
reflective of paleo-topographic changes across the area caused by sea-level fluctuation, 
subsidence, water depth, and compaction forces.  
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Figure 1-4 –  
 

 



 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 11 of 161 

1.2.3 Regional Depositional Model 
 
Facies are associated with shelf-to-basin changes across the region.  The proposed Orchard No. 
1–No. 7 injection wells are in an area that reflects evolution from slope- to supratidal-dominated 
regimes, from the Leonardian through the Guadalupian successions.  Iterations of the regional 
depositional model have been developed through several decades of academic and professional 
research.  These models incorporate the research of time-equivalent outcrops in western Texas 
and eastern New Mexico, showing shelf-to-basin changes from the Northwest Shelf into the 
Delaware Basin portion of the Permian Basin.  These models correlate to the Leonardian and 
Guadalupian successions in the Central Basin Platform, Northwest Shelf, Midland Basin, and 
Eastern Shelf, as Figure 1-5 shows. 
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Figure 1-5 – Upper Permian stratigraphy of the Northwest Shelf of the Delaware Basin (after Beaubouef et al., 1999).
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1.2.4 Major Stratigraphic Units 
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Figure 1-6 – Reference map showing the location of cross section B-B’ (Figure 1-7) from west to east 
through the Orchard location (indicated by the black star). 
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Figure 1-7 – A west-to-east cross section illustrating the change of lithofacies and stratigraphy in the  
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Figure 1-8 – Base map showing the location of the Orchard Project (black star) and the 
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Figure 1-10 –
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Figure 1-11 – Schematic cross section showing the hierarchy of composite/high-frequency sequences for the  
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Figure 1-12 – A schematic cross section of the dominant lithofacies across the high-frequency cycles shown previously, based on observations 
from several regional .
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Figure 1-13 – Map of hydrocarbon-producing play areas associated with the  relative to the Orchard No. 1–No. 7 locations 
(indicated by the blue diamonds) and the wider area around them (black dashed polygon).
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Figure 1-14 – Simplified map highlighting the regional patterns of dominant lithologies in the confining 
zone part of the 



 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 27 of 161 

 
 

 
 
 
 
 

  

 
 
 

 

 
 

 

 
 
 

 

 
 
 
 

  

 
 
 
 

 

 
 



 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 28 of 161 

 
 

 
1.3. Site Geology  
 
The proposed Orchard No. 1–No. 7 site is located  

Gaines County, Texas.  The wider area around the proposed 
site provides multiple data types that increased the accuracy of this site characterization.  
Figure 1-15 shows a map of the individual locations of Orchard No. 1 through No. 7 relative to 
existing wells within the wider area and associated with hydrocarbon-producing play areas. 
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Figure 1-15 – Map of the Orchard No. 1–No. 7 locations (indicated by the blue diamonds) relative to existing wells within the wider area (black, 
dashed outline) and associated with hydrocarbon-producing play areas.
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Subsurface data and analysis from several wells drilled in the area were incorporated into this 
site evaluation for the major stratigraphic units.  These wells—all dry holes—provide sources of 
core, wireline logs, and mud logs, plus injectivity and productivity data over several decades.  
 
Furthermore, 2D seismic data is available in the Orchard Project area and has been integrated 
into the subsurface analysis.  The seismic data and offset well data have helped to reduce 
subsurface uncertainty and risk for the project.  The resulting interpretations of the project site 
and broader area, together with the regional geologic model, were used to create a 3D model 
discussed in Section 2 – Plume Model. 
 
Figure 1-16 shows a map of the Orchard No. 1–No. 7 locations, available subsurface data used 
for this site characterization, and nearby well-known hydrocarbon-producing play areas. 
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Figure 1-16 – Map of the Orchard No. 1–No. 7 locations (indicated by the blue diamonds), available subsurface data used for the site 
characterization, and nearby well-known hydrocarbon-producing play areas.  The red line indicates the 2D seismic line evaluated.
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A few of these wells did not have a sufficiently complete suite of well logs for petrophysical 
analysis but provided qualitative understanding of the injection and confining zones.  Two mud 
logs containing gas readings, and one with a detailed lithological description of all major 
stratigraphic units, were available.  The mud log for the 

 is included in Appendix K.  
 
The current well tops incorporate elements of lithostratigraphy and regional sequence 
stratigraphy.  The major sequence boundaries were identified and used to create the 3D 
conceptual and numerical model.  
 
Core 
Two wells within the vicinity of the proposed Orchard No. 1–No. 7 wells are sources of site-
specific core—from the top of the injection zone and base of the upper confining zone, 
respectively.  Slabbed cores from two  

ere observed, plugged, described, and used for 
laboratory testing, courtesy of the Texas Bureau of Economic Geology.  Table 1-2 provides a list 
of the cored intervals and testing program completed by Core Lab Houston. The Core Lab Final 
Core Reports are included in Appendix J-1 and J-2.  
 

Table 1-2 – Cored Intervals and Testing Program 
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Seismic 
Two-dimensional seismic data (post-stack time migrated) provided an additional data source to 
help understand the stratigraphic and structural variations across the Orchard Project area and 
tie into the regional and local geologic framework.  The 2D seismic line, shown in Figure 1-16, 
was licensed from a third-party data provider,  

  The seismic line is  through the project area. 
 
