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Abstract 

 

Calibrating Performance Predictions for Large-Scale Injection 

 

Chinemerem Clement Okezie, M.S.E.E.R. 

The University of Texas at Austin, 2024 

 

Co-Supervisors: Alexander P. Bump and Susan D. Hovorka 

 Current Carbon Capture and Storage (CCS) projects build on over 50 years of experience 

with CO2 injection. However, the planned injection rates of projects currently under development 

are as much as an order of magnitude larger than anything previously attempted in saline aquifers.

 In the United States, about half of these large-scale projects under development are mostly 

concentrated in the Gulf Coast region. That is mainly due to the regionôs young, thick, and 

permeable sandstones and its proximity to large emission sources. 

 To calibrate predictions for large-scale injection in this region, historic saltwater injection 

into non-producing reservoirs in the Texas Gulf Coast is used as an industrial analog. The Texas 

Gulf Coast was chosen for its long history of large-volume saltwater injection. Data from over 

8,000 saltwater disposal (SWD) wells were analyzed in this study. Injection pressure, rate, and 

volume data come from the Texas Railroad Commission (RRC) reports via B3 Insights but need 

significant Quality Checks (QC) to be usable. Of the >8000 Saltwater Disposal Wells in the 

database, only 5,105 Saltwater Disposal wells have monthly injection data.  

 Results from the regional study show that 4,805 wells injected ~20.3 billion stock tank barrels 

(stb) of saltwater into the onshore Texas Gulf of Mexico from 1990 to 2020, the period for which 
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digital records are available. That is volumetrically equivalent to ~2.3 Gt CO2 at reservoir 

conditions. More than 15 billion stb (~1.7 Gt CO2 Eq.) of the total volume were injected below 

800 m, the depth at which CO2 attains its supercritical state. The bulk of this injection has targeted 

Oligocene, Miocene, Woodbine, Wilcox, and Lower Cretaceous formations.  

 The injectivity results obtained for 592 wells with reliable pressure data showed a wide 

distribution of well injectivity indexes with a P90 of 1892 stb/year/psi, P50 of 355.5 stb/year/psi, 

and a P10 of 51.55 stb/year/psi. The injectivity results obtained for saltwater were translated into 

CO2 equivalents, considering only single perforation wells injecting below 800 m, with the 

distribution resulting in a P90 of 0.713 Mt/year/1000 psi, P50 of 0.125 Mt/year/1000 psi, and a 

P10 of 0.0118 Mt/year/1000 psi. Further regional study, shows the Miocene, Woodbine, and 

Oligocene to have the best injectivities and potentials for CO2 injection in the Texas Gulf Coast. 

 The wide distribution of injectivity observed in the regional study shows that large-scale 

injection is possible in the onshore Texas Gulf Coast, with some wells injecting up to 1 Megaton 

of CO2 equivalent per year. However, some wells have low injectivity indexes, and this can be 

largely attributed to the issue of intermittency observed to be common with saltwater injection as 

a majority of the wells operated below their maximum permitted monthly volume and pressure, 

which means that for most cases, the injectivity values only provide a minimal indication of 

reservoir performance. 

 A detailed case study of a local well cluster that cut across Caldwell and Guadalupe Counties 

shows the target injection unit, the Edwards Group, to be heterogenous and volumetrically the 

biggest target in the Lower Cretaceous. A few shallow wells in this unit, mostly with open-hole 

completions and possibly intersecting fracture sets, account for most of the high volumes going 

into the unit, possibly the low bottomhole pressures reported for the cluster, and the high 
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injectivities observed in the cluster. The injectivity range estimated for wells in this cluster 

injecting below 800 m in this study is questionable for large-scale CO2 injection and further studies 

will be required to confirm that trends of highly injectivity zones are also present below 800 m in 

the Edwards, as this could potentially be a huge storage resource in the up-dip Texas Gulf Coast.  

The detailed case study of a local well cluster in Refugio County analyzes the high pressures 

reported for the cluster to assess the possible impact of heterogeneity on pressure buildup in the 

Miocene. 

 Furthermore, the observed local variations in injectivity among wells in the same formation 

are possibly due to intermittency and variations in reservoir properties. 

 The results and insights from this study show the valuable experience saltwater injection 

provides to de-risk CCS, the potential of multiple target formations for large-scale CCS, that 

injectivities and volumes estimated in this study only provide a minimum indication of 

performance due to the issue of intermittency associated with saltwater injection, and the potential 

impact of heterogeneities. There is also a suggestion of well interference with a few wells sharing 

similar injectivity profiles. There is not enough evidence of compartmentalization based on the 

data available and the analysis carried out in this study. 
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1. Introduction 

1.1 Background of Study 

Since the Industrial Revolution, human activities such as burning fossil fuel, deforestation, 

and urbanization have caused an increase in the concentration of greenhouse gases, especially 

carbon dioxide (CO2), in the atmosphere. The global average atmospheric carbon dioxide is 417.06 

ppm (Figure 1.1), almost double the pre-industrial levels (Lindsey, 2024). Increased atmospheric 

CO2 leads to a positive radiative forcing (i.e., net energy gain) in the climate system, which causes 

global warming. According to the IPCC (2007), the global average temperature due to human 

activities has surpassed 1oC above pre-industrial levels (Figure 1.1). It is on track to surpass the 

1.5oC limit set in the 2015 Paris Agreement by 2040 if the current rate of warming continues. 

Hence, this calls for urgent actions to get to net-zero emissions and avoid the catastrophic events 

that could result from such an increase in temperature. To get to net-zero emissions, different 

solutions have been proposed, such as a transition towards renewable energy sources like wind 

and solar, improvement of energy efficiency in energy systems, afforestation, reforestation, Carbon 

Capture and Storage (CCS), etc. While every solution is important and needed to achieve the net-

zero goal, the Intergovernmental Panel on Climate Change (IPCC) in their fifth assessment report, 

projected that the cost of climate change mitigation will increase by 138% in 2100 if CCS 

technologies are not adopted (IPCC, 2014) and in their 2018 1.5oC special report, listed CCS as 

one of the three mandatory emission reduction technologies in the four key emission reduction 

technology pathways (IPCC, 2018)
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Figure 1.1 The figure on the left from Lindsey (2024) shows the atmospheric carbon dioxide concentration over the past 800 years, with a sudden spike in recent times. The figure on the right (NASA Earth Observatory, 

n.d.) has the red line from NASA GISS (2023), which shows that global temperature has surpassed 1 degree Celsius since the Industrial Revolution.
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Carbon Capture and Storage involves the prevention of CO2 from being emitted into the 

atmosphere by capturing it, usually from a point source, and sequestering it in a subsurface 

geologic formation. While the concept of permanent CO2 storage in saline aquifers is relatively 

new, the process of capturing CO2 from a source and injecting it into subsurface formations has 

been around since 1972 when CO2 was captured from the Terrell natural gas processing facility 

for Enhanced Oil Recovery (EOR) in oil fields in West Texas Permian Basin (National Petroleum 

Council, 2019). The process has proved successful so far having seen millions of tons of CO2 

injected into oil fields in the United States and around the world for EOR (IEAGHG, 2013; IEA, 

2016).  

