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ABSTRACT 

 

 

The Black Warrior basin in northwestern Alabama achieved maximum burial, 

maturation, and subsequent cessation of hydrocarbon generation during Late Permian time. The 

Chattanooga and Floyd/Neal Shales are viable potential source rocks for the Carboniferous 

sandstone reservoirs in the Black Warrior basin. To determine which source rock produced the 

crude oil in the Carboniferous-aged North Blowhorn Creek and Chicken Swamp Branch Oil 

Fields, this study uses Rock-Eval Pyrolysis and biomarker analyses. This study establishes total 

organic content (TOC) values ranging from 2.92 to 6.25% (4.29% average) in the Chattanooga 

Shale, and 0.62 to 3.16% (1.86% average) in the Floyd/Neal Shale. These values, in tandem with 

Rock-Eval Pyrolysis data, display previous expulsion and potential future expulsion of 

hydrocarbons from both potential source rocks by showing established maturation levels based 

on Tmax values and ample amounts of organics necessary to expel hydrocarbons.  

Gas Chromatography-Mass Spectrometry results show that the C27-29 sterane levels and 

pristane/phytane ratios are similar in the Carter sandstone crude oils, the Pottsville A sand crude 

oils and the Floyd/Neal Shale samples. No discernible similarities or patterns between the crude 

oils and shale samples could be identified from the biomarker results with the exception of the 

sterane and pristane/phytane results. The Floyd/Neal Shale samples have a pristane/phytane 

average of 1.23, while the Chattanooga Shale samples have an average of 0.34. The Carter 

sandstone and Pottsville A sand crude oils have averages of 1.46 and 1.53, respectively. A 
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positive correlation was noted between thickness and %TOC levels of the Floyd/Neal 

Shale. The evidence suggests the Floyd/Neal Shale as the likely source rock of the crude oils in 

the North Blowhorn Creek and Chicken Swamp Branch oilfields in the Black Warrior basin of 

western Alabama. 
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1.0 INTRODUCTION  

 

Hydrocarbon exploration in Alabama has been active for over 100 years with the 

discovery of natural gas occurring in the early 1900ôs and crude oil in 1944. The two major 

geographical regions for hydrocarbon exploration are the Black Warrior basin (BWB) in 

northwest Alabama and the southwest Alabama region. The Black Warrior basin (Figure 1) 

contains conventional oil and gas fields as well as coalbed methane fields. Oil production is 

dominated by two fields, the North Blowhorn Creek Oil Field and the Chicken Swamp Branch 

Oil Field (Figure 1). 
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Figure 1 ï Geographical map of hydrocarbon producing areas in Alabama. The northern red star 

is the North Blowhorn Creek Oil Field, and the southern red star is the Chicken Swamp Branch 

Oil Field (Modified from Pashin, 2008). 

 

North Blowhorn Creek Oil Field was discovered in 1979 in Lamar County, AL (AL Oil 

and Gas Board (OGB) Permit No. 2751), and has produced over 6.6 million barrels of oil and 

over 3.1 million cubic feet of gas out of the Carter sandstone 

(http://www.ogb.state.al.us/ogb/fields/details/fieldprod/250/80/17899/North%20Blowhorn%20C

reek%20Oil). South of Lamar County, the Chicken Swamp Branch Oil Field is in Pickens 

County. The Chicken Swamp Branch Oil Field was originally discovered in 1989; however, 

because of the low volume of oil being produced from the Lewis Sandstone, production was 

halted in 2006. In 2011, oil production commenced when a new discovery well (AL OGB Permit 

No. 16269) targeted the Pottsville A sand. Since 2011, the field has produced over 2 million 
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barrels of oil and 1.3 million cubic feet of gas. 

(http://www.ogb.state.al.us/ogb/fields/details/fieldprod/75/253/3039/Chicken%20Swamp%20Bra

nch%20Oil).  

As of 2016, there are 147 active oil wells in the Black Warrior basin according to the 

State Oil and Gas Board of Alabama (https://www.gsa.state.al.us/ogb/wells). Although the 

source rocks are presumed to be widespread, most of the 147 oil wells are localized in Lamar, 

Fayette, and Pickens Counties (Figure 2). This study focuses on this highly productive region. 

While geochemical data such as Rock-Eval Pyrolysis and vitrinite reflectance analyses are 

available from the potential source rocks, crude oils from North Blowhorn Creek and Chicken 

Swamp Branch have yet to be analyzed for geochemical properties.  To determine which source 

rock produced the crude oil in the North Blowhorn Creek and Chicken Swamp Branch Oil 

Fields, this study uses Rock-Eval Pyrolysis and Biomarker analysis. 
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Figure 2 ï Area of interest denoted in Figure 1 with a red box. The orange box in this 

delineates the North Blowhorn Creek Oil Field and the green box delineates the Chicken Swamp 

Branch Oil Field. Shown on the map are the producing oil wells as of 2016. 

 

1.1 Tectonic History of the Black Warrior basin 

 

The Black Warrior basin of Alabama and Mississippi is a hydrocarbon-bearing foreland 

basin that is 190 miles by 220 miles in size or 3500 mi
2
 in surface area (Hatch and Pawlewicz, 

2007), and dips 2° to the southwest away from the Nashville dome (Thomas, 1988). The basin is 

located between the Ouachita and Appalachian orogenies and the Nashville Dome (Pashin et al., 

2011) (Figure 3).   
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Figure 3 ï Structural map of Black Warrior basin (Modified from Hatch and Pawlewicz, 2007). 

 

The Black Warrior basin contains sedimentary rocks from Precambrian to Pennsylvanian 

in age on top of Precambrian basement rock (Figure 4). During Late Precambrian to Early 

Cambrian time, mixed siliciclastic sediments were deposited due to the rifting of the Iapetus 

Ocean to form the Rome Formation (Thomas et al., 2004). Middle Cambrian through Early 

Mississippian time was dominated by carbonate deposition and various shale layers deposited in 

a shallow marine passive margin environment (Thomas, 1988). The Conasauga Formation is 

comprised of shale, limestone, and dolostone deposited on a carbonate ramp (Astini et al., 2000; 

Thomas et al., 2000). Stratigraphically, the Conasauga Formation overlies the Rome Formation 

and is below the Ketona Dolomite. The Ketona Dolomite, Knox Group, and Stones River Group 

span from Middle Cambrian to Middle Ordovician time and contain dolomite, dolomitic 

limestone, and limestone (Hatch and Pawlewicz, 2007).  
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Figure 4 ï Generalized stratigraphic column of the Black Warrior basin (Modified from Hatch 

and Pawlewicz, 2007). 

 

The Stones River Group is overlain by undifferentiated rock of Late Ordovician and 

Silurian age. An unnamed cherty limestone unit occupies Early to Middle Devonian time, which 

is overlain by the Chattanooga Shale, also sometimes referred to as Devonian undifferentiated. 

The Chattanooga Shale is an organic rich, black shale deposited in either a shallow 

marine/marine shelf environment (Conant and Swanson, 1961; Pashin et al., 2011) or a deep 



 

7 

 

 

marine environment (Ettensohn, 1985; Ettensohn et al., 1988; Pashin et al., 2011). 

Stratigraphically, the Chattanooga/Devonian Shale is a time equivalent of many other 

hydrocarbon-bearing Devonian black shale units located in central and eastern United States 

such as the Ohio Shale, Marcellus Shale, and Skaneateles Shale (e.g., Roen, 1984; de Witt et al., 

1993; Boswell, 1996; Schieber and Lazar, 2004; Over, 2007).  

  

Figure 5 ï Isopach map of Chattanooga Shale in the Black Warrior basin. Sample locations are 

denoted by red stars (modified from Pashin et al., 2011). 
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The Chattanooga Shale has a high total organic carbon percentage (TOC), a measure of 

the carbon present in a rock as kerogen and bitumen (Allen and Allen, 2013). The %TOC of the 

Chattanooga Shale is as high as 18% in Limestone County, AL (Rheams and Neathery, 1988). 

The %TOC levels in the study area range from 0.27 to 12.68% (Carroll et al., 1995; Hatch and 

Pawlewicz, 2007; Pashin et al., 2011). The Chattanooga Shale thins to <10 feet thick in most of 

the Black Warrior basin, compared to thicknesses of >200 feet in southern and eastern AL 

(Figure 5). The Chattanooga Shale is overlain by the Fort Payne Chert, a Lower Mississippian 

unit dominated by thin beds of chert and siliceous limestone (Thomas, 1972). 

During the Ouachita orogeny in Mississippian time, the deposition of both carbonate and 

siliciclastic sediments occurred in succession in the basin (Hatch and Pawlewicz, 2007) (Figure 

4). The Tuscumbia Limestone, which sits stratigraphically above the Fort Payne Chert and under 

the Floyd Shale, is a thick-bedded limestone of Late Mississippian age. The Neal Shale is an 

organic-rich black shale interval within the Floyd Shale (Pashin et al., 2011; Legg, 2014). The 

Neal Shale was deposited in slope and basin-floor environments in what is now the southwestern 

portion of the Black Warrior basin (Cleaves and Broussard, 1980; Pashin, 1993, 1994; Pashin et 

al, 2011). Locally, the Neal Shale ranges from 70 to 320 feet thick (Carroll et al., 1995; Pashin et 

al., 2011), and is a likely source rock with %TOC values that range from 0.82 ï 4.25% (Pashin et 

al., 2011). Proven hydrocarbon-bearing stratigraphic equivalents of the Neal Shale include the 

Barnett Shale in the Fort Worth basin and the Fayetteville Shale in the Arkoma basin (Pashin et 

al, 2011). Alternatively, the Floyd Shale is dominated by gray shale and limestone, and displays 

little organic content (Pashin et al, 2011).  The Floyd Shale is interpreted as deposited on the 

ramp transition causing fewer organics within the rock (Cleaves, 1983; Pashin, 1993). For this 

study, the Floyd Shale and Neal Shale are grouped together and called the Floyd/Neal Shale 
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because there is a lack of consistent use of the separate terms in the literature and core 

description. 