1.3.2 Injection Zone 
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Figure 1-17 – Depth structure map (TVD SS) for the top of the injection zone in the . 
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Figure 1-19 – Thickness map (ft) of the injection zone within the .
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Figure 1-21 – A north-south cross section of well log data from five wells (Figure 1-23 shows the well locations). 
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Figure 1-22 – A west-east cross section of well log data from six wells (Figure 1-23 shows the well location 
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Figure 1-23 – Reference map showing the two cross sections in Figure 1-21 (indicated by the blue dashed line) and Figure 1-22 (green dashed 
line). The red vertical line indicates the location of the 2D seismic line.
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Well tops were selected for the top of the injection zone, primarily where a pronounced inflection 
of the neutron-density log curves occurred and could be correlated to a neighboring well.  This 
inflection marks the point of significant increase of porosity through to the base of the injection 
zone compared to the confining zone above.  Well tops  
were commonly selected where the gamma ray increased.  A small inflection on the neutron-
density log curves indicated a probable sequence boundary.  The base of the injection zone was 
identified by a pronounced decrease of rock quality based on neutron-density changes, increase 
of (and lack of separation between) resistivity curves, and increasing gamma ray. 
 
Lithology 
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Figure 1-24 – Well log and core data for well .  Core plugs measured porosity and 
permeability (air) (indicated by white dots), core “rock types” (multi-colored bands), and mini-

permeameter measured permeability (air) (black dots).
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General rock types, based on depositional texture and mineralogy observed in the nearby core 
and fitting into the regional geologic framework, are as follows: 
 

  
  
  
  
  
  

 
 

 
 

  
  
  
  
  

 
Figures 1-25 to 1-29 show thin-section photographs and interpretations.   
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Figure 1-25 – Thin section from well . 
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Figure 1-26 shows a thin section from   
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Figure 1-26 – Thin section from well . 
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Figure 1-27 shows a thin section from well  
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Figure 1-27 – Thin section from well . 
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Figure 1-28 shows a thin section from well   
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Figure 1-29 shows a photographed thin section from well  
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Figure 1-29 – Thin section from well . 
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Figures 1-30 to 1-33 show photographs of the 
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Figure 1-30 – White-light photograph of slabbed core of well  
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Figure 1-31 – White-light photograph of slabbed core of well  
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Figure 1-32 – White-light photograph of slabbed core of well  
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Figure 1-33 – White-light photograph of slabbed core of well  
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Well log data shown in the type well  was quantitatively used to 
understand the dominant lithology in the .  Other well data were used to qualitatively 
understand whether the dominant lithology in the injection zone is .  These 
learnings came from observing the neutron-density separation and overlap and the photoelectric 
factor log curve (where available).  
 
Further refinement of the petrophysical model to derive dominant lithology or facies is discussed 
in Section 1.10. 
 
Porosity 
Density porosity was derived using the bulk density log and an estimated matrix density for the 

 
 
 

 
Minimal correction was needed for shale (i.e., clay and silt) effects based on the very low 
potassium-thorium gamma ray log values.  Uranium is the main driver for relatively higher (10-
30 GAPI) gamma ray values (i.e., total and effective porosity are treated similarly).  Uranium is 
often diagenetic and unrelated to depositional facies or rock fabric (Lucia, 2007). 
 

 
.  For 

comparison purposes only, the mineralogy log curves generated for the type well were used to 
calculate an effective porosity (PHIE).  Shale proportions based on gamma ray and generic 
corrections were applied to PHIE before calculating XPHI.  The resulting average well-log porosity 
for the type well is  injection interval. 
 
Figure 1-34 shows an average porosity map for the  injection zone.  
This interval (as shown in Section 1.2.4) is the main target for CO2 injection, based on having a 
higher pore volume than the .  The spatial distribution of porosity was mapped 
using the XPHI well log.  The porosity within the Orchard Project area is expected to be relatively 
consistent based on observations between wells surrounding the project area (e.g., 

  This average porosity map was 
extracted from the 3D numerical model, created via kriging methodology to distribute porosity 
between upscaled well log data, as discussed in Section 3 – Area of Review and Corrective Action 
Plan. 
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Figure 1-34 – Average porosity map of the  injection zone. 
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The average porosity map indicates several changes outside of the Orchard Project area.   
 
  
 
 

 
 
Core plugs were acquired, and 28 conventional porosity and permeability measurements (in both 
ambient and stressed conditions) were taken in the Orchard Project area.  Table 1-3 shows the 
results of conventional plug analysis for well .  Samples  
are vertical plugs, and the remainder are horizontal.  The complete core analysis report for this 
well is provided in Appendix J-2.   
 

Table 1-3 – Results of conventional plug analysis for well  (Appendix J-2, pg 22). 
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X-ray diffraction results showed  
 injection zone.  This may correlate to the low total gamma ray well-

log expression observed in the cored well and other nearby wells.  Discussion of rock mineralogy 
continues in Section 1.6. 
 

 
 
 

  No major dissolution porosity, connected vuggy 
pore types, or preexisting large-scale fracture porosity is predicted to interfere with CO2 injection 
in the project area. 
 