With the growing need for large-scale geologic sequestration of CO2 in saline aquifers and 

recent policy reforms around the world, especially in the United States, many industry stakeholders 

have begun to show keen interest in the CCS technology, leading to an exponential growth (Figure 

1.2) in the number of commercial CCS facilities in the United States and around the world since 

2017 (Global CCS Institute, 2023). These commercial facilities, especially the ones in the United 

States have set very high storage targets. The scale of some of these projects under review is orders 

of magnitude higher than that of past projects like the Decatur project, with some of these projects 

targeting to design wells injecting approximately 2-4 megatons of CO2 per annum (Mtpa) (Bump 

and Hovorka, 2024; Clean Air Task Force, 2024).  
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Figure 1.2 Exponential growth in the capacity of commercial facility pipeline since 2017 

(Global CCS Institute, 2023) 

Generally, fluid injection in the United States can be traced back to the 1930s when the 

petroleum industry in the United States started the injection of liquids into underground formations 

as a means of disposing of saltwater (sometimes referred to as brine in this study) that was 

produced alongside crude oil and in some cases were used to enhance oil recovery from subsurface 

formations (Clark et al., 2005; McCurdy, 2011; Environmental Protection Agency, 2024). The 

wells designed to inject saltwater associated with hydrocarbon production are classified as Class 

II wells under the 1974 Safe Water Drinking Act (SWDA).  
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Since the first Class II well was drilled in the Texas Gulf Coast, over 20 billion barrels of 

saltwater have been permanently disposed into non-producing formations in the region. When 

restricted to only volumes injected below 800 m (the depth at which CO2 attains its supercritical 

state) the injection volume is more than 15 billion barrels. When this volume is approximately 

translated into CO2 equivalents at reservoir conditions, by assuming a CO2 density of 700 kg/m
3, 

it results in 2.3 Gt. Saltwater injection demonstrates that the regionôs geology is capable of 

accepting large volumes of fluid. With over 30 years of injection history (Figure 1.3) and a large 

dataset available from Class II wells in the Texas Gulf Coast, there are many lessons that CCS 

projects can learn from these saltwater disposal wells to help address the concerns shared by many 

CCS stakeholders on the technical and economic feasibility of large-scale CCS projects in the 

Texas Gulf Coast region. 

 

Figure 1.3 Saltwater injection trend in the Texas Gulf Coast from 1990 to 2020
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 1.2 Problem Statement 

The Carbon Capture and Storage industry is looking to build on many years of experience 

with CO2 injection into the subsurface either for Enhanced Oil Recovery (EOR) or demonstration 

purposes. However, with projects currently under development targeting rates that are orders of 

magnitude higher than what has been previously attempted for CO2 injection into saline aquifers 

(Figure 1.4), there is a need to calibrate predictions for large-scale injection, to assess the technical 

feasibility and potential risks associated with the projects of such large scales. Also, as the growth 

of CCS continues, there is a key question relating to how pressure buildup and well interference 

will affect projects of such magnitudes.  

 Ni et al. (2021) leveraged data from saltwater disposal wells to estimate the volume of 

CO2 that can be stored in the Gulf Coast region. The authors achieved this by developing multiple 

cases through multiple assumptions. These include a direct conversion of injected saltwater 

volume to CO2 assuming the same injection rate, assuming no injection intermittency with wells 

injecting at their highest historical injection rates, and assuming continuous injection at the 

maximum permitted injection rate.  

This study builds on the work of Ni et al. (2021), using saltwater injection as an analog for 

large-scale CO2 injection due to the time and scale of injection, to calibrate performance 

predictions made for large-scale injection projects in the Texas Gulf Coast region.  

This study not only assesses capacity, but also injection performance across different wells 

and formations, considering the key factors driving or limiting performance across different 

formations, such as pressure buildup, heterogeneity, intermittency, compartmentalization, well 

interference, and the potential challenges or opportunities they present to large-scale CCS projects 



22 
 

in the region. Thereby suggesting ways potential risks can be minimized to help quell some of the 

concerns shared by the CCS stakeholders. 

 

Figure 1.4 Large-Scale CCS Projects along the Gulf Coast (Bump and Hovorka, 2024). The 

blue bubbles represent announced capacity, the sky-blue bubbles represent inferred capacity, 

and the grey bubbles represent CO2 emission sources. 

1.3 Scope of Study 

This study focuses on the Texas Gulf Coast, with saltwater injection data from 1990 to 

2020. This period has been selected because it represents the period in which the Railroad 

Commission has digital records of injection data that are consistent and reliable enough to carry 

out this study. Specific assessments of injection into the Edwards Group and Catahoula Formation 
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were carried out to assess the potential of the Edwards for CCS and understand the contributing 

factors to the injection performances observed in these two units. 

1.4 Geological Setting 

The United States Onshore Gulf Coast, north of the Gulf of Mexico, is a great coastal plain 

slightly tilted towards the coast (Figure 1.5), with the land surface falling about 5 feet per mile 

before giving way to coastal swamps and open water. Most of the sediments below the region are 

Tertiary and Quaternary in age and thicken and dip toward the coastline (Carsey, 1950).  The Gulf 

Coast accumulated large volumes of hydrocarbons, with Fault and salt structures and top seals 

playing an important role (Figure 1.6).
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Figure 1.5 The Geological Cross-Section of the Gulf Coast with formations prograding coastward and the older Jurassic on the left and younger Plio-Pleistocene on the right 

(Bump et al., 2021) 

 

Figure 1.6 Large Faults in the Gulf Coast (United States Geological Survey, 2021)
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The Edwards Group in the Luling-Branyon Field is a leached, porous dolomite and 

dolomitic limestone deposited in tidal-flat and shallow-marine environments (Cook, 1979; 

Swanson et al., 2017). It is found at an average depth of 2,130 ft from the surface (Davis and 

Goode, 1957). The complex diagenetic history of the limestone and the occurrence of hard chert 

lentils make the reservoir quality variable (Cook, 1979; Swanson et al., 2017). According to 

Hovorka et al. (1998), the amount and distribution of dolomitized facies correspond to the intervals 

that have increased hydraulic conductivity. Along the Northern margin of the Comanche Platform, 

the Edwards Group has a thin edge. The unitôs thickness increases southwards, with sections up to 

450 ft thick present in the subsurface of South Texas a few miles west of the eastern platform edge 

(Fisher and Rodda, 1969). Farther south and towards Northern Mexico, the Edwards unit has a 

thickness of as much as 600 ft (Fisher and Rodda, 1969) and up to 1000 ft in the southwest near 

the Maverick Basin (Rose, 1972). Overlying the Edwards Group is a thin sequence of 

approximately time-equivalent open-marine marl and nodular carbonate mudstone containing 

oxytropidoceroid ammonites (Fisher and Rodda, 1969) and Rose, 1972 described these overlying 

formations as the Georgetown, Del Rio, and Buda Formations. Below the Edwards is the Glen 

Rose Formation (Rose, 1972). The Edwards Group (Figure 1.7) comprises the Kainer Formation, 

a massive dolomitic micrite, and the Person Formation, described as limestone and dolomite 

collapse breccias (Swanson et al., 2017). According to Cook (1979), the upper 50 ft of Edwards is 

the primary reservoir, possessing good porosity and permeability, with production from Edwards 

extending just below approximately 2100 ft. Chenault and Lambert (2005) suggested that the 

Edwards Group extends throughout both the Fredericksburg and Washita Divisions in the San 

Marcos platform area. With the focus area of this study along the San Marcos arch (Figure 1.8), 

this study takes Chenault and Lambert (2005) and Geomap (2009) approaches by placing the 

Edwards Group in both the Washita and Fredericksburg Divisions, with the upper Edwards, which 

is largely the injection target, under the Washita Division. 
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Figure 1.7 Modified Stratigraphic Section from Rose, 1972 showing the Edwards Group (Cook, 1979) 
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Figure 1.8 Geological Overview of a local well cluster near the Luling-Branyon Field (Ewing et al., 1990; Phelps et al., 2014; Schultz, 1993). The red and black lines represent 

the 1,000 mg/l and the 10,000 mg/l lines respectively. The gold and pink lines show normal Faults, the yellow line is the 400-meter line, and the green line is the 1,000-meter line. 

The red dots show the cluster of wells injecting into the Edwards. The throw for the normal Faults in yellow is down in the SW direction. The different colors represent facies type. 



28 
 

The Catahoula Formation in the Tom OôConnor field (Refugio County, Southern Texas) 

consists of non-marine sands, clays, and volcano-clastic deposits interbedded with fluvial 

sediments. (Chowdhury et al., 2006; Galloway and Kaiser, 1980). Around the Tom OôConnor 

Field, the formation consists of 40% to 60% of sand (Corpus Christi Geological Society, 1968). 