The Floyd/Neal Shale interfingers with the Lewis Sandstone in the southwest and the 

Evans Sandstone in the northeast. Both sandstone units are deltaic deposits and are overlain by 

the Hartselle Sandstone (Cleaves and Broussard, 1980). The Hartselle Sandstone is a fine-

grained quartz arenite interpreted as a barrier-island and shelf-bar system (Thomas and Mack, 

1982). The Hartselle Sandstone crops out in northwestern Alabama and is characterized by 

bitumen deposits from central Morgan County to central Colbert and Franklin Counties; 

however, the distribution of bitumen is not predictable (Wilson, 1987). Because the Chattanooga 

Shale thickens northward while the Floyd/Neal Shale thins northward, Carroll et al. (1995) state 

that the Chattanooga Shale is the likely source for the Hartselle oil sands. 

Stratigraphically above the Hartselle Sandstone and Floyd/Neal Shale is the Bangor 

Limestone (Figure 4). Due to the rapid increase of water depth in Mississippian time, the Bangor 

Limestone was deposited as a carbonate ramp (Kidd, 2008). The Parkwood Formation, a group 

of mixed siliciclastic units, was deposited above the Bangor Limestone (Carroll et al., 1995). 

Among the hydrocarbon-bearing strata (Sanders sandstone, Carter sandstone, Millerella 

limestone and sandstone, Cooper sandstone, Gilmer sandstone, and Coats sandstone) of the 

Parkwood Formation, the Carter sandstone is the most productive, with over 85% of the total oil 

produced from the Black Warrior basin being extracted from it as of 1996 (Pashin and Kugler, 

1996). The Mississippian Carter sandstone is a deltaic sandstone with a sediment source from the 

north or northwest (Cleaves and Broussard, 1980). 

Deposition of coal-bearing siliciclastic successions derived from the Appalachian 

orogeny occurred during Pennsylvanian time (Pashin, 1994). The youngest unit deposited in the 
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Black Warrior basin is the Pennsylvanian Pottsville Formation, which is a mixed-siliciclastic unit 

spanning from Early to Middle Pennsylvanian time. Generally recognized for its abundance of 

coal and related coalbed methane, the Pottsville Formation is a producer of crude oil since 2011. 

An informal unit named the Pottsville A sand is the target of oil exploration in Chicken Swamp 

Branch Oil Field, Pickens County, AL. 

Extensive erosion occurred during Late Pennsylvanian to Early Mesozoic time due to the 

uplift associated with the Appalachian Orogeny (Montgomery, 1986; Telle et al., 1987). Rifting, 

which formed the present day Atlantic Ocean, occurred during Mesozoic time causing the basin 

to dip 2° to the southwest, and led to the deposition of the Mesozoic transgressive marine 

sediments of the Mississippi embayment (Mancini et al., 1983).  

1.2 Geochemical History of the Potential Source Rocks 

 

Despite the differences in %TOC levels, both the Chattanooga Shale (0.27 ï 12.68%) and 

Floyd/Neal Shale (0.82 ï 4.25%) are potential source rocks in the Black Warrior basin (Hatch 

and Pawlewicz, 2007; Pashin et al., 2011). Carroll et al. (2005) and Legg (2014) modeled the 

burial history of the Black Warrior basin by studying logged wells and calculating deposition 

rates. Carroll et al. (1995) and Legg (2014) found that the Chattanooga and Floyd/Neal Shales in 

central Lamar County reached a maximum depth of ~ 10,000 feet in Late Permian time, while 

both source rocks in northeastern Greene County reached a maximum depth of ~ 15,000 feet. 

Both the Chattanooga and Floyd/Neal Shales contain type II kerogens, which are mainly 

reworked remains of plankton formed in reducing environments (Carroll et al., 1995; McCarthy 

et al., 2011; Pashin et al., 2011; Legg, 2014). Pawlewicz and Hatch (2007) state that 

characterizing the potential source rocks as type II kerogens is too broad of a category. Their 
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study utilizes the Jones (1987) method of classifying the source rocks based on the organic facies 

displayed, which is determined by the hydrogen index (HI). Jones (1987) label seven different 

organic facies with facies A or AB source rocks likely oil producers. Most of the worldôs oil is 

produced from facies B source rocks. Facies BC has the capability to produce oil and gas, while 

facies C is generally condensate and gas. Organic facies CD commonly produces dry gas, while 

facies D is considered non-generative (Jones, 1987; Pawlewicz and Hatch, 2007). The 

Chattanooga Shale source rock is BC or C facies, while the Floyd/Neal Shale is BC, C, CD, or D 

facies (Pawlewicz and Hatch, 2007). These findings suggest that while the Chattanooga and 

Floyd/Neal Shales are classified as type II kerogen, the Floyd/Neal Shale spans from oil and gas 

prone to non-generative while the Chattanooga Shale is capable of producing oil, gas and 

condensate. 

In addition to conducting burial history analyses, Carroll et al. (1995) studied the oils 

produced from the Carter, Lewis, Millerella, Gilmer, Chandler and Sanders sandstones. Carroll 

et al. (1995) conclude that the oils found in Mississippian reservoirs are from a similar source by 

comparing the kerogen types, Rock-Eval pyrolysis data, gross chemical compositions, and 

maturities of the sampled rocks and oils. The discovery of the Pennsylvanian Pottsville A 

reservoir occurred after Carroll et al. (1995); therefore, the oil from the Pottsville A was not 

analyzed. 
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2.0 METHODS 

2.1 Sampling 

To study the extent of genetic similarities between potential source rocks and crude oils, 

samples were chosen based on the location of active oil wells. All of the samples were obtained 

from wells within the central Black Warrior basin where there is a concentration of oil 

production. Rock and crude oil samples were obtained from six counties -- Lawrence, Lamar, 

Fayette, Pickens, Tuscaloosa, and Greene (Table 1). Because the Hartselle Sandstone is not 

typically cored in the central part of the basin, this study used an outcrop sample from Lawrence 

County, AL. Twenty-three Floyd/Neal Shale samples and four Chattanooga Shale samples were 

obtained from cores and well cuttings stored at the Geological Survey of Alabama (GSA) for the 

State Oil and Gas Board of Alabama (OGB). Fewer Chattanooga Shale samples were collected 

and analyzed because of a lack of availability of samples due to the shale being thin through the 

central BWB (Figure 5).  

Of the 27 total rock samples collected for this study, 19 were used for Rock-Eval 

Pyrolysis and five were used for GCMS analysis. The remaining three rock samples (LWD-535-

001, LWD-2191-001, LWD-2217-002) were duplicates and were not used for analyses. A total 

of five crude oil samples and one bitumen sample were obtained from operators and an outcrop. 

The crude oil samples include three crude oil samples from the Carter sandstone reservoir, two 
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crude oil samples from the Pottsville A sand reservoir, and one bitumen sample from the 

Hartselle Sandstone (Table 1). 
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Sample Name 

AL 
OGB  

Permit 
No. 

Sample 
Weight (g) 

Sample 
Type 

Rock Unit Lithology County Latitude Longitude Analysis 

LWD-535-001 535 17.344 CUTTINGS FLOYD SHALE FAYETTE 33.71148 -87.63953 x 

LWD-535-002 535 16.444 CUTTINGS FLOYD SHALE FAYETTE 33.71148 -87.63953 GCMS 

LWD-535-003 535 
12.16 

CUTTINGS FLOYD SHALE FAYETTE 33.71148 -87.63953 
Rock-
Eval 

Pyrolysis 

LWD-1764-001 1764 
6.921 

CUTTINGS FLOYD SHALE PICKENS 33.28581 -87.87048 
Rock-
Eval 

Pyrolysis 

LWD-1792-001 1792 
15.247 

CUTTINGS FLOYD SHALE PICKENS 33.44293 -87.91381 
Rock-
Eval 

Pyrolysis 

LWD-1938-001 1938 
10.218 

CUTTINGS FLOYD SHALE LAMAR 33.68299 -88.16516 
Rock-
Eval 

Pyrolysis 

LWD-2128-001 2128 
13.915 

CUTTINGS FLOYD SHALE PICKENS 33.47301 -88.0787 
Rock-
Eval 

Pyrolysis 

LWD-2128-002 2128 15.049 CUTTINGS FLOYD SHALE PICKENS 33.47301 -88.0787 GCMS 

LWD-2167-001 2167 
5.422 

CUTTINGS FLOYD SHALE TUSCALOOSA 33.35563 -87.52818 
Rock-
Eval 

Pyrolysis 

LWD-2171-001 2171 
20.04 

CUTTINGS FLOYD SHALE TUSCALOOSA 33.48763 -87.64199 
Rock-
Eval 

Pyrolysis 

LWD-2191-001 2191 9.48 CUTTINGS FLOYD SHALE LAMAR 33.8409 -88.03758 x 



 

15 

 

 

Sample Name 

AL 
OGB  

Permit 
No. 