Permeability (Horizontal) 
The average calculated matrix permeability for  

.  Permeability was derived 
using  estimation method.  A continuum of rock-fabric numbers, 
or petrophysical classes, can relate interparticle porosity and permeability using a global 
transform representative of grain size and sorting for  

  This permeability estimate will be confirmed once the wells are drilled. 
 
Figure 1-35 shows the continuum of rock fabrics and associated porosity-permeability 
transforms:  
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Figure 1-35 – The continuum of rock fabrics and associated porosity-permeability transforms:
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The basis for designing two permeability scenarios was the regional geologic model for the 
possible range and dominant lithofacies expected in the  

 
  

 
Figure 1-36 shows a chart of core-plug porosity versus permeability (air) measurements for well 

  Points are colored by “rock type” interpretations from the slabbed core 
description.  Table 1-4 shows the permeability, determined using the pressure-decay profile 
permeameter (Core Lab Houston). 
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Figure 1-36 – A chart of core-plug porosity versus permeability (air) measurements for well .   Points are colored by “rock 
type” interpretations from the slabbed core description.





 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 69 of 161 

Permeability measurements using the pressure-decay profile permeameter provided an 
understanding of the possible permeability ranges for the 60 ft of the available core at the top of 
the injection zone.  Samples were taken every 2 ft along the slabbed core.   

 
 
 

 
 
Residual oil staining was observed in person on the core as well as in the white-light photographs.  
These “high intensity” oil-staining occurrences correlate to the core description of the rock types, 
where grain-rich rocks represent higher permeability than mud-rich sections. 
 
Conventional porosity and permeability measurements of 22 plugs (28 measurements total) 
demonstrated a similar set of results as was described in Table 1-3.  Permeability measurements 
(both stressed and unstressed) plotted closer to , based on their measured 
porosity values.  Most samples reflect lower porosity than average well-log-derived values for 
the , which may be attributable to the core being from the lower porosity 60 ft 
at the top of the injection zone.   

, based on well logs in the Orchard Project area. 
 
Permeability (Vertical) 
Vertical permeability is an order of magnitude lower than horizontal permeability in  

 
.  The ratio between vertical and horizontal permeability (kv/kh) for  

 
 

  Permeability estimates will be confirmed once the 
wells are drilled. 
 

 
 
 

 
 
Water Saturation  
The Orchard Project area is absent hydrocarbon production due to the migration of hydrocarbons 
out of the area, therefore leaving behind a residual oil zone.  Water saturation was derived using 
Archie’s methodology as follows:  
 

Swn = ((a*Rw)/(Rt*phim)) 
 

Where: 
Sw = water saturation 
n = saturation exponent 
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a = tortuosity factor 
m = cementation exponent 
Rw = resistivity of formation water at formation temperature 
Rt = resistivity of the formation. 

 
Figure 1-37 shows the mud-log gas readings and the petrophysical water-saturation well log 
derived using that Archie equation, while Figure 1-38 shows a snapshot of the mud-log sample 
description and gas readings for well .  
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Figure 1-38 – A snapshot of the mud-log sample description and gas readings for well .
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confining zone.  Figure 1-41 is a structure map of .  Figure 1-42 shows a 
thickness map for the  and Figure 1-43 is an isopach of the  

 confining zone.
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Figure 1-39 – Depth structure map (TVD SS) for the top of the upper confining zone  
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Figure 1-40 – Thickness Map of the Upper Confining Zone 
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Figure 1-41 – Structure Map of the  
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Figure 1-42 – Thickness Map of the  
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Figure 1-43 – Isopach Map of Combined 
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Lithology 
The primary upper confining zone in the Orchard Project area can prevent the migration of 
injected CO2 from the injection zone to shallower geologic intervals and USDWs.  The sealing 
integrity is high due to the dominant lithological characteristics based on core, well log, and 
subsurface analog data. 
 

 combine predominantly  
 
 

.  This interval is laterally homogenous and vertically heterogeneous over the region, 
indicating effective confinement wider than the scope of the project area. 
 

 
  The core in the lower part of the 

confining zone helps to demonstrate the transition of lithofacies from an injection zone to the 
beginnings of a confining zone.  Figure 1-45 shows a map of the location of the cross section in 
Figure 1-44. 
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Figure 1-44 – A cross section of wells  
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Figure 1-45 – Map showing the location of the cross section shown in Figure 1-44 (black dashed line) and the N-S 2D Seismic Line (A-A’ in red 
color) shown on Figures 1-64, 1-65 and 1-66.  
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The site-specific slabbed core from  was photographed, and six core plugs 
were acquired every 20 ft for Core Lab Houston to further analyze.  No petrophysical analysis was 
performed.  Although the neutron log was relatively old, it showed a transition between two 
wells to the north and south of the cored well.  Higher neutron-count readings indicate lower 
porosity. 
 
The location of the core on the southeastern side of the Orchard Project area  

 
 
 
 

 
 

 the Orchard Project  
 
 

 In the project area, however, the well logs 
exhibit more of a laterally consistent low-porosity lithofacies in the basal part of the confining 
zone and are likely representative of lower-energy settings, reflected in Figures 1-20 and 1-21 (in 
Section 1.3.2).  
 