The average formation thickness increases basinward, however, growth fault belts disrupt 

sedimentary patterns, with the formationôs average thickness ranging from 150 ft to 200 ft in 

central Texas, 200 ft to 600 ft in East Texas, and about 800 ft to 1000 ft in South Texas (Chowdhury 

et al., 2006; Galloway, 1977). The Catahoula sands have excellent reservoir properties with an 

average porosity of 29% and permeability of 1400 md in the major fields in Refugio County, such 

as the Tom OôConnor Field. Growth faults initiated by early deltaic propagation extend up to the 

Catahoula and deeply influence the trends of the fluvial sand units (Galloway, 1977). The 

Catahoula Formation is placed in the Miocene Epoch, with the upper part of the formation 

overlaying the thick Anahuac marine shale, which overlays the Frio Formation (Chowdhury et al., 

2006; Corpus Christi Geological Society, 1968; Wilmarth, 1938). The Catahoula trend near the 

Tom OôConnor Field (Figure 1.9) has wells located on either side of a fault. This fault is non-

sealing because the faultôs throw is minimal, with a similar geology on either side of the fault. 

Also, the pressure response observed from wells on both sides of the fault is almost the same.
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Figure 1.9      Geological Overview of the Catahoula Trend near the Tom OôConnor Field (Ewing et al., 1990;) The 

gold lines represent faults, the purple lines are county lines, and the dots show the wells in the cluster.
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2. Literature Review 

2.1 Class II Wells 

Brine associated with oil and gas production has been injected into underground formations by 

the petroleum industry in the United States since the 1930s (Brasier and Kobelski, 1996). In 

addition, industrial waste fluid can also be deep-well injected. The first deep industrial waste 

injection well was drilled in Texas by Dupont in 1949 (Clark et al., 2005). By 1961, Texas became 

the first state to adopt regulations regarding industrial injection wells (Warner and Orcutt, 1973). 

However, regulations at the state level were not uniform in terms of protecting water quality levels 

for potentially usable groundwater (Clark et al., 2005). Following documented cases of 

groundwater contamination due to underground waste injection such as the case of a waste 

injection well at the Hammermill Paper Company in Erie, Pennsylvania, the United States 

Congress passed the Safe Water Drinking Act which allowed the Environmental Protection Agency 

(EPA) to establish the Underground Injection Control Program (UIC) in 1974 (McCurdy, 2011). 

Following these regulations, the EPA established a national standard for current and potential 

drinking water sources as <10,000 mg/L total dissolved solids (TDS) (EPA, 1980). Under this 

program, Class II was established for injecting fluids associated with oil and gas production, which 

includes large amounts of saltwater (brine). The number of injection wells in the United States has 

increased over the years from 30 in the early 1960s (Smith, 1996) to approximately 180,000 Class 

II wells currently in operation (EPA, 2024). Every day, over 2 billion gallons of fluids are injected 

in the United States, with most of the injection wells in Texas, California, Louisiana, and Kansas 

(EPA, 2024). The EPA divides Class II wells (Figure 2.1) into three categories: 
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a. Disposal Wells: These wells are used to inject brines associated with oil and gas production 

or wastewater from hydraulic fracturing activities into the same or similar underground 

formation for disposal and they represent 20% of Class II wells (EPA, 2024).  

b. Enhanced Recovery Wells: These wells, representing 80% of Class II wells, are used to 

inject fluids consisting of brine, fresh water, steam, polymers, or carbon dioxide into oil-

bearing formations to recover residual oil and in limited applications, natural gas (EPA, 

2024). 

c. Hydrocarbon Storage Wells: These wells are used to inject liquid hydrocarbons into 

underground formations, such as salt caverns, for storage as part of the U.S. Strategic 

Petroleum Reserve, and there are over 100 of these wells in operation in the United States 

(EPA, 2024). 
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Figure 2.1 Class II Wells (EPA, 2024). The base of underground sources of drinking water is 

marked by a thick blue line. The left well is used for saltwater disposal while the other two wells 

are used for enhanced oil recovery, with the producing well on the right and the injection well in 

the middle. 
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Class II wells can make an industrial analog for wells used for CO2 injection due to the 

scale of injection and its long history. Studying Class II wells can help provide some insights into 

how large-scale fluid injection performance can evolve with time and how existing regulations can 

be improved to ensure the potential challenges and risks associated with large-scale Class VI wells 

can be mitigated. 

2.2 Class VI Wells                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Class VI wells are used to inject carbon dioxide (CO2) into deep rock formations for 

geologic sequestration (IEAGHG, 2018; EPA, 2024). This well class (Figure 2.2) was established 

by EPA in 2010. However, the implementation has been initially slow, with only six well permits 

issued prior to 2022 (Lau, 2022). Three states now have Primacy (i.e. state, territory, or tribal 

responsibilities associated with implementing EPA-approved UIC programs) for Class VI wells 

(Lau, 2022; EPA, 2024) and active Class VI wells are increasing. Currently, there are about 64 

Class VI projects under review at the EPA (Figure 2.3), with about 30 of these projects located in 

the Gulf Coast region (EPA, 2024). To help reduce the long wait times associated with Class VI 

permits, other states such as Texas have announced their intention to seek Primacy over Class VI 

wells. 
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Figure 2.2 Class VI Well (EPA, 2024) 
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Figure 2.3 Class VI Permit Tracker (EPA, 2024) 

2.3 Previous Work on Using Class II Saltwater Disposal Wells as an Analog 

Ni et al. (2021) evaluated the technical feasibility of gigatons of CO2 storage in the U.S. 

Gulf Coast using data from saltwater disposal wells in the region and assessed the best formations 

for disposal. Most of the saltwater injection data used by Ni et al. were obtained from B3 insight 

and IHS Enerdeq. Ni et al. considered injection data from 1983 to 2017 for the Texas Gulf Coast 

and assumed 3000 ft to be the depth below which CO2 is supercritical and selected only wells 

injecting below this depth. Ni et al. focused their analysis on both the Texas and Louisiana Gulf 

Coast. They leveraged parameters such as total injection volume, rate per well, capacity per well, 

injection pressure, pressure buildup, and injectivity index proxy to assess performance. For the 

Texas Gulf Coast, Ni et al. selected wells marked as injecting into non-producing formations to 
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reflect permanent disposal. Their study also used three scenarios to evaluate the CO2 injection 

capacity of the U.S. Gulf Coast, converting saltwater volume to an equivalent mass of CO2 

assuming a supercritical CO2 density of 700 kg/m3. The first scenario, designated as the lowest-

estimate scenario, computes capacity by simply adding up the actual disposal volume for the active 

wells. The second scenario regarded as the second-estimate scenario, computes capacity by 

assuming no injection intermittency and that the active wells used are injecting at their highest 

historical injection rate. The third scenario dubbed the highest-estimate scenario, takes advantage 

of the linear relationship between pressure and injection rate by assuming constant injectivity and 

constant injection at maximum authorized pressure values. Their results showed that the 1 gigaton 

per year goal can only be achieved with the highest estimate scenario, and it would typically 

require 1500 wells injecting at 20,000 bbl/day to achieve this goal. Their results also showed that 

low-rate wells are more common in the region and suggested that this is likely because the wells 

available are sufficient for the amount of saltwater trucked for injection and that the Miocene and 

Frio are the highest injectivity formations.  

Several aspects of the analysis were not undertaken by Ni et al. Injectivity index 

calculations in their study assumed no friction loss when converting wellhead pressure to 

bottomhole pressure for pressure buildup assessment. Their study also did not account for two-

phase flow in their rate calculations, did not assess other potential factors contributing to limited 

injection performance, did not account for the huge variations in performance seen both regionally 

and locally, and did not translate injectivity results obtained for saltwater disposal wells to CCS 

terms in Mt CO2/day/psi. 
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2.4 Key Performance Indicators 

Storage capacity is a key performance indicator, and it involves the estimation of the 

amount of CO2 that can be stored in geologic formations (Fang et al., 2010). The process of 

estimating the CO2 storage capacity of a geologic formation is complex (Bradshaw et al., 2007; 

van der Meer and Yavuz, 2009), especially due to the various types of traps and trapping 

mechanisms possible, the different rates at which each trapping becomes effective, and the 

different physical states in which CO2 might occur (Bradshaw et al., 2007). In the past, static 

assessment of the efficiency of CO2 pore volume occupancy has been used to determine storage 

capacity, ignoring the impact of pressure buildup and compressibility of materials in the storage 

space (van der Meer and Yavuz, 2009). However, it is important to also consider injectivity as it 

takes the effect of pressure buildup and compressibility into consideration, providing a better 

evaluation of the storage potential of a location. 