Sample 
Weight (g) 

Sample 
Type 

Rock Unit Lithology County Latitude Longitude Analysis 

LWD-2191-002 2191 
8.969 

CUTTINGS FLOYD SHALE LAMAR 33.8409 -88.03758 
Rock-
Eval 

Pyrolysis 

LWD-2217-001 2217 
12.383 

CUTTINGS FLOYD SHALE PICKENS 33.50903 -87.89898 
Rock-
Eval 

Pyrolysis 

LWD-2217-002 2217 14.692 CUTTINGS FLOYD SHALE PICKENS 33.50903 -87.89898 x 

LWD-2307-001 2307 
11.675 

CUTTINGS FLOYD SHALE TUSCALOOSA 33.22169 -87.74551 
Rock-
Eval 

Pyrolysis 

LWD-2307-002 2307 
6.677 

CUTTINGS CHATTANOOGA SHALE TUSCALOOSA 33.22169 -87.74551 
Rock-
Eval 

Pyrolysis 

LWD-2337-001 2337 
7.659 

CUTTINGS FLOYD SHALE LAMAR 33.83343 -88.04378 
Rock-
Eval 

Pyrolysis 

LWD-2337-002 2337 10.66 CUTTINGS FLOYD SHALE LAMAR 33.83343 -88.04378 GCMS 

LWD-2574-001 2574 
5.323 

CUTTINGS FLOYD SHALE TUSCALOOSA 33.51202 -87.50838 
Rock-
Eval 

Pyrolysis 

LWD-2617-001 2617 
4.163 

CUTTINGS FLOYD SHALE TUSCALOOSA 33.08649 -87.52853 
Rock-
Eval 

Pyrolysis 

LWD-2617-002 2617 
4.395 

CUTTINGS CHATTANOOGA SHALE TUSCALOOSA 33.08649 -87.52853 
Rock-
Eval 

Pyrolysis 

LWD-3606-001 3606 14.604 CUTTINGS FLOYD SHALE PICKENS 33.48502 -87.98402 Rock-
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Sample Name 

AL 
OGB  

Permit 
No. 

Sample 
Weight (g) 

Sample 
Type 

Rock Unit Lithology County Latitude Longitude Analysis 

Eval 
Pyrolysis 

LWD-3644-001 3644 
6.258 

CUTTINGS FLOYD SHALE PICKENS 33.49456 -87.98286 
Rock-
Eval 

Pyrolysis 

LWD-15668-001 15668 
74.9 

CORE 
BILLET 

FLOYD SHALE GREENE 33.00451 -87.74112 
Rock-
Eval 

Pyrolysis 

LWD-15668-002 15668 
84 

CORE 
BILLET 

FLOYD SHALE GREENE 33.00451 -87.74112 GCMS 

LWD-15668-003 15668 
96.7 

CORE 
BILLET 

CHATTANOOGA SHALE GREENE 33.00451 -87.74112 
Rock-
Eval 

Pyrolysis 

LWD-15668-004 15668 
105.2 

CORE 
BILLET 

CHATTANOOGA SHALE GREENE 33.00451 -87.74112 GCMS 

NBCU 10-8 #1 3133 x 
CRUDE 

OIL 
CARTER x LAMAR 33.85645 -87.98814 GCMS 

NBCU 34-6 #3 10541 x 
CRUDE 

OIL 
CARTER x LAMAR 33.88794 -87.99944 GCMS 

HICKMAN 35-15 
#1 

17145 x 
CRUDE 

OIL 
POTTSVILLE A x PICKENS 33.43956 -87.96824 GCMS 

WEYERHAEUSER 
28-8 #1 

16994 x 
CRUDE 

OIL 
POTTSVILLE A x PICKENS 33.46494 -88.10235  GCMS 

LWD-
HARTSELLE-001 

x x OUTCROP HARTSELLE SANDSTONE LAWRENCE 34.598 -87.48 GCMS 

Table 1 ï Samples collected for this study and analyses conducted in this study. 
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2.2 LECO TOC Analysis and Rock-Eval Pyrolysis 

 

LECO TOC and Rock-Eval pyrolysis were analyzed on a total of 19 Chattanooga and 

Floyd/Neal Shale samples collected from various wells in Lamar, Fayette, Pickens, Tuscaloosa, 

and Greene counties in Alabama (Table 1). Samples were analyzed by GeoMark Research at 

their Source Rock Lab in Humble, TX. Sample sizes ranged from 4.163 grams (well cuttings) to 

96.7 grams (core billet). The LECO TOC analyses were conducted with a LECO C230 

instrument, which requires samples to be treated with concentrated hydrochloric acid (HCl) for at 

least two hours to decarbonize the sample. After removing the acid by rinsing and flushing the 

sample, the remainder was dried in a low temperature oven at 110°C for at least four hours. 

Samples were then weighed to obtain a % carbonate value, which was calculated based on the 

weight loss due to the HCl treatment. The LECO C230 instrument measured known carbon 

contents based on calibrated standards, which were accomplished by the combustion of the 

standards at 1200°C. Upon combustion, carbon monoxide and carbon dioxide were produced. An 

infrared cell measured the carbon dioxide produced. After this step, the combustion of unknowns 

was completed and compared to the calibration standard to determine the TOC. 

Rock-Eval pyrolysis was conducted with a Rock-Eval II instrument. This instrument 

requires roughly 100 milligrams of sample to be washed and ground to 60 mesh using a 0.25 mm 

sieve size. The operating conditions for the Rock-Eval II instrument were as follows: 

S1: 300°C for 3 minutes 

S2: 300°C to 550°C at 25°C/min; hold at 550°C for 1 minute 

S3: Trapped between 300°C to 390°C 
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where S1 determines the free oil content in the rock in milligrams hydrocarbon per gram of rock 

(mg HC/g rock), S2 determines the remaining generation potential of the rock in mg HC/g rock, 

and S3 determines the amount of carbon dioxide (CO2) in milligrams CO2 per gram of rock (mg 

CO2/g rock). Tmax (temperature at maximum evolution of S2 hydrocarbons) was determined by 

the temperature at which the S2 peak was reached. 

Other useful criterion from LECO TOC analyses and Rock-Eval pyrolysis include 

hydrogen index (HI; mg HC/g TOC), oxygen index (OI; mg CO2/g TOC), and production index 

(PI). The acceptable standard deviation is ± 2°C for Tmax, ± 10% for S1 and S2, and ± 20% for 

S3, in comparison to the standard (GeoMark Research, LLC, 2016). 

2.3 Biomarkers 

 

Gas Chromatography ï Mass Spectrometry (GCMS) analyses were conducted to 

determine the biomarkers in 11 samples - five shales, five crude oils, and one bitumen-

impregnated rock (Table 1) by GeoMark Research. The rock samples were analyzed at GeoMark 

Researchôs facility in Humble, TX, while the crude oil samples were analyzed at their facility in 

Houston, TX. The biomarker analyses on both the rock samples and crude oil samples were 

carried out following GeoMark Researchôs established analytical methods (Appendix A).  
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3.0 RESULTS 

3.1 Datasets 

 

This study utilizes four datasets to compile one cumulative dataset. The four datasets are 

sourced from the Geological Survey of Alabama (Carroll et al., 1995; Pashin et al., 2011), the 

United States Geological Survey (Hatch and Pawlewicz, 2007), and from samples collected for 

this study. From the four datasets, a total of 39 Chattanooga Shale samples and 360 Floyd/Neal 

Shale samples were analyzed.  

3.1.1 GSA Datasets 

3.1.1.1 GSA Circular 187 

Carroll et al. (1995) analyzed six Floyd/Neal Shale samples and one Chattanooga Shale 

sample from a shallow well in the northern part of the basin (AL OGB Permit No. 2191), and 

one Floyd/Neal Shale sample and one Chattanooga Shale sample were taken from a deep well in 

the southern part of the basin (AL OGB Permit No. 2191) (Table B1). Average values for this 

dataset are summarized in Table 2. Floyd/Neal Shale samples have %TOC from 0.47 to 3.94% 

with an average of 2.11%, while Chattanooga Shale samples range from 0.5 to 3.05% with an 

average of 1.78%. 

The Floyd/Neal Shale samples have S1 values from 0.04 to 1.15 mg HC/g rock with an 

average of 0.51 mg HC/g rock. S2 values range from 0.40 to 9.10 mg HC/g rock with an average 
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of 4.82 mg HC/g rock. S3 values range from 0.90 to 2.46 mg CO2/g rock with an average 

of 1.46 mg CO2/g rock. Tmax results range from 432 to 450°C with an average of 441°C. 

Additional parameters from these results include HI (60.81-343.27 mg HC/g TOC; 214.22 mg 

HC/g TOC average), OI (38.14-202.13 mg CO2/g TOC; 87.67 mg CO2/g TOC average), and PI 

(0.05-0.19; 0.11 average).  

The Chattanooga Shale samples analyzed have S1 values from 0.07 to 0.54 mg HC/g 

rock, with an average of 0.31 mg HC/g rock. S2 values range from 0.31 to 7.41 mg HC/g rock 

with an average of 3.86 mg HC/g rock. S3 values range from 0.74 to 1.37 mg CO2/g rock with an 

average of 1.06 mg CO2/g rock. Tmax results range from 433 to 454°C, with an average of 444°C. 

Additional parameters from these results include HI (62-242.95 mg HC/g TOC; 152.48 mg HC/g 

TOC average), OI (44.92-148 mg CO2/g TOC; 96.46 mg CO2/g TOC average), and PI (0.07-

0.18; 0.13 average). 