The six thin sections from the core were described, and the slabbed core was observed and 
photographed (shown in Figures 1-46 through 1-57).  These vertical core plug samples 
demonstrate how the basal part of the confining zone to the the Orchard Project area is 
highly heterogeneous and dominantly low porosity. 
 
Figure 1-46 shows a thin section from  
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Figure 1-46 – Thin section from well  
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Figure 1-47 – Photograph of slabbed core for well , where the thin section in Figure 1-47 was acquired.
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Figure 1-48 shows a thin section from well   
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Figure 1-48 – Thin section from well  
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Figure 1-49 – Photograph of slabbed core for well  , where the thin section in Figure 1-48 was acquired. 
 



 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 89 of 161 

Figure 1-50 shows a thin section from well   
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Figure 1-50 – Thin section from well . 
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Figure 1-51 – Photograph of slabbed core for well , where the thin section in Figure 1-50 was acquired. 
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Figure 1-52 shows a thin section from well   
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Figure 1-54 shows a thin section from well   
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Figure 1-54 – Thin section from well  
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Figure 1-55 – Photograph of slabbed core for well , where the thin section in  
Figure 1-54 was acquired. 
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Figure 1-56 shows a thin section from well   
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Figure 1-57 – Photograph of slabbed core for well , where the thin section in Figure 1-56 was acquired.
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The shallowest plug acquired from this core (as was shown in Figure 1-49) is helpful as 
representing the dominant lithofacies to expect within the Orchard area (from the base to the 
top of this confining zone).  Thin sections showing  

, as discussed above. 
 
Furthermore, field-specific and regional-scale publications have featured this confining zone as a 
relatively thick interval with high sealing integrity, to prevent injected CO2 (or in situ 
hydrocarbons) from migrating vertically into shallower formations.  
 
Porosity 
Density porosity was derived using the bulk density log and an estimated matrix density for the 
upper confining zone.  The matrix density assumed a dominant mineralogy of  

 

 
 
 

 
 
The average porosity derived from well logs using this approach is approximately  in the 
confining zone.  The lowest porosity is in the upper half of the confining zone.  No average map 
of porosity in this confining zone was created; however, low porosity was observed in wells 
surrounding the proposed Orchard No. 1–No. 7 locations 

.  Furthermore, the nearest well  
 provides a qualitative data point.  Although no petrophysical analysis was 

completed due to a lack of neutron-density logs, the high resistivity values (and lack of separation 
between deep and shallow curves) look similar to adjacent wells and indicate low porosity rock. 
 
Porosity was not visible within the slabbed core sample of well .  No 
secondary porosity features that would breach the containment of CO2 in the injection zone, such 
as major dissolution porosity or fractures (indicating shear fractures or fracture networks in the 
vicinity), were observed in the core. 
 
Permeability (Horizontal and Vertical) 
The average calculated matrix permeability for the confining zone is null, based on the average 
calculated porosity.     

 The confining 
interval core analysis indicates a very low permeability, typical of suitable confining intervals.  
This confining zone permeability will be revisited once wells are drilled and new core is obtained 
in the confining interval.  
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A closer examination of the confining zone shows vertical heterogeneity causing well log porosity 
to vary significantly.  Further work to characterize these beds via conceptual and numerical 
modeling is discussed in Section 1.10.  
 
Figure 1-58 shows the  
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Water Saturation 
The confining zone is assigned 100% water saturation with the same salinity as the injection zone.   
 
1.3.4 Primary Lower Confining Zone 
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Figure 1-60 – Depth structure map (TVD SS) of the base of the  (lower confining zone). 
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Figure 1-61 – Thickness map of the  (lower confining zone).
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Lithology 
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Figure 1-62 – Simplified depiction of a cross section oriented north-south to the east of the Orchard Project vicinity.  It shows the dominant 
lithology changes across .
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Figure 1-63 – A snapshot of the mud-log sample lithologic interpretation (track 2) for the 
 

 



 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 112 of 161 

Porosity 
Density porosity was derived using the bulk density log and an estimated matrix density for this 
confining zone.  The matrix density assumed the dominant mineralogy of   

 
 

 
Minimal correction was needed for shale (i.e., clay and silt) effects.  This was based on the very 
low potassium-thorium gamma ray log values.   

 
 

 
The average porosity derived from well logs using this approach is approximately  in the 
confining zone.  The porosity is consistent vertically, based on .  However, 
the closest well  shows separation between resistivity log curves (deep 
and shallower) in the upper portion, indicating some beds possible with high porosity or an 
incorrect well top pick (i.e., could be deepened by approximately 90 ft).  Furthermore, increased 
porosity and vertical heterogeneity are evident in wells located in multiple directions outside the 
Orchard Project area. 
 
Permeability (Horizontal and Vertical) 
The average calculated matrix permeability for the confining zone is null, based on the average 
calculated porosity.     

   
Water Saturation 
The confining zone is assigned 100% water saturation with the same salinity as the injection zone.   
 