Injectivity is another key performance indicator, and it involves the measure of a geologic 

formationôs ability to accept fluid injected into it. Injectivity is a function of the rate at which CO2 

can be injected and the ability of CO2 to migrate from the injection well (Fang et al., 2010; De 

Silva and Ranjith, 2012). Different geologic formations have different flow properties and different 

boundary conditions, which can influence the ability of injected CO2 to migrate away from the 

injection point. Formations with low porosity and permeability values with a closed boundary 

condition will most likely have more difficulties accepting fluid, as pressure buildup is more likely 

to be high in these formations due to limited space to dissipate pressure, ultimately leading to low 

injectivity, while formations with high porosity and permeability values with an open boundary 

condition will most likely experience the opposite. The injectivity index (J) is the ratio of a well 

volumetric flow rate (q) to the corresponding pressure differential (Dp) (Fang et al., 2010). 

         Equation 2.1
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3. Methodology 

3.1 Data Gathering and Sources 

The primary data used in this study was obtained from saltwater disposal wells in the Texas 

Gulf Coast. These data are usually self-reported by industry operators every month as required by 

the Rail Road Commission (RRC). Access to the primary data from 8,348 wells in the Texas Gulf 

Coast region was possible thanks to B3 Insight, which acquires the data from the RRC and makes 

it easily accessible via spreadsheet and available for sale to the public. Each well is typically 

assigned a well ID by B3 Insight, which makes it easier to track compared to the API number, 

which has more digits. Each well also contains other data types such as county name, field name, 

injection start date, injection status, completion date, operator name, injection type, etc.  Table 3.1 

summarizes the other primary data types used in this study, and Figure 3.1 shows the location of 

the wells from which these primary data were obtained. 

The secondary data used in this study, such as the well logs (Figure 3.2) and the Texas 

tectonic map, were obtained from IHS and Ewing et al., 1990 respectively. 

Table 3.1 Key Primary Data Types 

Serial Number Primary Data Type 

1 Well ID 

2 API Number 

3 Volume 

4 Rate 
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5 Pressure 

6 Completion interval 

7 Injection target (formation) 

8 Latitude 

7 Longitude 
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Figure 3.1 ï Texas Gulf Coast Saltwater Disposal Wells. This includes only wells injecting into 

non-productive zones. 
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Figure 3.2 ï Sample Well Log Data from IHS. The logs are mostly available as raster files and 

require digitization to be more useful. 

3.2 Quality Check and Data Adjustment 

These 8,348 wells have their injecting type marked as injecting into a non-productive zone. 

The different data types reported for these wells are inconsistent due to poor quality control, with 

lots of outliers in the volume, rate, and pressure data, and there were many inconsistencies between 

the rate and pressure data. The data from these wells were checked to ensure quality. The following 

paragraphs summarize the processes applied to the different data types to ensure good data quality. 
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The volume data for each well was plotted against time to ensure consistency in the data 

and avoid any outliers that could impact the data quality. Wells with zero volume records and those 

with inconsistent data (Figure 3.3 ï left side) were excluded from the list, while wells like the one 

shown on the right side of Figure 3.3 were moved to the next level of quality check. Most of the 

data for these selected wells were largely consistent. However, several wells with spikes in their 

data (similar to what is shown on the left side of Figure 3.4) had those spikes eliminated by 

replacing the high values causing the spikes with the average value estimated using other data 

points, resulting in more consistent data. To further ensure quality, only injection data from 

01/01/1990 to 12/31/2020 were used for volume analysis, as data outside of this period were 

inconsistent and reduced the data quality. Also, according to the Railroad Commission, digital 

records of these data only became available in the late 1980s. Out of 8,348 wells, only 5,105 wells 

have their monthly injection data reported, and following a quality check, only 4,805 wells were 

deemed to have good enough data for volume analysis. 

The rate data for each well was also plotted against time to ensure consistency and 

eliminate outliers. This data is the monthly volume divided by the number of days in each month. 

There was no need to remove any well due to their rate data. The only issue was the data spike in 

some wells (Figure 3.4 ï left side). A similar approach of replacing the high values with an average 

value of other data points for each well was used to ensure consistency in the rate data (Figure 3.4 

ï right side). This adjustment was applied to only 17 wells. 

It is important to note that the volume and rate data recorded for each well is dependent on 

the injection schedule, which may be intermittent in response to the produced water delivered for 

disposal.    
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Figure 3.3 Volume (STB) versus year plot. The figure on the left shows a sample well with zero volume record, while the figure on the right shows what the volume record for a sample selected well looks like. 

 

Figure 3.4 Rate (STB/day) versus year. The figure on the left shows a sample well with a spike in the rate data, while the figure on the right shows rate data for the same well, following data adjustment
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To utilize the wellhead pressure data for injectivity calculations, the following steps were used 

to select wells with good enough pressure data: 

i. Eliminate wells with 0 as their most occurring monthly rate and pressure values over 

the lifetime of the well. 

ii. Eliminate wells with less than 12 monthsô worth of pressure data. 

iii. Eliminate wells with negative pressure and rate correlation. 

Having applied these steps, it was noticed that some wells had constant pressure data for two 

consecutive months with changing rates. Hence, for every well, if the pressure reported is constant 

across two consecutive months, the data for the most recent month is removed from the data frame. 

This ensures better data quality as injection pressure is expected to change with the rate.  Out of 

the 4002 wells with injection formations, only 600 wells met the criteria provided above. Hence, 

these wells were used for further analysis involving pressure. 

The completion data provides information on the top and bottom of perforation for every 

well. However, the low resolution of this data makes it difficult to use. While most of the wells 

have perforation intervals of 300 ft or below, which, based on field experience, is understood to be 

possible and has been observed for saltwater disposal wells, some wells have perforation intervals 

up to 6,000 ft, which is likely inaccurate.  So far, these large perforations can be attributed to the 

wells having multiple perforations within the reported intervals or having open-hole completions. 

Some of these large perforation-length wells have been marked in the report to have open-hole 

completions, and this can lead to easily assuming that all wells with large perforation lengths have 

open completions. Unfortunately, this assumption is not entirely correct due to the inconsistencies 

in the reported data. For example, a few wells with only a few feet of perforation length were 
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assigned to have open-hole completions, and a few others with large perforation lengths were 

marked as not open holes. There are 15 wells marked to have open-hole completions, with 7 of 

those wells injecting into the Lower Cretaceous and 5 of them accounting for the large percentage 

of the volumes going into the Lower Cretaceous. 1 of the 5 wells is responsible for the significantly 

high, outlying injectivity index discussed later in this chapter. The Miocene, Oligocene, and 

Wilcox have 2 wells each marked to have open completions, while the Wilcox and Claiborne have 

one well each with open perforations. While there is a high possibility that the large perforation 

length wells have open completions, there is also another possibility of those wells having multiple 

perforations within the reported large intervals, making the normalized injectivity index estimated 

for such wells less accurate. 