Formation 
Name 

Carbonate  
(wt %) 

TOC  
(wt 
%) 

Tmax 

(°C) 

S1  
(mg 

HC/g) 

S2  
(mg 

HC/g) 

S3  
(mg 

CO2/g) 
PI HI OI 

Chattanooga x 1.78 443.50 0.31 3.86 1.06 0.13 152.48 96.46 

Floyd/Neal x 2.11 440.71 0.51 4.82 1.46 0.11 214.22 87.67 
Table 2 ï Summary table of average values from Carroll et al. (1995) 

3.1.1.2 RPSEA 

The RPSEA (Research Partnership to Secure Energy for America) dataset is a product of 

a 2011 study conducted by Pashin et al. RPSEA is a non-profit organization that identifies, 

funds, and facilitates the development of the United Statesô resources. All credit for the RPSEA 

database goes to the Geological Survey of Alabama. Dr. Jack Pashin, a former associate director 

of the Geological Survey of Alabama, has allowed the use of these data to further evaluate the 

potential source rocks (personal communication). Data are from 343 Floyd/Neal Shale samples 
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from 74 wells, and 26 Chattanooga Shale samples from seven wells.  The average values for this 

dataset are summarized in Table 3. 

 The RPSEA samples were not analyzed for their carbonate content. The Floyd/Neal 

Shale samples range in %TOC from 0.27 to 6.98%, with an average value of 2.70%. The 

Floyd/Neal Shale S1 values range from 0.02 to 5.92 mg HC/g rock, with an average of 0.87 mg 

HC/g rock. S2 values range from 0.06 to 18.16 mg HC/g rock with an average of 3.17 mg HC/g 

rock. S3 values range from 0.07 to 9.41 mg CO2/g rock with an average of 0.42 mg CO2/g rock. 

Tmax results range from 375 to 540°C with an average of 449°C. Additional parameters from 

these results include HI (3.72-427.29 mg HC/g TOC; 106.97 mg HC/g TOC average), OI (1.90-

140.24 mg CO2/g TOC; 17.27 mg CO2/g TOC average), and PI (0.05-0.56; 0.24 average).  

 The 26 Chattanooga Shale samples range in TOC from 0.27 to 6.98%, with an average of 

2.94%. S1 values range from 0.05 to 3.43 mg HC/g rock, with an average of 0.49 mg HC/g rock. 

S2 values range from 0.09 to 16.24 mg HC/g rock with an average of 2.69 mg HC/g rock. S3 

values range from 0.08 to 0.89 mg CO2/g rock with an average of 0.33 mg CO2/g rock. Tmax 

results range from 379 to 523°C, with an average of 453°C. Additional parameters from these 

results include HI (3.72-319.27 mg HC/g TOC; 61.48 mg HC/g TOC average), OI (1.90-66.67 

mg CO2/g TOC; 16.92 mg CO2/g TOC average), and PI (0.05-0.48; 0.28 average).  

Formation 
Name 

Carbonate 
 (wt %) 

TOC  
(wt 
%) 

Tmax 

(°C) 

S1  
(mg 

HC/g) 

S2  
(mg 

HC/g) 

S3  
(mg 

CO2/g) 
PI HI OI 

Chattanooga x 2.86 452.96 0.49 2.69 0.33 0.27 61.48 16.92 

Floyd/Neal x 2.68 449.08 0.91 3.21 0.43 0.24 110.70 17.30 
Table 3 ï Summary table of average values from Pashin et al. (2011) 

 



 

22 

 

 

3.1.2 USGS Dataset 

Hatch and Pawlewicz (2007) published a USGS study on the undiscovered oil and gas 

resources of the Black Warrior basin, which analyzed 17 Floyd/Neal Shale samples from six 

wells and 8 Chattanooga Shale samples from five wells for thermal maturity and %TOC levels 

(Table B4). The average values for this dataset are summarized in Table 4. The Floyd/Neal Shale 

samples have a %TOC range from 0.32 to 4.39% with an average of 1.69%, while the 

Chattanooga Shale samples range from 0.50 to 12.68% with an average of 5.84%. 

The Floyd/Neal Shale samples have S1 values from 0.01 to 1.20 mg HC/g rock with an 

average of 0.32 mg HC/g rock. S2 values range from 0.25 to 8.41 mg HC/g rock with an average 

of 2.64 mg HC/g rock. S3 values range from 0.18 to 3.43 mg CO2/g rock with an average of 1.35 

mg CO2/g rock. Tmax results range from 437 to 497°C, with an average of 453°C. Additional 

parameters from these results include HI (25.66-343.27 mg HC/g TOC; 138.15 mg HC/g TOC 

average), OI (15.65-359.38 mg CO2/g TOC; 97.47 mg CO2/g TOC average), and PI (0.02-0.19; 

0.09 average).  

In the 8 Chattanooga Shale samples analyzed, S1 values range from 0.07 to 2.58 mg 

HC/g rock, with an average of 1.01 mg HC/g rock. S2 values range from 0.31 to 40.54 mg HC/g 

rock with an average of 17.10 mg HC/g rock. S3 values range from 0.70 to 1.80 mg CO2/g rock 

with an average of 1.19 mg CO2/g rock. Tmax results range from 433 to 454°C, with an average of 

444°C. Additional parameters from these results include HI (62-350 mg HC/g TOC; 248.20 mg 

HC/g TOC average), OI (7.02-148 mg CO2/g TOC; 44.42 mg CO2/g TOC average), and PI 

(0.04-0.18; 0.07 average). 
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Formation 
Name 

Carbonate  
(wt %) 

TOC  
(wt 
%) 

Tmax 

(°C) 

S1  
(mg 

HC/g) 

S2  
(mg 

HC/g) 

S3  
(mg 

CO2/g) 
PI HI OI 

Chattanooga x 5.84 444.13 1.01 17.10 1.19 0.07 248.20 44.42 

Floyd/Neal x 1.69 452.65 0.32 2.64 1.35 0.09 138.15 97.47 
Table 4 ï Summary table of average values from Hatch and Pawlewicz (2007) 

 

3.1.3 New Data 

This studyôs dataset analyzed a total of 16 Floyd/Neal Shale samples, and 3 Chattanooga 

Shale samples (Table B4). The average values for this dataset are summarized in Table 5. The 

Floyd/Neal Shale samples display % carbonate values ranging from 5.29% - 30.55%, with an 

average carbonate content of 16.12%. Chattanooga Shale samples have a low % carbonate value 

of 4.75% and a high of 23.15% with an average of 16.45%. The Floyd/Neal Shale %TOC values 

are from 0.62 to 3.16% with an average of 1.86%, while the Chattanooga Shale %TOC values 

are from 2.92-6.25% with an average of 4.29%. 

Rock-Eval Pyrolysis evaluates the thermal maturity and organic richness of potential 

source rocks (Langford and Blanc-Valleron, 1990). Because samples were gathered from 16 

different wells at varying stratigraphic intervals, there is variability in the geochemical results. 

Of the 16 Floyd/Neal Shale samples analyzed, S1 values range from 0.09 to 1.53 mg HC/g rock 

with an average of 0.68 mg HC/g rock. S2 values range from 0.35 to 5.92 mg HC/g rock with an 

average of 2.3 mg HC/g rock. S3 values range from 0.04 to 0.33 mg CO2/g rock with an average 

of 0.19 mg CO2/g rock. Tmax results range from 439 to 505°C, with the average being 455°C. 

Tmax results must be interpreted with caution because some samples generated a low S2 peak or a 

shoulder (Figure 6). Ideal pyrograms display a prominent S2 peak (Figure 7), which allows for a 

more accurate Tmax result. When there is a low S2 peak, the middle of the S2 shoulder is taken as 

the Tmax value. Additional parameters from these results include HI (31-254 mg HC/g TOC; 112 
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mg HC/g TOC average), OI (2-34 mg CO2/g TOC; 13 mg CO2/g TOC average), and PI (0.13-

0.34; 0.22 average) (Table B4).  

 

 

Figure 6 ï The shoulder effect of the S2 peak is circled on the pyrogram of LWD-2128-001. The 

lack of a prominent peak has the potential to skew the S2 value. 

 

S1 values from the 3 Chattanooga Shale samples range from 0.26 to 0.88 mg HC/g rock 

with an average of 0.49 mg HC/g rock. S2 values range from 0.39 to 1.81 mg HC/g rock with an 

average of 1.32 mg HC/g rock. S3 values range from 0.014 to 0.33 CO2/g rock with an average 

of 0.2 CO2/g rock. Tmax results are skewed by the high value of one sample. With Tmax values of 

438°C, 468°C, and 545°C, Tmax average for the Chattanooga Shale is 484°C. Additional 
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parameters from these results include the HI (13-49 mg HC/g TOC; 30 mg HC/g TOC average), 

OI (1-11 mg CO2/g TOC; 6 mg CO2/g TOC average), and PI (0.16-0.40; 0.30 average). 

 

Figure 7 ï The prominent S2 peak is circled on the pyrogram of LWD-2191-002. The presence 

of a prominent peak ensures the accuracy of the S2 value. 