1.4. Site Structure, Stratigraphy, and Deposition: 2D Seismic Integration    
 
Two-dimensional seismic data was integrated with well log data to create the 3D geologic 
framework within the Orchard Project area.  Seismic data was also used to tie in to the regional 
geologic structural and stratigraphic models.  The data also offered additional quality control of 
the stratigraphic interpretation. 
 
Figure 1-64 shows a  long 2D seismic line running north-south (A-A') through the Orchard 
Project area.  The location of the 2D seismic line is shown on Figure 1-45. The nearby well  

 located approximately  to the west of the line, was used as a pseudo-well 
to perform a seismic-to-well tie (“pseudo-well tie”).  This pseudo-well related well-log data to 
seismic data, in two-way travel time, to develop a synthetic seismic model to assist with 
interpreting seismic horizons.  The location of the pseudo-well is approximately common depth 
point (CDP) . 
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Figure 1-64 – A long 2D seismic line running north (left) to south (right) through the Orchard Project area.  The Y-axis is two-way travel 
time (milliseconds) and the X-axis is CDP traces.  



 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 114 of 161 

Tying well log data to seismic surveys involved forward modeling of a synthetic seismogram, 
derived from sonic and density well-log data.  The seismogram was used to generate “normal 
reflectivity,” reflection coefficients, and acoustic-impedance log curves.  There is an absence of 
density and acoustic impedance in nearby wells for  

data.  This match resulted in a time-to-depth relationship while considering 
the following: 

 
• Well-log data quality 
• Seismic data quality 
• Handling of seismic data at shallow depths 
• Handling of seismic wavelet data 

 
The seismic-to-well tie allowed for selection of seismic horizons that either matched well log data 
and well tops or were not observable on well log data or current well tops—but were visible on 
the seismic data.   

  
 
 

 
 
The following discussion on structure, stratigraphy, and deposition is related to the 2D seismic 
evaluation and its integration with well log data and the regional geologic framework.   
 
Figure 1-65 shows the same  2D seismic line (A-A') from Figure 1-64—with  

used to complete a pseudo-well tie—but with interpreted horizons and faults.  The 
bold-line seismic horizons are high confidence and/or correlate to well tops, whereas the dashed-
line seismic horizons have lower confidence and/or do not match a well top.  The well log from 

 shows gamma ray (at left) and acoustic impedance (calculated from sonic, 
at right).  The acoustic impedance well log is colored in discrete scale by photoelectric factor log 
values.  All large-scale (i.e., observable on seismic data) fault tips are deeper than the lower 
confining zone.   
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This 2D seismic line trajectory (north to south) is roughly perpendicular to the dominant regional 
depositional trend   The seismic interpretation 
objective was to identify low- and high-frequency depositional sequences in the north-south 
direction through the Orchard Project site and wider area.  The aim was to understand and 
explain these sequences’ lateral or vertical changes that may affect  

, as described 
in Section 1.3. 
 
1.4.1 Horizon Interpretation 
 
Several seismic horizons were interpreted from the  on the 2D seismic 
line (A-A’).  Most seismic horizons matched the well tops in well .  The tops 
of the  were interpreted as high-confidence seismic horizons for the 
upper confining and injection zones.  The top of the injection zone and the top and base of the 
lower confining zone were interpreted as lower-confidence seismic horizons.  Deeper and 
shallower seismic horizons than the injection and confining zones were mostly interpreted as 
high-confidence picks. 
 
As was displayed in bold lines in Figure 1-65, the injection and confining zones show continuous 
seismic horizons.  The dashed lines illustrate the effect of high-frequency cycles and lateral 
variations of lithofacies within the injection and lower confining zones (and below).  Several 
dashed lines likely represent and correlate to higher frequency surfaces (associated with either 
transgression or highstand or lowstand periods) within the  

formations, rather than the current well-top stratigraphic framework.  At  
 

 
At CDPs  

 
 
 

  
 
As mentioned above, the  seismic horizon matching well log 
data and well top picks.  The upper confining zone is represented between the  

 (nomenclature used by the seismic interpreter) on the 2D seismic line.  This low 
porosity interval's continuity and consistent thickness across the whole seismic line are suitable. 
 
The interpreted well top of the  

.  The blue dashed 
seismic horizons that were displayed in Figure 1-65, near the well top pick in the pseudo-well, 
have a few minor gaps in interpretation across the seismic line.  The seismic expression is likely 
due to the Orchard Project area representing a  
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Figure 1-66 shows the  pseudo-well tie with well log data, a synthetic 
seismogram, and seismic data for comparison.  Figure 1-67 shows the time-to-depth relationship 
for the pseudo-well tie. 
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The velocity model was derived from the sonic log and adjusted using replacement velocities 
above the top of the shallowest sonic depth   The time-to-depth 
relationship for the  pseudo-well tie is essentially a 1D velocity model.  This 
model was derived from integrating (i.e., summing up) the sonic log slowness and manual 
adjustment, using the synthetic seismic correlation with the nearby actual seismic traces.   
 
Analogous shallow velocities above the  were obtained from well  

, located  the Orchard Project area.  The sonic log curve for this well has a 
shallower start depth.  The velocities were lightly adjusted via stretching and squeezing—an 
adjustment that is smoother than inserting a single constant replacement velocity in the depths 
shallower than the , but not necessarily more accurate below the  

.  The velocities are almost constant through the  
well tops.  There are minor perturbations, but the major velocity variations are above the  

.  
 