Hence, for the calculation of normalized injectivity index (i.e., simply the injectivity index 

divided by perforation length), only wells with single perforation were used to eliminate the 

uncertainty associated with wells with multiple completions as it is unclear how each of those 

intervals contributes to the general performance of the wells. However, this doesnôt eliminate all 

the uncertainties as there are still wells (66) with single perforation lengths above 300 ft, making 

it unclear if those wells have multiple perforations with the reported intervals or they have open-

hole completions and adding some uncertainties to the normalized injectivity index results. These 

uncertainties prompted the introduction of two cases in the normalized injectivity index 

calculations, with one of the cases including the wells with large perforations and the other not 

including those wells. 
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3.3 Volume Analysis 

Following the selection of 4,805   wells with good volume data, the following plots were made 

to get a better understanding of how injection volume changed over time and how injection 

volumes are distributed across the entire Texas Gulf Coast: 

i. Volume with time: this plot shows how injection volume across the Texas Gulf Coast 

changed from 1990 to 2020. 

ii. Injection Volume Map: This map shows the distribution of wells across the Texas Gulf 

Coast colored by their injection volume, allowing us to identify focus areas for further 

analysis. These focus areas could be areas with large-volume wells, low-volume wells, or 

both. Wells with total injection volume greater than 20,000,000 stb are colored red, wells 

with total injection volume greater than 1,000,000 stb but less than 20,000,000 stb are 

colored blue, and wells with less than 1,000,000 stb are colored yellow.  

iii. Injection Volume versus Injection Target (Unit): This bar chart shows different injection 

intervals and the total volume theyôve received from 1990 to 2020. The height of each bar 

represents the total volume associated with the unit. Also, this plot was made using the 

4002 wells with a formation assigned to them. 

For the purpose of this study, I assumed a simple reservoir volume equivalence to convert saltwater 

volume to mass of CO2 equivalent at reservoir conditions. Equation 3.1 was used to achieve that, 

assuming a CO2 density of 700 kg/m3 and formation volume factor of 1.02 rbbl/stb for brine at 

reservoir conditions. 
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Equation 3.1 

Where Vbrine represents the volume of brine, and Bbrine represents the formation volume factor for 

brine. 

3.4 Rate Analysis 

The rate data for each well is simply the total volume injected in any given month divided 

by the total number of days in the month. Hence, there is a high correlation between rate and 

volume. There is some uncertainty associated with the rate data, especially due to intermittency, 

as it is unknown how frequently wells inject fluids every month. This uncertainty could lead to an 

underestimation of the average monthly rate. For example, if a well injects X stb of water for only 

5 days in Month A with 30 days, the average monthly rate will be reported as X/30. If more water 

was available for that month (Y stb), perhaps the well could have injected (X+Y)/30. 

3.5 Injection Target (Formation) Assignment 

Some wells have their injection target reported, while others have no injection target 

reported. For the wells with reported injection targets, most of the names reported are uncommon, 

field-specific, or obsolete. Hence, they were assigned to more common formation names in current 

chronostratigraphy (see Appendix A). For example, Dexter was assigned to Woodbine, and Yegua 

was assigned to Claiborne. Following this, some of these common formation names were merged 

into different injection intervals, and Table 3.2 summarizes these mergers. 

Table 3.2 Formations merged into injection intervals. 

Injection Interval Other Associated Formation 

Miocene Fleming, Goliad, Catahoula 
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Oligocene Vicksburg, Frio 

Lower Cretaceous Washita, Rodessa, Fredericksburg, Trinity,  

Pleistocene Bentley, Chicot 

Austin Clarksville 

Navarro Escondido 

 

These wells were tagged ñwells with formation.ò Some of the reported injection targets following 

assignment to conventional formation names were found to not exist in the Texas Gulf Coast. 

These injection targets include Barnett, Louann Salt, Guadalupian, Ellenberger, and Rustler. 

Hence, wells assigned to these injection targets were excluded from further analysis. Also, some 

injection target names reported for some wells were not found in the literature and could not be 

assigned to any conventional formation names. Such wells were tagged ñwells with unidentified 

formations.ò Wells without any injection target reported were tagged ñwells without formation.ò 

To assign injection targets to wells with unidentified formations and wells without formation, a 

machine learning (ML) model was trained using the latitude, longitude, and top-depth data from 

the wells with formation. Some wells that fall into these two categories could not be assigned any 

formation because their top depths were not reported. For wells in the categories with multiple top 

depth data, an average top depth is used because most times, these multiple perforations are in the 

same injection target. Below is the summary of the ML model. 

Machine Learning Model ï Random Forest Classifier 
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Figure 3.5 Random Forest Classifier Summary 

It is important to note that different classifiers, such as KNeighborsClassifier and 

SupportVectorMachine were also used for this task. The RandomForestClassifer (Figure 3.5) 

proved to be the best for this task, with a prediction accuracy of 74.5%. While this model does 

not produce a perfect prediction and adds a bit of uncertainty to the results, it does a good job of 

assigning wells to an injection target (Figure 3.6) with wells injecting into shallower intervals 

such as the Miocene and Oligocene located closer to the coast following the trend that can be 

seen in Figure 1.5. Hence, this provides a good enough pass for further regional analysis. For 

specific analysis of injection trends of interest, injection targets for wells in those trends are 

reconfirmed using well logs.  
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Out of the 8,348 wells in the Texas Gulf Coast, Table 3.3 summarizes how these wells were 

assigned their formations. The 722 wells include only wells without multiple injection targets 

reported for them as the volume data does not indicate where any particular volume is going, and 

doing this appeared to not solve all the problems of multiple perforations as even some wells with 

multiple perforations at different intervals have only a single formation reported. 

Table 3.3 Injection formation status for wells in the Texas Gulf Coast 

Type Count 

Wells with reported formations verified to be in the Texas Gulf Coast 722  

Wells with Predicted formations 5606 

Wells without reported or predicted formations 2020 

 

Out of the 4,805 wells used for volume analysis, only 4002 wells have a formation assigned to 

them (either reported or predicted). These wells were used to generate Figure 3.6, which shows 

injection volume by injection target. The rest have no top depth reported for them. Hence, could 

not be assigned to any injection target. 
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Figure 3.6 Disposal wells by injection target. Wells injecting into younger intervals, such as 

the Miocene and Oligocene, can be seen closer to the coastline. 

3.6 Injectivity Analysis 

While the volume analysis provides some insights into performance, the injectivity index 

provides a better indicator of a wellôs performance. The formula below was used to calculate the 

injectivity index. 

    Equation 3.2 
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Where J represents the injectivity index (stb/day/psi), q represents the average injection rate 

(stb/day), PBH represents the bottom-hole flowing pressure (psi), Pf represents the reference 

formation pressure (psi), k represents permeability (md), h represents thickness (ft), m represents 

viscosity (cp), B represents formation volume factor, re represents drainage radius (ft), rw 

represents wellbore radius (ft), and s represents skin. Pf is assumed to be hydrostatic, and a regional 

hydrostatic gradient of 0.465 psi/ft combined with the reported bottom depth of perforation for 

each well, was used to calculate the hydrostatic pressure of the formation each well is injecting 

into.  Out of the 600 wells with good pressure data, only 599 wells had completion data reported. 

Out of these 599 wells, only 593 wells had an internal diameter of the completion material reported 

(i.e., values <> zero or NaN). These 593 wells were then used for injectivity analysis as flow type 

in these other wells could not be estimated without the internal diameter data. To calculate the 

injectivity index, the reported wellhead pressure had to be converted to bottomhole flowing 

pressure (PBH) using the Darcy-Weisbach equation shown below: 

  Equation 3.3  

Where: 

q = Flow rate through tubing (STB/day) 

Eeff = Efficiency (tuning) factor for the tubing (~1.0) 

DID = Inner tubing diameter (In) 

g/gc = ~1.0 

FDW = Darcy-Weisbach friction factor (dimensionless) 
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r = Fluid density (lbm/ft
3) 

DL = tubing length (ft) 

p1, p2 = pressures at two points in a section of tubing (psi) 

z1, z2 = Elevations at two points in a tubing section (ft) 

411.147 = Equation constant 

144 = Unit conversion (In2/ft2) 

 

To determine the Darcy-Weisbach friction factor, the type of flow along the pipe had to be 

determined, and this was achieved using the Reynolds equation shown below: 

         Equation 3.4 

Where q is the flow rate, DID is the inner tubing diameter (in), and m is the dynamic viscosity (cp). 

The Reynolds number is the ratio of inertial forces to viscous forces. The inertia forces represent 

flow velocity and geometry, and for this analysis, the dynamic viscosity is approximated to 1cp.  