 

Formation 
Name 

Carbonate  
(wt %) 

TOC  
(wt 
%) 

Tmax 

(°C) 

S1  
(mg 

HC/g) 

S2  
(mg 

HC/g) 

S3  
(mg 

CO2/g) 
PI HI OI 

Chattanooga 16.45 4.29 483.67 0.49 1.32 0.20 0.30 30.11 5.88 

Floyd/Neal 16.12 1.86 454.88 0.68 2.30 0.19 0.22 112.37 13.22 
Table 5 ï Summary table of average values from this study 
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3.2 Shale Results 

3.2.1 Chattanooga Shale 

3.2.1.1 Rock-Eval Pyrolysis and LECO TOC 

When considering all data sets previously mentioned, there are a total of 39 Chattanooga 

Shale samples with %TOC data available. %TOC values of the Chattanooga Shale samples range 

from 0.27 to 12.68%, with a straight average of 3.52%. TOC models and trends were developed 

using the ArcMap program from Esriôs ArcGIS suite (Figure 8). The Inverse Distance Weighting 

(IDW) method was used to generate contour maps of the TOC levels. TOC levels from this study 

were supplemented with reported TOC levels from Lu (2015) (Table B5). The utilization of data 

from Lu (2015) allowed for further understanding of the %TOC trend of the potential source 

rock. 
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Figure 8 ï IDW map of %TOC values for the Chattanooga Shale. The values shown are derived 

from this study and previous work [Pashin et al. (2011), Carroll et al. (1995), Hatch and 

Pawlewicz (2007), and Lu (2015)]. The extent of the Black Warrior basin is denoted by the red 

outline.  

 

 IDW is a deterministic spatial interpolation model, which allows for the evaluation and 

estimation of non-sampled locations by using a weighted average of the measured values nearby 

(Lu and Wong, 2008). The IDW method utilizes distance as a key parameter, meaning that the 

closer a data point is to the interpolated location, the more impact it has on the estimated value. 

The IDW method was selected in part due to its simplicity, as well as its tendency to not produce 

estimated values outside of given measurements. %TOC values of the Chattanooga Shale 
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increases to the east, with the highest values located outside of the Black Warrior basin 

boundaries (Figure 8). Due to the small sample size of the Chattanooga Shale, the contour map 

shows an artificial ñbulls-eye effectò where circles of equal values surround the known values. 

This is a result of the distance weighting technique and could be mitigated with denser sample 

locations.  

A modified van Krevelen diagram, or pseudo van Krevelen diagram, compares HI and OI 

(Espitalié et al., 1977; Katz, 1983). The HI value of a rock shows the hydrogen richness of the 

sample. The OI value of the rock shows oxygen richness of the sample. When comparing the 

two, the pseudo van Krevelen diagram determines the kerogen type of potential source rocks. 

The Chattanooga Shale samples display type II and type IV kerogen (Figure 9a). The results 

from the new data (Figure 9b) cluster close to the origin.  
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Figures 9a (left) and 9b (right) ï Pseudo van Krevelen diagrams for the Chattanooga 

Shale samples of the entire dataset (left) and this studyôs samples (right). 

 

Kerogen quality plots (Figure 10) group the potential source rock into the measured 

kerogen type based on the TOC available in the rock in comparison with the remaining 

hydrocarbon potential of the rock (S2). HI values are used to discern the boundaries between the 

kerogen types. The Chattanooga Shale samples plot in the mixed type II/III kerogen zone (oil/gas 

prone) and dry gas prone zone (Figure 10).  
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Figure 10 ï Kerogen quality plot for the Chattanooga Shale samples from each dataset. 

 

An alternative to the pseudo van Krevelen diagram/kerogen types is the Jones (1987) 

method, which evaluates the rocks based on organic facies. 62% of the Chattanooga Shale 

samples are D organic facies (non-generative), with the remaining 18% in facies BC (oil/gas), 

13% in facies C(condensate/gas), and 8% in facies CD (dry gas) (Figure 11). Both the pseudo 

van Krevelen and Jones methods are influenced by the overall maturity of the source rock. 

Within the Black Warrior basin, the southern samples experienced deeper burial than the 

northern samples; therefore, the southern samples display higher maturity (Figures C3-C5).  
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Figure 11 ï Organic facies histogram detailing the classification of each shale sample. 

 

Utilizing Tmax values in comparison with their kerogen conversion values determines the 

stage of the hydrocarbon production cycle (Figure 12). The Chattanooga Shale samples span 

from immature to dry gas, with samples also plotting in the low level conversion zone. The new 

data samples span from the oil zone to the dry gas zone (Figure 12). 
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Figure 12 ï Kerogen Conversion and Maturity plot for Chattanooga Shale samples. 

 

Maturation patterns develop when comparing Tmax values against the depth. The 

Chattanooga Shale displays a linear trend between 0 ï 8,000 feet, with the samples straying from 

the trend at the 8,000 foot mark (Figure 13). While the majority of the Chattanooga Shale 

samples plot within the established oil window based on Tmax values (435-470°C), there is a 

notable anomaly that occurs at ~8,000 feet with the sharp rise in Tmax values (Peters and Cassa, 

1994).  



 

33 

 

 

 

Figure 13 ï Cross plot of Tmax vs. Depth for the Chattanooga Shale (red) and Floyd/Neal 

Shale (blue). 

 

From the Rock-Eval pyrolysis data, vitrinite reflectance (Ro) can be calculated utilizing 

an equation (1) by Jarvie et al. (2001): 

 

Calculated %2 πȢπρψπ Ø 4 χȢρφ    (1) 

 

where measured Ro and Tmax values define a regression line. However, Wüst et al. (2013) 

suggests that equation (1) may only be applicable to the Barnett Shale, and established equation 

(2) for the Duvernay Shale: 

 

Calculated Ϸ2 πȢπρτω Ø 4 υȢψυ        (2) 
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Using calculated Ro values is useful when measured Ro values are sparse or unavailable. 

Few Ro values were measured for the samples used in this study. When using Equation 1, the 

new data Chattanooga Shale samples have Ro values from 0.72 to 2.65%. Using Equation 2, the 

new data Chattanooga Shale samples Ro values range from 0.68 to 2.27% (Table 6).  

Sample Name 
Formation 

Name 
Tmax 

(°C) 
Equation 

1 
Equation 

2 
Equation 

4 

LWD-2307-001 Chattanooga 438 0.72 0.68 0.90 

LWD-2617-001 Chattanooga 545 2.65 2.27 2.20 

LWD-15668-001 Chattanooga 468 1.26 1.12 1.27 
Table 6 ï Summary table of calculated vitrinite reflectance values for Chattanooga Shale 

samples from New Data 

 

3.2.1.2 GCMS 

One Chattanooga Shale sample was submitted for GCMS analysis at the GeoMark 

Laboratory in Humble, TX. The sample, LWD-15668-004, has a Cmax of nC24 (Appendix E). 

Sample LWD-15668-004 has a C15+ composition of 18.7% saturated, 43.8% aromatic, 37.5% 

resin (NSO), and 0% asphaltene (Figure 14). The saturated/aromatic ratio of the Chattanooga 

Shale sample is 0.43 (Appendix E). The Chattanooga Shale sample has a sterane distribution 

(C27, C28, C29) of 37%, 29%, and 34% respectively (Figures 15 and 16).  
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Figure 14 ï C15+ composition of New Data samples submitted for GCMS analysis. 

 

Figure 15 ï A ternary diagram of New Data samples submitted for GCMS analysis.  The ternary 

diagram displays percentages of C27-C29 steranes. 
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Figure 16 ï Histogram of New Data samples submitted for GCMS analysis displaying 

percentages of C27-C29 steranes with error bars. 

 

Pristane (Pr) and Phytane (Ph) levels in GCMS analyses are often utilized to determine 

depositional environments, as well as to correlate samples. Sample LWD-15668-004 has a Pr/Ph 

ratio of 0.34 and a Pr/(Pr+Ph) ratio of 0.25 (Figure 17).  
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Figure 17 ï Histogram of New Data samples submitted for GCMS analysis displaying pristane 

vs phytane results with error bars. 

 

Another useful ratio is Ts/Tm, which is the ratio of steranes to triterpanes within the 

sample. The Ts/Tm ratio of the Chattanooga Shale sample is 1.69 (Figure 18). The Carbon 

Preference Index (CPI) of the sample, which indicates the maturity of the sample, can be 

calculated by utilizing the equation 

 

#0)  (3) 

 

(Bray and Evans, 1961). The Chattanooga Shale sample has a CPI value of 1.25. The remainder 

of the GCMS data can be found in Appendix E, while Figure 18 depicts the óKey Ratiosô 

identified by the laboratory. óKey Ratiosô are diagnostic constituents that are paired together to 

create correlations between the samples.  
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Figure 18 ï A histogram of ókey ratiosô identified by GeoMark in the New Data samples 

submitted for GCMS analysis. 

 

3.2.2 Floyd/Neal Shale  

3.2.2.1 Rock-Eval Pyrolysis and LECO TOC 

By utilizing all previously mentioned data sets, there are a total of 357 Floyd/Neal Shale 

samples with %TOC data available. %TOC values of the Floyd/Neal Shale samples range from 

0.32 to 6.90%, with a straight average of 2.59%. A Floyd/Neal Shale contour map was created 

by using the IDW method previously described (Figure 19). With more samples available than 

the Chattanooga Shale, the Floyd/Neal Shale IDW map is more accurate. The Floyd/Neal Shale 

%TOC values increase to the west, and are highest in the central part of the Black Warrior basin.  

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50
C

1
9

/C
2

3

C
2

1
/C

2
3

C
2

2
/C

2
3

C
2

4
/C

2
3

C
2

6
/C

2
5

T
e
t/

C
2

3

S
1

/S
6

2
0

S
/2

0
R

S
/T

T
s/

T
m

2
9

D
/2

9

C
2

7
T

/2
7

D
M

/H

C
2

7
/H

C
2

8
/H

X
/H

C
2

9
/H

M
/H

O
L

/H

G
A

/H

C
3

1
/H

C
3

5
/C

3
4

C
2

3
/H

GeoMark 'Key Ratios' 

Chattanooga Shale

Floyd/Neal Shale

Carter Oils

Pottsville A Oils



 

39 

 

 

 

Figure 19 ï IDW map of %TOC values for the Floyd/Neal Shale. The values shown are 

derived from this study and previous work [Pashin et al. (2011), Carroll et al. (1995), and Hatch 

and Pawlewicz (2007)]. The extent of the Black Warrior basin is denoted by the red outline. 