Across the Orchard Project area,  

  The dip angle of the injection zone top through the project area is 
approximately .  The dip angle of the upper 
confining zone top through the project area is  

.  The dip angle of the lower confining zone top through the area is 
approximately .  
 
Figure 1-68 shows a depth map of the top of the injection zone, colored by the dip angle. 
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Figure 1-68 – Depth structure map (TVD SS) of the top of the injection zone, colored by dip angle.
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Other seismic horizons mentioned in Section 1.2 were identified to provide quality control of the 
seismic data and ensure valid injection and confining zone observations.   

  No significant dip at the 
 horizon was noticeable due to the 2D line (A-A’) being perpendicular to the 

prevailing dip azimuth (to the southwest).  
 

  
 
The that were illustrated in Figure 1-65 
(interpreted with a bold-line seismic horizon and a dashed-green-line seismic horizon, 
respectively, in Section 1.4) are part of a  

 
 
  
 
 
 
 

 
1.4.2 Fault Interpretation 
 
No publicly available maps or other published sources of information were identified during this 
site characterization that indicated the existence of faults and fracture networks within the 
vicinity of the Orchard Project area.  A thorough fault interpretation on the seismic 2D line was 
completed and tied to the regional structural model.  
 
Fault tips are deeper than the lower confining zones.  No faults were interpreted shallower than 
the   The fault interpretation correlates to the regional fault model, where most 
tectonic deformation ends in the  

 
 No faults were 

observed between the wells used for well top picking (e.g., no major vertical offset between 
wells, and no missing or repeated intervals on the well logs). 
 
The Permian Basin has been shaped by several extensional and contractional deformation events 
through geologic time (Horne et al., 2021).   
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Figure 1-69 shows the  
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Figure 1-69 – Diagram showing tectonic events by geologic age for the  
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Figure 1-70 shows a regional fault map.  Researchers at the TexNet Seismic Monitoring and 
Center for Integrated Seismicity research group have made a concerted effort to better 
understand the causative hazards associated with induced seismicity across the state of Texas. 
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The 2D seismic-line trajectory (north-south) is roughly perpendicular to the dominant regional 
fault strike and the present-day stress (SH maximum) direction.  The present-day slip potential of 
this faulting regime (from Snee and Zoback, 2018) in this part of the Permian Basin is associated 
with the normal-type state of stress. 
 
1.5. Geomechanics 
 
Data from site-specific and publicly available publications were used to generate the 
geomechanical model for this site characterization.  The model contains three parts: 
 

• Elastic moduli 
• Local stress conditions 
• Fracture gradients 

 
1.5.1 Elastic Moduli 
 
Dynamic elastic moduli were calculated based on  as this well had both 
shear and compressive sonic well logs available through the injection and confining zones.  Figure 
1-20 (in Section 1.3.2) provided the type well, showing the petrophysical analysis and dynamic 
elastic moduli.   
 
The geomechanical well logs demonstrate the elastic mismatch between the injection zone and 
the upper and lower confining zones.  The differing geomechanical properties reduce the ability 
of any fractures caused by injection well operations to propagate above or below the injection 
zone.   
 
Static elastic moduli were estimated from core analysis using samples from  

  Triaxial tests were performed on six vertical core plugs 
(three from each well), including the basal part of the upper confining zone and the upper part 
of the injection zone.   
 
Table 1-6 shows the triaxial test results for the six samples.  A pronounced elastic moduli variation 
is exhibited between the injection and upper confining zones, as was observed by the dynamic 
elastic moduli calculations.  This difference adds confidence in the upper confinement zone’s 
ability to prevent the initiation and propagation of fluid-conductive fractures upwards due to the 
increased pore pressure in the injection zone below. 
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Figure 1-71 – Photographs of samples taken after triaxial testing for well .  The injection zone samples’ deformation style 
appears to be a mix between tensile and shear. 
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Figure 1-72 – Photographs of samples taken after triaxial testing for well .  The confining zone samples’ deformation style 

appears to be a mix between tensile and shear. 
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1.5.2 Local Stress Conditions 
 
The lithostatic, or overburden, stress (Sv) gradient used in the geomechanical model is  
per square inch (psi)/ft.  The pore pressure gradient is estimated at psi/ft. 
 
The azimuth of maximum horizontal stress (SH maximum) in the Orchard Project area is 
approximately  (Snee & Zoback, 2018) as shown in Figure 1-73.  This study also 
demonstrated that the principal stress regime is normal in the project area.   
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Figure 1-73 – Regional map showing the maximum horizontal stress orientation across the Permian Basin derived from a combination of well 

data and seismicity (Snee & Zoback, 2018).
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A method to predict a simplified fracture gradient is the standard Eaton equation (i.e., Sh 
minimum horizontal stress, or fracture closure pressure).  Eaton’s equation is shown below: 
 

Pf  = (v / 1 – v) * (Sv – Pp) + Pp 
 
Where: 
Pf = fracture closure pressure gradient 
v = Poisson’s ratio 
Sv (overburden stress gradient) = 1.0 
Pp (pore pressure gradient) = 0.433. 