Having computed the Reynolds number, the following equations were used to estimate the 

dimensionless frictional factor: 

For Re < 2000 (laminar flow): 

 

For Re 2000 < Re < 4000 (transition flow): 

f  = 64/Re
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(Estimated using the Moddy Diagram (Figure 3.7), assuming a relative roughness 

of 0.001) 

For Re > 4000 (turbulent flow): 

       Equation 3.5 

(Swamee-Jain Equation, assuming a relative roughness to be 0.001) 

 

Figure 3.7 The Moody Diagram (Wikipedia) 

For the injectivity index analysis, the raw injectivity index results obtained for saltwater injection 

are first summarized in stock tank barrels per year per psi before they are translated into CO2 

equivalents in megatons per year per 1000 psi of allowable pressure differential. The Injectivity 

f  = 0.045
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index is also considered on an injection interval-by-injection interval basis in this study, with only 

the top five wells based on volume considered. These intervals include the Miocene, Oligocene, 

Woodbine, Lower Cretaceous, and Wilcox.  

Having estimated the injectivity index for each of the 593 wells, one could argue that wells 

with higher injectivity indexes could be wells with higher perforation intervals and higher injection 

rates, leading to further scrutiny to better represent the ability of different formations to accept 

fluids by calculating the normalized injectivity index and eliminating the impact of completions. 

The normalized injectivity index is simply the ratio of the injectivity index to the perforation 

interval for each well. This parameter eliminates, to a large extent, the impact of perforation 

intervals. However, as pointed out earlier, the uncertainties associated with the normalized 

injectivity index calculation due to the low resolution of the completion data provided for some 

wells led to the normalized injectivity index computed for only wells with single perforation, with 

multiple cases developed depending on perforation length. The normalized injectivity index is 

measured in stb/day/psi/ft and is given by the equation below: 

    Equation 3.6 

Multiple scenarios are developed when computing normalized injectivity indexes using the 

injectivity index results translated for CO2. First, only wells with single perforations less than 300 

ft and injecting below 800 m are considered. The 300 ft cutoff is used because this is believed to 

be the maximum perforation length that has been observed in the field for saltwater disposal wells. 

The second scenario involves including 39 single perforation wells with perforation lengths greater 

than 300 ft and also injecting below 800 m, understanding the uncertainty associated with the large 
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perforation lengths. The normalized injectivity index is also considered on an injection interval-

by-interval basis in this study, with only the top five wells based on volume considered. These 

intervals include the Miocene, Oligocene, Woodbine, Lower Cretaceous, and Wilcox. 

To understand what the injectivity results mean for CCS, the results obtained for single-

phase (brine) flow were converted to two-phase (brine-CO2) flow by considering viscosity and 

relative permeability. Only single-perforation wells injecting below 800 m (169 wells), the depth 

at which CO2 is supercritical, were considered here. Only wells with single perforation were 

considered for this case because it eliminates the uncertainty that arises with averaging the top 

depth data for wells with multiple perforation intervals, as some of the intervals might be above 

800 m, and it is not clear how each interval contributes to the general performance of such wells. 

For a single-phase system that involves the injection of brine into a system that already has brine 

in it, the equation below can be used to represent the injectivity index of the system. 

     Equation 3.7 

For a two-phase system that involves the injection of CO2 into a system that already has brine in 

it, the equation below can be used to represent the injectivity index of the system, leveraging a 

similar logic in Hosseini and Nicot (2012). 

    Equation 3.8 
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The combination of equations 3.7 and 3.8 results in equation 3.9 below, which was used to 

calculate the injectivity index of a two-phase system where CO2 is being injected into a brine-

saturated system. 

    Equation 3.9 

To estimate the relative permeability of sandstones and carbonates, I referred to Burnside and 

Naylor (2014) with published experimental values for the relative permeability of sandstones and 

carbonates to CO2. For all the formations considered in this study except the Lower Cretaceous 

and Austin, which are both carbonates, I used the measurements of Berea sandstone from Krevor 

et al. (2012) with an average porosity of 22.1% and permeability of 914 md. At maximum CO2 

saturation of 0.55, the end-point relative permeability of CO2 is 0.38. For carbonates of the Lower 

Cretaceous and Austin Chalk, I used the measurements of the Nisku Formation, from Bennion and 

Bachu (2010) with an average porosity of 10.9% and a permeability of 74.4 md. At a maximum 

CO2 saturation of 0.603, the end-point relative permeability of CO2 is 0.1078. The ratio of CO2 to 

brine viscosity is approximated to be 0.12 (Figure 3.8), assuming the average injection depth is 

less than 2 km (Tsar et al., 2013). 
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Figure 3.8 CO2-Brine Density and Viscosity ratio (Tsar et al., 2013) 

 One of the wells (API 4218730407) was removed from the injectivity analysis due 

to its very high injectivity index value, to remove the outlier effect from the injectivity analysis, 

leaving only 592 wells for further analysis. Based on observation and having probed this well, 

there seems to be nothing abnormal with this well, so it is logical to consider it separately. The 

well is connected to the Edwards formation, had significantly higher rates reported for it, and its 

completion type was reported as open-hole completion. 

3.7 Petrophysical Analysis 

This is done for the local assessment of specific well clusters of interest. The goals here are 

to understand how performance varies locally within an injection target or even within a specific 

injection interval and the factors influencing this variability in performance across wells injecting 

in the same unit. A well cross-section is created using the available gamma-ray or normalized 

spontaneous potential logs of wells in these clusters of interest or nearby wells. For a particular 
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well cluster of interest, the target formation is determined using the perforation data to gain insights 

into geological changes across wells. Following the identification of the target formation, the 

average thickness of the formation is estimated, and the average porosity of the formation is 

estimated using the density porosity or neutron porosity logs (if available). For clusters without 

any nearby well with density or neutron log, the porosity is determined from the literature.  

3.8  Geological Characterization 

To better understand the specific areas of interest, it was critical to identify the location of 

structures such as Faults. It was also important to understand if the Edwards well cluster falls 

below the 10,000 mg/l line (bad water line), the depth with high salinity, below which CCS projects 

are not prohibited by law. Ewing et al. (1990) Tectonic map of Texas was used to identify fault 

locations and extract depth and surface elevation data. For the Edwards Group in the Luling field, 

Schultz (1993) provided the bad-water line data, and Phelps et al. (2014) provided some 

information on facies.  

3.9 Software 

3.9.1 Enhanced Analytical Simulation Tool (EASiTool) 

The EASiTool is an in-house simulation model at the Gulf Coast Carbon Center. There are 

two versions available. The version used in this study is the brine version, which models saltwater 

disposal into saline aquifers. The brine version is only available internally. For both versions, the 

model assumes the formation to be homogenous, isotropic, Isothermal, and horizontal with 

constant thickness (Hosseini et al., 2018). Fluid injection is done through fully penetrating vertical 

wells at a constant rate (Hosseini et al., 2018). This analytical model predicts the impact of pressure 

on fluid (CO2 or brine) injectivity and storage capacity of reservoirs (Ganjdanesh and Hosseini, 

2017). Different equations are used to estimate the normalized bottomhole pressure of a reference 
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well injecting in a reservoir with either an open boundary condition (assumes basin to be infinite) 

or a closed boundary condition (refer to Hosseini et al., 2018 for more details on these equations 

and how pressure buildup is distributed in a multi-well scenario).  