 

The majority of the Floyd/Neal Shale samples display type II ï type III kerogen when 

plotted on the pseudo van Krevelen diagram (Figure 20a). The Floyd/Neal Shale samples 

obtained for this study plot along the type II boundary as well as plotting in the type III zone 

(Figure 20b).  
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Figures 20a and 20b ï Pseudo van Krevelen diagrams for the Floyd/Neal Shale samples 

of the entire dataset (left) and this studyôs samples (right). 

 

When utilizing the kerogen quality plots (Figure 21) to classify the Floyd/Neal Shale 

samples into kerogen type, the samples mainly plot in the type III zone, or gas prone zone. A 

smaller number of samples plot in the mixed II/III zone (oil/gas prone) and the dry gas zone 

(Figure 21).  



 

41 

 

 

 

Figure 21 ï Kerogen quality plot for the Floyd/Neal Shale samples from each dataset. 

 

The Jones (1987) method classifies the majority of the Floyd/Neal Shale (73%) as either 

facies C or CD (condensate/gas to dry gas), with 23% displaying facies D (non-generative), 4% 

displaying facies BC (oil/gas), and <1% displaying facies B (oil) (Figure 11).  

By comparing the Tmax values of the samples with their kerogen conversion values, this 

study establishes that the Floyd/Neal Shale samples mainly plot in the oil zone, with a lesser 

number of samples plotting in the condensate wet gas zone (Figure 22). Agreeing with the 

previous comparison, the comparison between Tmax and depth establishes the Floyd/Neal Shale 

samples as plotting within the oil window as well. A linear trend, similar to the Chattanooga 

Shaleôs trend, is displayed in Figure 13. Also similar to the Chattanooga Shale, the Floyd/Neal 

Shale samples experience a sharp deviation from the trend. The Floyd/Neal Shale samples plot 
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anywhere from 422 to 540°C at a depth of ~10,000 feet. A lesser anomaly occurs at ~3,000 feet, 

with values ranging from 432 to 497°C.  

 

Figure 22 ï Kerogen Conversion and Maturity plot for Floyd/Neal Shale samples. 

 

In using Equation 1 to calculate Ro values for the Floyd/Neal Shale, the samples range 

from 0.74 to 1.93. Using Equation 2, the Floyd/Neal Shale samples Ro values range from 0.69 to 

1.67 (Table 7). 

Sample Name 
Formation 

Name 
Tmax 

(°C) 
Equation 

1 
Equation 

2 
Equation 

4 

LWD-535-003 Floyd 439 0.74 0.69 0.92 

LWD-1764-001 Floyd 457 1.07 0.96 1.13 

LWD-1792-001 Floyd 449 0.92 0.84 1.04 

LWD-1938-001 Floyd 463 1.17 1.05 1.21 

LWD-2128-001 Floyd 453 0.99 0.90 1.08 

LWD-2167-001 Floyd 452 0.98 0.88 1.07 
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Sample Name 
Formation 

Name 
Tmax 

(°C) 
Equation 

1 
Equation 

2 
Equation 

4 

LWD-2171-001 Floyd 449 0.92 0.84 1.04 

LWD-2191-002 Floyd 440 0.76 0.71 0.93 

LWD-2217-001 Floyd 444 0.83 0.77 0.98 

LWD-2307-002 Floyd 458 1.08 0.97 1.14 

LWD-2337-001 Floyd 440 0.76 0.71 0.93 

LWD-2574-001 Floyd 458 1.08 0.97 1.14 

LWD-2617-002 Floyd 505 1.93 1.67 1.71 

LWD-3606-001 Floyd 443 0.81 0.75 0.96 

LWD-3644-001 Floyd 444 0.83 0.77 0.98 

LWD-15668-003 Floyd/Neal 484 1.55 1.36 1.46 
Table 7 ï Summary table of calculated vitrinite reflectance values for Floyd/Neal Shale samples 

from New Data 

 

3.2.2.2 GCMS 

Four Floyd/Neal Shale samples were submitted for GCMS analysis at the GeoMark 

Laboratory in Humble, TX. The shale samples have Cmax values of nC17 (LWD-535-002), nC16 

(LWD-2128-002), nC17 (LWD-2337-002), and nC22 (LWD-15668-004) (Appendix E). The 

Floyd/Neal Shale samples have an average C15+ composition of 27.5% saturated, 24.1% 

aromatic, 44.5% resin (NSO), and 3.9% asphaltene (Figure 14). The saturated/aromatic ratio of 

the Floyd/Neal Shale samples is 1.41 (Appendix E). The Floyd/Neal Shale samples have an 

average sterane distribution (C27, C28, C29) of 33.7%, 25.6%, and 40.8% respectively (Figures 

15 and 16). The Floyd/Neal Shale samples have an average Pr/Ph ratio of 1.23 and an average 

Pr/(Pr+Ph) ratio of 0.57 (Figure 17). The average Ts/Tm ratio of the Floyd/Neal Shale samples is 

1.96 (Figure 18). The Floyd/Neal Shale samples have an average CPI value of 1.16. The 

remainder of the GCMS data can be found in Appendix E, with Figure 18 depicting the óKey 

Ratiosô identified by the laboratory. óKey Ratiosô are diagnostic constituents that are paired 

together to create correlations between the samples. 
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3.3 Crude Oil Results 

3.3.1 Carter sandstone  oil  

3.3.1.1 Bulk Properties  

Two Carter sandstone oils were submitted for GCMS analysis at the GeoMark 

Laboratory in Humble, TX. Samples NBCU 10-8 #1 and NBCU 34-6 #3 display similar bulk 

properties, which summarize the compositional characteristics of the crude oils. Along with the 

C15+ composition of the sample, the bulk parameters of crude oils include API Gravity, % < C15, 

% Sulfur, ppm Vanadium, and ppm Nickel. The bulk properties of the Carter sandstone oils are 

in Table 8.  

Well Name Pool Sat/Aro API %<C15 %S 
ppm 

V 
ppm 
Ni 

NBCU 10-8 #1 Carter 1.05 26.4 34.1 0.68 30 13 

NBCU 34-6 #3 Carter 1.02 32.4 40.9 0.52 4 4 

Hickman 35-15 #1 Pottsville A 2.2 39.3 51.2 0.15 0 2 

Weyerhauser 28-8 #1 Pottsville A 2.64 39.9 51.3 0.12 0 3 

Table 8 ï Summary of bulk parameters of crude oil samples from this study 

3.3.1.2 Biomarkers  

Along with identifying the bulk parameters of the crude oils, GCMS analysis of the 

Carter sandstone oils assessed the biomarker distribution within the two samples. The Carter 

sandstone oil samples have Cmax values of nC5 (NBCU 34-6 #3) and methylcyclohexane (MCH) 

(NBCU 10-8 #1) (Appendix E). The C15+ composition of the oils are similar, with the make-up 

of sample NBCU 10-8 #1 being 39.1% saturated, 37.0% aromatic, 13.6% NSO, and 10.3% 

asphaltene (Figure 14). The ratio of saturated to aromatic is 1.05 (Table 8).  NBCU 34-6 #3 is 

made up of 43.7% saturated, 42.9% aromatic, 13.3% NSO, and 0.2% asphaltene (Figure 14). The 

ratio of saturated to aromatic is 1.02 (Table 8).  
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The distribution of steranes in the Carter sandstone oil samples is also similar, with the % 

of C27, C28, and C29 in sample NBCU 10-8 #1 being 28%, 23%, and 50% respectively. Sample 

NBCU 34-6 #3 is constituted of 27% C27, 22% C28, and 51% C29. The average of the sterane 

distributions for the two oils is 27.5% C27, 22.5% C28, and 50.5% C29 (Figures 15 and 16). The 

average Pristane and Phytane ratio value for the Carter sandstone oils is 1.53. The average 

Pr/(Pr+Ph) value for the Carter sandstone oils is 0.59 (Figure 17). The last ratio focused on by 

this study is the Ts/Tm ratio. The Carter sandstone oils have an average Ts/Tm ratio of 0.79 

(Figure 18). By calculating the CPI for the Carter sandstone oils using equation 3, both samples 

have a CPI value of 1.09.  

3.3.2 Pottsville A sand  oil  

3.3.2.1 Bulk Parameters  

Two Pottsville A sand oils were submitted for GCMS analysis. Samples Hickman 35-15 

#1 and Weyerhauser 28-8 #1 display similar bulk properties to each other. The bulk properties of 

the Pottsville A sand oils are in Table 8.  

3.3.2.2 Biomarkers  

The Pottsville A sand oil samples have Cmax values of MCH (Appendix E). The C15+ 

composition of the oils are similar, with the composition of sample Hickman 35-15 #1 being 

62.3% saturated, 28.3% aromatic, 9.4% NSO, and 0% asphaltene (Figure 14). The ratio of 

saturated to aromatic is 2.20 (Table 8).  Weyerhauser 28-8 #1 is made up of 65.4% saturated, 

24.8% aromatic, 9.8% NSO, and 0% asphaltene (Figure 14). The ratio of saturated to aromatic is 

2.64 (Table 8).  
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The distribution of steranes in the Pottsville A sand oil samples is also similar, with the % 

of C27, C28, and C29 in sample Hickman 35-15 #1 being 30%, 26%, and 44%, respectively. 