 
Biot’s constant was based on approximate dynamic elastic moduli calculated using the equation 
based on data from Detournay & Cheng (1993): 
 

a = 0.62 + 0.935*phi 
 
Where phi = porosity. 

 
The minimum stress equation (Barree, 2009) used to estimate the fracture closure pressure is 
below: 
 

Pf = (v / 1 – v) * (Sv – av * Pp) + ah * Pp [+ εx * E + σt] 
 

Where: 
Pf = fracture closure pressure gradient 
v = Poisson’s ratio 
Sv (overburden stress gradient) = 1.0 
Pp (pore pressure gradient) = 0.433 
a = Biot’s constant (vertical is calculated and horizontal = 1). 
 

(Not used, but shown above, εx is regional horizontal strain, E is Young’s modulus, and σt is 
regional horizontal tectonic stress.1) 
 
The following dynamic elastic moduli  were calculated using well 
logs using methods summarized in Crain’s Petrophysical Handbook: 
 

• Shear Modulus (G) 
• Poisson’s ratio (v) 

 
 
 
1 Note: The above results do not account for external stress boundary conditions, and are not representative of the 
(higher value) breakdown pressure of the injection and confining zones. 
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Figure 1-74 – Mohr Circle Analysis—Stable State of Stress (in Megapascals) 
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Figure 1-75 – Mohr Circle Analysis—Unstable State of Stress (in Megapascals)
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1.6. Geochemistry 
 
This section discusses the fluid and solid-phase geochemistry in the Orchard Project site and 
wider area.  
 
1.6.1 Fluid Chemistry (Injection Zone) 
 
Laboratory analyses of produced water from the  in adjacent hydrocarbon 
fields have been used to understand the range and likely salinity of the injection zone water in 
the Orchard Project area.  Figures 1-76 and 1-77 show examples of historical results from several 
laboratory analyses within the .  Further details are 
provided in Section 3 – Area of Review and Corrective Action Plan.  The selected total dissolved 
solids (TDS, or equivalent), representative of the  in the project area, is 

parts per million.  
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Figure 1-77 – Tabulated records of water quality (continued) from the Texas Water Development Board’s Saline Water Resources Survey of the 
State of Texas for Dawson County (1971).



 
 

Class VI Application, Section 1 – Orchard Injection Wells No. 1–No. 7 Page 141 of 161 

Results of the proportions of water versus hydrocarbons within the injection zone area are 
included in Section 1.3.2.  A description of the hydrocarbon composition and chemistry is 
included in Section 2 – Plume Model.  
 
1.6.2 Rock Chemistry (Injection Zone and Upper Confining Zone) 
 
Three x-ray diffraction (XRD) samples (two in the injection zone and one in the confining zone) 
were acquired from existing core.  Table 1-9 shows the mineralogy determined by XRD for both 
cored wells.  
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Table 1-9 – Mineralogy determined by XRD for both cored wells  
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1.6.3 Simulated Interactions (Injection Zone and Upper Confining Zone) 
 
No geochemical modeling or simulations were done to identify major reactions that may occur 
in either the injection or confining zone.  Regional research and analog projects offer some insight 
into possible interactions with fluid or rocks with injected supercritical CO2 in the near- and long-
term. 
 
A Department of Energy (DOE) funded investigation in 2002, led by Grigg et al.  

 
 

   
 

 
1.7. Site Evaluation of Mineral Resources 

While regional economic oil-and-gas production is prolific in the Permian basin in West Texas and 
Southeastern New Mexico, the Orchard Project is located near the  

 in Gaines County, Texas.  This portion of the 
Midland Basin is far less suitable for recovering oil and gas in economic quantities.  

A thorough review of oil-and-gas plays was conducted to avoid any potential conflicts with 
economic oil-and-gas production in the Orchard Project area.  Within the project area of review 
(AOR), as defined in Section 3.5 and 3.6,  oil and gas wells were drilled.  Of the  wells drilled, 

 
produced at 

economic quantities (cumulative production greater than 100,000 barrels of oil equivalent).  
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Other oil and gas activity in the immediate Orchard Project area is minimal.   
 

fields are shown on Figure 1-13.  With the Permian Basin having been the most actively developed 
basin in North America during the last two decades, one would expect both historical and present 
activities in the greater Orchard Project area to be much higher—if it were considered attractive 
to mineral or working interest owners as an opportunity for economic oil or gas production. 

 
1.8. Seismic History 
 
Figure 1-78 shows two maps of historical seismic events in the Permian Basin area.  The top map 
is USGS data of seismic events of more than 2.5 magnitude from 1900 to the present.  The bottom 
map is from TexNet data for seismic events of more than 1.5 magnitude from 2017 to the present.  
Neither data source shows seismicity occurrences in the Orchard Project vicinity. 
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Figure 1-78 – Two maps of historical seismic events in the Permian Basin area; the upper map is from 
USGS, the lower from TexNet.  Neither data source shows seismicity occurrences in the Orchard Project 

vicinity (indicated by the black star). 
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The Bureau of Economic Geology’s TexNet site identifies a permanent active monitoring station 
 the Orchard Project area, adding confidence that if a seismic event had 

occurred in or near the project area, it would have been detected. 
 