EasiTool requires input for multiple parameters, and some of these parameters were estimated 

using the following methods: 

a. Compressibility 

 Compressibility refers to the measure of the change in volume resulting from the external 

pressure applied to the surface of an object (Fanchi, 2002). It is usually expressed in 1/psi. To 

estimate the rock compressibility for our EasiTool simulation, we refer to the following 

correlations below:  

For limestones with porosities ranging from 0.02 to 0.33, Newman (1973) as shown in Tiab and 

Donaldson (2012), 

      Equation 3.10 

For unconsolidated sandstones with porosities greater than 0.25 (Ganat et al., 2024) 

     Equation 3.11 

b. Pressure 

To estimate the average reservoir pressure, the bottom depth for each well is multiplied by 

a regional pressure gradient of 0.465 psi/ft, and the average of these values resulted in the average 

reservoir pressure. 
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c. Temperature 

To estimate the average reservoir temperature, the bottom depth reported for each well in 

feet was multiplied by a regional temperature gradient of 0.00762, and the resulting values were 

added to the atmospheric temperature of 20 degrees Celsius. 

d. Salinity 

Assuming a salinity of 10,000 mg/l and solute to be NaCl, Equation 3.12 was used to 

convert salinity to mol/kg 

  Equation 3.12 

3.9.1.1 Calibrated Forward Modeling with EasiTool 

 For each formation involved, this involves simulating a base case that uses a combination 

of the average formation properties either calculated from the well logs or pulled from literature 

for the field and the reported values for other parameters and tuning the necessary parameters to 

match the bottomhole pressure calculated by the simulator to the reported bottomhole pressure if 

the calculated bottomhole pressure is above the reported bottomhole pressure.  

For the Edwards injection trend, three different cases were simulated. These include Base 

Case, Case B, and Case C. The Base Case sets the boundary condition to closed, Case B sets the 

boundary condition to open and is subdivided into two to reflect the uncertainty in formation 

thickness, and Case C maintains the boundary conditions as open and tunes the permeability 

parameter for the two subcases. For all cases, average reservoir porosity remains the same at 0.28 

and was estimated using the DPHI and NPHI log. This porosity value coincidentally matches the 

value provided for the field by Galloway et al. (1983). The permeability of 200 md used in the 
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Base Case, Case B_1, and Case C_1 is the average permeability of Edwards in the Luling field 

and was obtained from Galloway et al. (1983). Simulation time refers to the maximum injection 

time in the trend. The average thickness value of 55 m used in the Base Case, Case B_1, and Case 

C_1 is the difference between the Perf Zone 2 below Horizon 14 and the top of the formation 

marked by Horizon 2 (Figure 3.9). One well has no perforation below Horizon 14 and is not 

included in the calculation. The average thickness value of 101 m used in Case B_2 and Case C_2 

is the difference between the Perf Zone 3 and the top of the formation marked by Horizon 2 (Figure 

3.9). For wells with no perforations below Perf Zone 2, the bottom of the gamma-ray log is used. 

To run the simulation, the maximum injection pressure (bottomhole pressure) is required for each 

well. In the Edwards injection trend, only 8 wells have this data available as they are the wells 

with good pressure data. The average of the maximum injection pressure from these 8 wells is 

assigned to the other 20 to run the simulation. The average Injection well radius of 0.11 m used for 

the simulation is the average of the hole sizes reported for the 8 wells with the data available.
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Figure 3.9 Well cross section for the Edwards injection trend (Georgetown is merged into the Edwards for this study). The cross-section was created using the gamma-ray logs for these wells. 

The top figure includes the shallower intervals where most of the gamma-ray logs cover. The bottom figure is a continuation and includes the deeper interval, and as observed, most of the gamma-

ray logs do not cover the deeper intervals, raising some uncertainty on how deep the Edwards extend in this location. This uncertainty is accounted for during the forward modeling. The map on 

the right provides an overview of the direction of this cross-section (NE-SW) (Selected Horizons here were quality checked by Charlie Zheng).   
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For the Catahoula injection trend, three different cases were also simulated. These include 

Base_Case_R, Case_B_R, and Case_C_R. The Base_Case_R is simulated using a combination of 

approximated average reservoir properties (porosity and permeability) and reported values for the 

other parameters. The approximated values of 0.29 for porosity and 500 md for permeability are 

somewhat conservative compared to the average reported by Corpus Christi Geological Society 

(1968) for the Catahoula sands in the Tom OôConnor field. The Base_Case_R involves 9 wells 

with single or multiple perforations within the interval, and their injection pressure (bottomhole) 

data is available and deemed good enough. Case_B_R combines the 9 wells used in Base_Case_R 

with another 13 wells injecting into the same interval but without injection pressure available or 

deemed bad. Hence, the maximum permitted pressures for these wells were used instead. One of 

the 13 wells had its permitted pressure reported as zero, and this value was replaced with the 

average of the pressures for the other 21 wells. Another one of the 13 wells had no volume reported 

for the period considered and was not included in the simulation. Therefore, Case_B_R involves 

21 wells. Case_C_R combines the 21 wells used in Case_B_R with another 27 wells with multiple 

perforations, with at least one of those perforations in the interval being considered. The 

assumption for Case_C_R is that most of the volume injected through these 27 wells is going into 

the interval being considered, hence relevant for expanded evaluation. Four of the 27 wells have 

their injection pressure (bottomhole) data reported. The maximum permitted injection pressure 

was also used for the other 23 wells introduced without their injection pressure available. Two of 

these 27 wells have no injection for the period considered and are excluded from the simulation. 

Hence, we have a total of 46 wells for Case_C_R. Another 1 of the 27 wells has no permitted 

injection pressure reported for it and had the average of the pressures for the other 45 wells 

assigned to it. For all cases here, the boundary condition is first set to closed, an average porosity 
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of 0.29, an average permeability of 500 md, an average thickness of 128.9 m calculated by 

substituting the depth of Horizon 4 from that of Horizon 3 Figure 3.10), and an approximate Basin 

area of 25 km x 35 km (Figure 3.11) was used. Simulation time refers to the maximum injection 

time in the trend. The average Injection well radius of 0.24 was used for the Base Case, 0.24 m 

was used for Case_B_R, and 0.23 m was used for Case_C_R. For each case, the average injection 

well radius represents the average hole size of all the wells used.
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Figure 3.10 Well cross section for the Catahoula injection trend with the perforation tops and in a few cases, perforation bottom marked with blue lines. The cross-section was made using the normalized spontaneous potential 

logs for injection wells in the trend and other neighboring non-injection wells. It runs in the SW-NE direction, as seen in the map on the right. The wells (3) with only two blue lines showing the top and bottom of perforations 

are the only saltwater disposal wells in this cross-section. The interval of interest here is between Horizon 3 and 4, marked by the green and yellow lines respectively. 
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Figure 3.11 Approximate Basin Area for the Oligo-Miocene Trend. The gold lines represent faults, while the purple lines are county lines.
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3.9.2 Petra 

This software is provided by IHS Markit, which is part of S&P Global. It is an integrated 

solution for data management, manipulation, visualization, and integration of geological, 

geophysical, and engineering data (IHS Markit, 2021). This study leveraged Petra mainly for the 

management and initial assessment/quality check of well logs before they are digitized using 

Neuralog. 

3.9.3 NeuraLog Digitizing and Quality Control 

This software is provided by Neuralog and allows for semi-automated digitizing of well 

logs. Most of the well logs used in this study are available only in raster (.tif) format (i.e., scanned 

images). Hence, they had to be converted into a digital (.las) format for further analysis in Petrel. 

3.9.4 Petrel E&P Software Platform 

This software is provided by SLB. It provides access to features that allow for the execution 

of tasks such as interpreting seismic data, building geological models, creating well cross-sections, 

etc. For this study, Petrel was used for creating well cross-sections of wells in areas of interest and 

petrophysical analysis. 

3.9.5 Python 

This is a general-purpose programming language used in this study, mainly for data 

analysis, data visualization, task automation, and developing machine learning models. The 

following libraries and modules were used in this study: 

Á NumPy: This is a community-developed, open-source library that provides array-aware 

functions to operate on multi-dimensional Python arrays (Harris et al., 2020). 

Á Pandas: this is an open-source library that makes it easier to work with datasets in Python. 
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Á Matplotlib: This open-source library enables the creation of high-quality plots in Python. 

Á SciPy: This is an open-source library used in Python for modeling and solving scientific 

problems (Virtanen et al., 20220). 

Á Scikit-Learn: This library integrates a wide range of state-of-the-art machine-learning 

algorithms for supervised and unsupervised problems (Pedregosa et al., 2012). 