Similarly, sample Weyerhauser 28-8 #1 is constituted of 29% C27, 28% C28, and 49% C29. The 

average of the sterane distributions for the two oils is 29.5% C27, 27% C28, and 46.5% C29 

(Figure 15 and 16). The average Pristane and Phytane ratio value for the Pottsville A sand oils is 

1.46. The average Pr/(Pr+Ph) value for the Pottsville A sand oils is 0.60 (Figure 17). The last 

ratio focused on by this study is the Ts/Tm ratio. The Pottsville A sand oils have an average 

Ts/Tm ratio of 4.09, much higher than any other samples (Figure 18). By calculating the CPI for 

the Pottsville A sand oils using equation 3, the samples have CPI values of 1.06 and 1.08.  
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4.0 INTERPRETATION  

4.1 Source Rock Potential  

4.1.1 Chattanooga Shale 

4.1.1.1 TOC 

The IDW diagram of the Chattanooga Shale (Figure 8) shows %TOC values increasing 

from west (0.5%) to east (9.34%). The data points utilized in the IDW diagram are derived from 

the 39 Chattanooga Shale samples previously mentioned. Of the 39 Chattanooga Shale samples, 

23 different sample locations were identified. As %TOC values are not uniform throughout rock 

intervals, this study took the average %TOC value from the rocks sampled from the same 

location to obtain a %TOC value. 56% of the Chattanooga Shale samples are in the 1-5% %TOC 

range, with 26% of the samples registering >5% %TOC. This range is considered fair (1-2%) 

and/or good (2-5%) for source potential, while very good is a rock with >5% and poor is a rock 

with <1% (McCarthy et al., 2011). The average for the Chattanooga Shale samples is 3.52%, 

which falls into the ógoodô category for source potential. However, source potential is not only 

derived from organic content. The source rock also has to have volume to produce a significant 

amount of hydrocarbons.  
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When comparing the IDW diagram (Figure 8) to Pashin et al.ôs (2011) isopach map of 

the Chattanooga Shale (Figure 5), the Chattanooga Shale lacks thickness within the Black 

Warrior basin, which severely limits the possibility of high hydrocarbon production. Despite its 

thinness within the basin, the Chattanooga Shale still has source potential due to high %TOC 

levels. 

4.1.1.2 Kerogen Type and Maturity  

By comparing S1 values with %TOC values, one can determine whether the 

hydrocarbons produced from the rock are autochthonous (source and reservoir are the same unit) 

or allochthonous (source and reservoir are different units) (El Nady, 2015). The three 

Chattanooga Shale samples obtained fall within the autochthonous zone (0.1 ï 1 mg HC/g) 

(Figure 23). This establishes that the hydrocarbons sampled from the Chattanooga Shale came 

from within the rock itself. If the samples plot in the allochthonous region, the hydrocarbons 

from the samples are derived from different rocks.  
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Figure 23 ï Cross plot of S1 values vs %TOC values. 

The pseudo van Krevelen diagram suggests that the Chattanooga Shale contains type II to 

type IV kerogen (Figure 9a). Type II kerogen suggests a marine origin for the shale, while type 

III kerogen suggests a higher plant content, indicating a terrestrial origin (Carroll et al., 1995). 

Type IV kerogen is indicative of reworked/oxidized material, which can reflect various 

depositional settings (McCarthy et al., 2011). The Chattanooga Shale samples cluster in the 

undefined zone close to the origin (Figure 9b). This suggests the source rock may have been 

exhausted of its source potential or that the rock is comprised of organic material that is inert, or 

not able to produce hydrocarbons. Analyzing the Jones (1987) results, the Chattanooga Shale 

samples are classified in the organic facies D, meaning the samples are non-generative (Figure 

11). This correlates to the results of the pseudo van Krevelen diagram (Figure 9), which 

establishes the Chattanooga Shale as non-generative.  

Allochthonous 

Autochthonous 
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The Chattanooga Shale samples display a trend of increasing HI values towards the 

northern Black Warrior basin (Figure 24), demonstrating less mature rocks to the north. 

Corresponding to the maturity, %TOC decreases northwards. Therefore, there are less mature 

and less organic rich rocks in the northern portion of the Black Warrior basin. 

 

Figure 24 ï IDW map of HI values for the Chattanooga Shale. The values shown are 

derived from this study and previous work [Pashin et al. (2011), Carroll et al. (1995), and Hatch 

and Pawlewicz (2007)]. The extent of the Black Warrior basin is denoted by the red outline. 

 

 The burial history plots from Legg (2014) illustrate the maturity of the basin by showing 

the increasing maximum burial of the source rocks moving northward (Figures C3-C5). The 

kerogen quality of the potential source rocks is closely related to the maturity of the rocks. As 
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source rocks mature, the HI and OI measurements are no longer diagnostic of the original 

kerogen quality due the maturation process, in which the values decrease. The change in HI and 

OI values across the maturity spectrum of the samples indicates that the Chattanooga Shale is 

slightly more mature than the Floyd/Neal Shale. This is expected because the Chattanooga Shale 

is older than the Floyd/Neal Shale. 

PI is a ratio of generated hydrocarbons to potential hydrocarbons remaining in the rock 

sample. PI values that are < 0.10 are immature, while values from 0.10 to 0.40 are within the oil 

generation window, and > 0.40 indicate gas generation (Peters and Cassa, 1994). The 

Chattanooga Shale samples from this study have an average PI of 0.30, which is towards the end 

of the oil generation window. The average PI of all Chattanooga Shale samples from all datasets 

is 0.22. This result shows the Chattanooga Shale is a mature source rock capable of producing 

crude oil.  

The maturity of source rocks helps to identify when potential hydrocarbon generation 

could have occurred, and whether hydrocarbon generation remains a future possibility. When 

comparing Tmax values to depth (Figure 13), the Chattanooga Shale samples plot mainly within 

the oil generation window. With Tmax values reflecting the maximum rate of hydrocarbon 

generation during pyrolysis, the majority of the samples are oil mature. These Tmax results agree 

with the PI results, which establish the rock samples as oil mature. Increasing Tmax with depth is 

expected because depth is a main factor in determining source rock maturity. While there is no 

evidence of analytical errors, data points outside the general trend could be due to unseen 

analytical errors, a skewed óshoulder effectô for the S2 peaks, or a lack of significant organic 

material. Figure 12, a kerogen maturity and conversion plot, shows no clear trend for the 
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Chattanooga Shale. This again may be due to a skewed óshoulder effectô for the S2 peaks of the 

samples.  

Both equations 1 and 2 are inaccurate for use in the Black Warrior basin because both 

equations assume uniformity of maturation for all shales. By comparing mean % Ro values from 

Carroll et al. (1995) with results from equations 1 and 2 using the sample data, the results are not 

completely analogous. For the Chattanooga Shale sample from Carroll et al. (1995), the equation 

(1) result (0.63) deviates from the measured value (1.1) by 0.48. The equation (2) result (0.60) 

deviates from the measured value (1.1) by 0.51. A deviation value of 0.48 can mean difference 

between immaturity (0.2-0.6) and peak oil generation (0.65-0.9) (Peters and Cassa, 1994). By 

utilizing the measured vitrinite reflectance and Rock-Eval data of the entire stratigraphic column 

from Carroll et al. (1995), this study proposes a new equation (4) to predict the Ro of samples 

from the Black Warrior basin: 

 

#ÁÌÃÕÌÁÔÅÄ Ϸ2  πȢπρςρ Ø 4 τȢσωφω  (4) 

 

When using equation (4) to calculate Ro values, the Chattanooga Shale samples obtained 

in this study range from 0.9 ï 2.2%. Using equation (4) with the Chattanooga Shale sample from 

Carroll et al.ôs (1995) study yields a 0.28 discrepancy from the measured Ro. The difference 

between the discrepancies for equations 1, 2, and 4 is attributed to the different maturation trends 

of regions, as equations (1) and (2) were developed for specific units in Texas and western 

Canada, respectfully. Equation (4) was calculated from Carroll et al. (1995) using 11 data points 

from multiple units from within the Black Warrior basin, rather than one specific unit, which 

may impact the validity of the equation when analyzing a specific unit. Also, the calculated Ro 
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values are dependent on the Tmax values produced from the Rock-Eval pyrolysis. Due to this, the 

calculated Ro values may be impacted by poorly defined S2 peaks.  

4.1.2 Floyd/Neal Shale  

4.1.2.1 TOC 

The IDW diagram of the Floyd/Neal Shale (Figure 19) shows %TOC values increasing 

from east (0.62%) to west (4.33%). The data points utilized in the IDW diagram are derived from 

the 98 Floyd/Neal Shale samples. Of the 357 Floyd/Neal Shale samples, 98 different sample 

locations were identified. Similar to the Chattanooga Shale IDW diagram, the Floyd/Neal Shale 

samples %TOC values were averaged based on their spatial location. Of the 357 Floyd/Neal 

Shale samples from all the datasets, 93% samples fall within the 1-5% %TOC range, with 2% of 

the samples registering >5% %TOC. The sample size of the Floyd/Neal Shale is nine times that 

of the Chattanooga Shale. The average for the Floyd/Neal Shale samples is 2.59%, which falls 

into the ógoodô category for source potential.  