As discussed previously, there is a low probability of faults or fracture zones within the vicinity of 
the Orchard Project area injection zone that would pose an induced seismicity risk caused by CO2 
injection.  Furthermore, there is an absence of active disposal wells within the project site.  Areas 
with active disposal wells may have an increased induced-seismicity risk by injecting into deeper 
intervals where seismic data has revealed faults. 
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1.9. Site Suitability  
 
The following is based on synthesis of the above site characterization work completed for this 
application.  As shown in Section 2 – Plume Model, the injection zone has pore volume available 
for sequestration of injected CO2, and the confining zone has sufficient integrity to contain the 
fluid—to prevent leakage into a USDW. 
 
1.9.1 Lithofacies 
 

 
 

  
1.9.2 Leakage Pathways  
 
Site-specific data and regional understanding show a low probability of the occurrence of faults 
or fractures causing leakage of injected CO2.  The confining zone above the injection zone has 
good continuity and sufficient low porosity to provide a high probability of containment. 
 
1.9.3 Hydrology and Hydrogeology 
 

 
 
 

 
 
Figure 1-79 shows a simplistic cross section of the major and minor aquifers across the region 
and through the Orchard Project area in Gaines County (George et al., 2011). 
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Figure 1-79 – Simplified cross section of the major and minor aquifers across the region and through the 
Orchard Project area in Gaines County, Texas (George et al., 2011).  
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The Dockum aquifer, the oldest of the three discussed aquifers, was formed in the Triassic and 
underlies the Cretaceous Trinity and Fredericksburg Groups (Teeple et al., 2021).  The TDS meet 
or exceed 5,000 mg/l; therefore, the aquifer is considered brackish.  The Edwards-Trinity aquifer 
is of Cretaceous age, with the Trinity Group Antlers formation and Fredericksburg Group 
limestones being the primary sedimentary constituents of the aquifer.  The infiltration of 
freshwater into the Edwards-Trinity system is primarily from the overlying Ogallala aquifer 
(George et al., 2011).  The Ogallala aquifer is Tertiary in age and produces the majority of 
freshwater for Gaines and surrounding counties.  
 
Figure 1-80 features a map showing the distribution of TDS in groundwater from the Dockum 
aquifer (Ewing et al., 2008). 
 
 

 

Figure 1-80 – Map showing the distribution of TDS in groundwater from the Dockum aquifer (Ewing et 
al., 2008). 

 
The Texas Railroad Commission (TRRC) Groundwater Advisory Unit (GAU) identified the base of 
a USDW at a depth of  
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1.9.4 Total Storage Capacity 
 
A simple experiment using the 3D numerical model demonstrates the total pore volume within a 
1-kilometer radius surrounding the injection wells’ locations.   

 
 
 
 
 

 
Similar results were produced when using the CO2-SCREEN2 tool.  Using the saline model 
parameters, the range of total storage capacity in the  

 
 
1.9.5 Injection Capacity 
 
Several iterations of the porosity and permeability model have incorporated site-specific data, 
regional geologic frameworks, and subsurface analog information to reduce uncertainty around 
the quality of the injection zone in the Orchard Project area.   

 
 

 
1.9.6 Secondary Confinement 
 
Based on the site-specific data and regional perspective of the upper confining zone, a secondary 
upper confining zone is not necessary to ensure USDW protection.  The site characterization for 
the Orchard Project identified the secondary upper confining zone directly above the primary 
upper confining zone as one with sufficient integrity to prevent migrating fluid from reaching the 
USDW.  Both confining zones are vertically heterogeneous and relatively thinly bedded. 

 
 
 
2DOE’s NETL developed CO2-SCREEN (CO2 Storage prospeCtive Resource Estimation Excel aNalysis) to screen saline 
formations for prospective CO2 storage resources. 
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1.10. Further Site Characterization 
 
Several topics below are opportunities for future work to increase the accuracy and reduce the 
uncertainty of the Orchard Project site characterization.  Much of this information will be 
acquired during the drilling of the initial well and incorporated into the site characterization and 
plume modeling and the application updated as needed. 
 
1.10.1 Core 
 
Further core analysis will be performed when confining and injection zone cores are obtained.  
Testing may include thin-section description, mercury injection, core description (confining 
zone), XRD, scanning electron microscopy, relative permeability (CO2, brine), etc. 
 
1.10.2 Sequence Stratigraphy 
 
Depending on additional core analyses and seismic data, the current stratigraphy may be refined 
to represent a stratigraphic-sequence framework closely aligned to the higher-frequency cycles 
within the regional geologic framework (shown in Section 1.2).  The current stratigraphic 
framework in the conceptual model, which was used to create the numerical simulation model, 
includes the major stratigraphic boundaries only  
 
1.10.3 Facies 
 
Similar to increasing the resolution of the stratigraphic-sequence framework in the Orchard 
Project site and wider area, testing the effect on the porosity and permeability model by 
lithological and facies changes spatially may help reduce uncertainty.  The purpose would be to 
create facies logs in multiple wells.  The facies log may be related to core-described facies and 
expectations based on the regional depositional model.  
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