Á Seaborn: This library is based on matplotlib, and it provides a high-level interface for 

producing beautiful graphics (Gupta, 2018). 

Á Folium: This library allows the creation of powerful leaflet maps in Python. 

Á Cartopy: This library is used in Python for creating beautiful maps that are used for data 

analysis. 

Á Geopandas: This library is used in Python to easily carry out operations on geospatial data. 

Á PyProj: This library provides functions used for transforming coordinates.  

Á Datetime: This module is used in Python for manipulating dates and times. 

Á Statistics: This module provides access to more advanced mathematical functions in 

Python. 

Á OS: This module provides functions for interacting with the operating system. 

Á Math: This module provides access to mathematical functions for performing different 

mathematical operations. 

Á Warnings:   This module allows for the management of warnings encountered while 

programming. 
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3.9.6 ArcMap 

 This software is one of the two primary desktop GIS applications provided by Esri in the 

ArcGIS desktop suite (Esri, n.d.). It has been mainly leveraged in this study for creating, editing, 

and analyzing geospatial data. 
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4. Results ï Regional Assessment 

4.1 Volume 

There is no clear geospatial trend of high-volume or low-volume wells in the region, 

making it difficult to point to where to target for optimum performance. The map below (Figure 

4.1) shows the 4,805 saltwater disposal wells in the Texas Gulf Coast colored by their total 

injection volume.  

 

Figure 4.1: Saltwater Disposal wells in the Texas Gulf Coast, colored by their total injection 

volume.  
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The volume of saltwater injected into non-producing formations in the Texas Gulf Coast 

region has varied since 1990, with the volume of saltwater available for injection largely dependent 

on oil and gas production activities in the region. Hence, intermittency is a major issue for most of 

the saltwater disposal wells, as most of the wells are operating below their maximum permitted 

volumes. More than 75% of the over 20 billion barrels of saltwater has been injected below 800 

m. That is over 15 billion barrels of saltwater. 

Multiple intervals have been targeted for saltwater injection in the Texas Gulf Coast, but a 

majority of the injected volume has gone into 13 units (Figure 4.2).   When all 4002 wells with 

injection targets assigned to them are considered, the Miocene, the Lower Cretaceous, Oligocene, 

and Woodbine account for 86.5% of the total injected volume. When only wells injecting below 

800 m are considered, the Miocene, Oligocene, Woodbine, and Lower Cretaceous are still 

responsible for most of the total injected volume (85%). However, about half of the volume 

injected into the Lower Cretaceous was injected above 800 m. The Wilcox and Claiborne intervals 

lead the rest of the injection intervals for both scenarios.
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Figure 4.2 Total injected volume by injection interval. The top figure includes all 4002 wells, while the bottom figure includes only wells injecting 

below 800 m. The y-axis is in billion barrels (1e9).  



74 
 

4.2 Injectivity Index 

 The injectivity indexes for the 592 wells with reliable pressure data are summarized in 

Figure 4.3. They range from 2 STB/year/psi to over 21,000 STB/year/psi, with a P10 of 51.55 

STB/year/psi, a P50 of 355.5 STB/year/psi, and a P90 of 1,892 STB/year/psi. From the figure, it 

can be seen that a large proportion of the wells are concentrated on the left side of the plot, and the 

number of wells reduces exponentially as the injectivity index increases towards the right side of 

the plot. This suggests that high injectivity index wells are obtainable in the Texas Gulf Coast, 

even though low injectivity index wells are more common. These low injectivity indexes are 

mostly due to intermittency, as a majority of the wells are injecting below the maximum permitted 

pressures and volumes. The issue of intermittency is further discussed in Section 7.4 

 

Figure 4.3  Saltwater Injectivity Index Distribution in STB/year/psi. This includes all 592 wells. 

The y-axis represents the probability density (i.e., relative likelihood), while the x-axis represents 

the apparent injectivity index value and is plotted in a logarithmic scale. 
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  The injectivity index values obtained for saltwater are then translated into CO2 equivalents 

for the 169 single-perforation wells injecting below 800m, using the methods described in this 

study (Figure 4.4). None of these wells actually inject CO2. The estimated values provide only a 

minimum indication of performance as they follow the saltwater disposal schedule, which is prone 

to intermittency. 

 

Figure 4.4 CO2 Injectivity Index converted to megatons per year per 1000 psi.  The figure 

shows the injectivity index distribution for 169 single perforation wells with the top of perforation 

below 800 m. The y-axis represents probability density (i.e., relative likelihood) while the x-axis 

represents the apparent injectivity index and is in logarithmic scale. 

 Figure 4.5 shows the Injectivity index in Mt/year/1000 psi subdivided by injection interval. 

The Miocene interval is observed to have on average, the highest injectivity index (i.e., the 

minimum injectivity index achieved by 50% percent of the wells), followed by the Woodbine, 
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Oligocene, Wilcox, and Lower Cretaceous intervals. The Miocene also has the highest P90 value 

(i.e., the minimum injectivity index achieved by the top 10% of the wells), followed by the 

Woodbine, Wilcox, Oligocene, and Lower Cretaceous.
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Figure 4.5 CO2 Injectivity Index (Mt/year/1000 psi) distribution on an interval-by-interval basis. Only single perforation wells injecting below 800 m in each of 

these intervals are included in creating these figures.  
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The box and swarm plots below (Figure 4.6) summarize the performance of all the injection intervals in terms of the injectivity index.  

 

Figure 4.6  CO2 Injectivity Index (Mt/year/1000 psi) by Injection Interval. The black dots represent the number of wells injecting into each interval. 

Caution should be taken when looking at these plots as injection intervals with a smaller number of wells may look as good as they are not, and this 

can be seen with Eagleford and Claiborne. The Miocene, Woodbine, and Oligocene intervals represent the top three when considering only intervals 

with at least 30 wells injecting below 800 m. The Wilcox and Jackson intervals lead the rest with less than 30 wells injecting below 800 m. 
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4.3 Normalized Injectivity Index 

 To remove the effects of different completions, the injectivity index distributions obtained for both brine and CO2 equivalent are normalized using the reported perforation length for each 

well. However, uncertainties surrounding the completion data, especially for wells with large perforation lengths, mean the normalized injectivity index values estimated could be hugely 

underestimated. Figures 4.7 and 4.8 show the normalized injectivity index distributions for brine and CO2 respectively. 

 

Figure 4.7 Saltwater Normalized injectivity indexes (stb/year/psi/ft) for single perforation wells divided into two. Both figures only include wells injecting below 800 m. The figure on the left 

includes only wells with perforation lengths less than 300 ft, while the figure on the right includes wells with perforation lengths larger than 300 ft. The y-axis represents probability density (i.e., 

relative likelihood), while the x-axis represents normalized injectivity index and is in logarithmic scale
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Figure 4.8 CO2 Normalized injectivity indexes (Mt/year/1000 psi/ft) for single perforation wells divided into two. Both figures only include wells injecting below 800 m. The figure on the left 

includes only wells with perforation lengths less than 300 ft, while the figure on the right includes wells with perforation lengths larger than 300 ft. As expected, including the larger perforation 

shifts the distribution left, although in this case only slightly. The y-axis represents probability density (i.e., relative likelihood) while the x-axis represents normalized injectivity index and is in 

logarithmic scale.
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Figure 4.9 shows the Normalized Injectivity index in Mt/year/1000 psi/ft subdivided by 

injection interval. The Miocene interval is also observed to have on average, the highest 

normalized injectivity index (i.e., the minimum normalized injectivity index achieved by 50% 

percent of the wells), followed by the Woodbine, Oligocene, Wilcox, and Lower Cretaceous 

intervals. This order is also true when the P90 is considered for all five injection intervals, 

suggesting the Miocene to also have the highest minimum normalized injectivity index achieved 

by the top 10% of its wells.
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Figure 4.9 CO2 Normalized Injectivity Index (Mt/year/1000 psi/ft) for single perforation wells injecting below 800 m. The left column represents wells with 

perforation lengths less than 300 ft, while the right column includes wells. Each row represents a different injection interval.














