When comparing the IDW diagram (Figure 19) to Pashin et al.ôs (2011) isopach map of 

the Floyd/Neal Shale (Figure 25), the Floyd/Neal Shale has lateral continuity and good thickness 

throughout the Black Warrior basin. The Floyd/Neal Shale reaches a thickness of over 300 feet 

in the Black Warrior basin, which is approximately coincident with the high %TOC values 

(~4%). This means that per area, there is a large volume of rock that contains high amounts of 

organic matter. Higher amounts of organic matter found in the source rocks generally correlates 

to higher production volumes. The overall volume and %TOC level of the Floyd/Neal Shale 

within the Black Warrior basin classifies Floyd/Neal Shale as a good potential source rock. 
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Figure 25 ï Isopach map of Chattanooga Shale in the Black Warrior basin. Sample 

locations are denoted by red stars (modified from Pashin et al., 2011). 

 

4.1.2.2 Kerogen Type and Maturity  

 By utilizing the S1 vs %TOC plot (Figure 23) to determine the source of the 

hydrocarbons from within the shale, the majority of the Floyd/Neal Shale samples plot in the 

autochthonous zone, indicating that the hydrocarbons sampled came from within the rock. 

However, five Floyd/Neal Shale samples plot in the allochthonous zone. Therefore, it is possible 

that the Floyd/Neal Shale contains hydrocarbons derived from a rock other than itself. This gives 
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reason to consider the potential for Chattanooga Shale derived hydrocarbons mixing with 

Floyd/Neal Shale derived hydrocarbons.  

 The pseudo van Krevelen diagram (Figure 20) shows the Floyd/Neal Shale samples 

clustered in the type II window, which suggests a marine origin (Carroll et al., 1995). 

Alternatively, when utilizing the Jones (1987) method, the Floyd/Neal Shale samples range from 

organic facies BC to D, meaning some samples have oil and gas productive potential, while 

others are non-generative (Figure 20). 

Coinciding with the results from the Chattanooga Shale, the Floyd/Neal Shaleôs HI 

values increase to the north, with the %TOC values decreasing along the same trend (Figure 26). 

With the maturity and %TOC values at the high points in the central part of the basin for the 

Floyd/Neal Shale, this is the area that is likely to be the most productive for hydrocarbons. The 

average PI ratio of the Floyd/Neal Shale samples obtained for this study is 0.22, which is within 

the oil generation window (0.10 to 0.40). The average PI ratio of all Floyd/Neal Shale samples 

from all datasets is 0.23. The PI ratios of the Floyd/Neal Shale prove the rock to be within the oil 

generation window, and capable of producing hydrocarbons based on maturity. 
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Figure 26 ï IDW map of HI values for the Floyd/Neal Shale. The values shown are derived from 

this study and previous work [Pashin et al. (2011), Carroll et al. (1995), and Hatch and 

Pawlewicz (2007)]. The extent of the Black Warrior basin is denoted by the red outline. 

 

 Figure 13 shows the Floyd/Neal Shale within the oil generation window, which agrees 

with the PI ratio result. As mentioned with the Chattanooga Shale, the data points outside of the 

general trend are interpreted as analytical errors, a skewed óshoulder effectô for the S2 peaks, or a 

lack of significant organic material. The kerogen maturity and conversion plot (Figure 22) shows 

a clear cluster in the oil and condensate/wet gas zones for the Floyd/Neal Shale samples. The 

Floyd/Neal Shale displays samples with mature kerogen capable of being converted to crude oil 

or wet gas/condensate. 
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 The maturity calculated by utilizing the vitrinite reflectance equations are inaccurate for 

the Floyd/Neal Shale, just as they are for the Chattanooga Shale. Of the two Floyd/Neal Shale 

samples analyzed for both Ro and Tmax in the Carroll et al. (1995) study, equation (1) results (0.76 

average) deviate from the measured values (0.97 average) by an average of 0.21. Results from 

equation (2) (0.71 average) deviated from the measured values (0.97 average) by an average of 

0.26. When using equation (4) to calculate Ro values for the Floyd/Neal Shale obtained in this 

study, the results range from 0.92 to 1.71. Using equation (4) with the Floyd/Neal Shale samples 

from Carroll et al.ôs (1995) study yields an average discrepancy of 0.04 from the measured Ro. 

4.2 Oil to Oil and Oil to Source Correlation  

The four oil samples are paired depending on the reservoir from which they were 

extracted. Compositionally, the oils from the Carter sandstone (North Blowhorn Creek Oil Field) 

and the oils from the Pottsville A sand (Chicken Swamp Branch Oil Field) differ drastically. The 

Carter sandstone oil is medium crude oil with API values of 26.4° and 32.4° (Table 8). The 

Pottsville A sand oils are light crude oil with API values of 39.3° and 39.9° (Table 8). Martinez 

et al. (1984) relate the API values to quantitative characteristics; light, medium, heavy, and extra 

heavy oils. The difference between the oil reservoirs may be from the difference in source rocks, 

biodegradation, the result of extensive water injection of the reservoir, microbial influence, or a 

combination of these factors. Because the Pottsville A sand started production only in 2011, it 

has not experienced the 40-year extraction history of the Carter sandstone, suggesting that the 

Pottsville A sand has not experienced large amounts of flushing related to the extraction process, 

while the Carter sandstone reservoir has. 

 Sulfur content can indicate source origin (Moldowan et al., 1985). Marine derived crude 

oils generally display sulfur values of > 0.5%, while non-marine are generally < 0.5%. While 
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both potential source rocks are considered dominantly marine influenced (Conant and Swanson, 

1961; Legg, 2014), the sulfur values of the Pottsville A sand oils do not reflect this. The 

Pottsville A sand oils have a sulfur content of 0.12% and 0.15%, while the Carter sandstone oils 

are 0.68% and 0.52% (Table 8). The low sulfur content of the Pottsville A sand oils may be 

correlated to the abundant coal seams throughout the Pottsville Formation. Coal deposits are 

linked with terrestrial plants, which suggest that the reservoir was influenced by terrestrial 

material. With the terrestrial influence of coal on the migrating hydrocarbons, this would lower 

the sulfur content of the crude oils in the Pottsville A sand reservoir. The coal seams within the 

Pottsville Formation may have had a geochemical impact on the crude oil if the oil continued to 

mature within the reservoir, rather than ceasing maturation once being reservoired.  

The C27-C29 steranes (Figure 15) are clustered together with a slight correlation between 

the Floyd/Neal Shale samples and the crude oil samples. An ideal C27-29 ternary diagram would 

show the genetic groups clustering tightly together with a strong separation between each group. 

While the Floyd/Neal is slightly younger than the Chattanooga Shale, they share a similar 

depositional history. There is no clear separation between the results of the Floyd/Neal Shale and 

the Chattanooga Shale, thus this ternary diagram is not conclusive regarding the source of the 

oils. The distribution of C27-C29 (Figure 16) shows a similarity between the crude oils and the 

Floyd/Neal Shale rock samples, whereas the Chattanooga Shale rock sample is greater in C27 and 

C28, and less in C29 than the oil samples. The abundance of C29 in the crude oils, along with the 

high sulfur content in the Pottsville A crude oil samples, suggests a terrestrial influenced source, 

which does not agree with previous studies (Conant and Swanson, 1961; Pashin et al., 2011; 

Legg, 2014). This, again, may be due to the abundance of terrestrial-derived materials in the 

Pottsville Formation and the Carter sandstone, the reservoir rocks. The Pottsville A sand oils 
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display the highest levels of C29 (50.5%), while the Carter sandstone oils display slightly lower 

C29 levels (46.5%). The Pottsville Formation is well known for its coal deposits throughout the 

Black Warrior basin, which potentially increased the C29 levels in the samples. Similarly, Pashin 

and Kugler (1996) state that the Carter sandstone has root structures and plant fossils. Increased 

C29 levels suggest terrestrial influence, which is shown by all crude oil samples. Terrestrial 

material found in both reservoirs may have impacted the C29 levels in the samples, as it is 

possible the oils continued to mature within the reservoirs.  

The ratio of pristane (Pr) and phytane (Ph) is used to determine a terrestrial or marine 

source rock. Both the Chattanooga and Floyd/Neal Shales are interpreted as marine source rocks 

(Conant and Swanson, 1961; Legg, 2014). The histogram of pristine/phytane ratios shows 

differences between the two potential source rocks in comparison with the crude oils (Figure 17). 

The ratios of the crude oils are more similar to the ratios of the Floyd/Neal Shale than the ratios 

of the Chattanooga Shale, supporting the idea that the oil is derived from the Floyd/Neal Shale 

(Figure 17). The Chattanooga Shale has an average Pr/Ph ratio of 0.34, while the Floyd/Neal 

Shale has an average Pr/Ph ratio of 1.23. Pr/Ph ratios <1 suggest anoxic conditions, while ratios 

>1 suggest oxic conditions (Peters et al., 2005). If the Chattanooga and Floyd/Neal Shales were 

marine shales, both should be anoxic. However, as the shales are not uniform throughout the 

entire section, the ratio results may be impacted by interval of the shale at which the sample was 

taken. The amount of pristane and phytane is dependent on maturity variations, petroleum 

generation, and biomolecule input (Peters et al., 2005). Thus, establishing a correlation solely 

from this ratio is not recommended due to the likelihood of increased pristane levels in crude oil 

over time because of an increase in maturity levels; corroborating data is needed to support any 

claims when relying on Pr/Ph ratio values from 0.8-3.0 (Peters et al., 2005). The Pr/(Pr+Ph) 
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ratios of potential source rocks and crude oils also display similarities between the Floyd/Neal 

Shale samples and the crude oil samples (Figure 17). While the standalone results of the pristane 

and phytane analyses do not prove conclusive, when paired with the sterane results, the 

similarities between the Floyd/Neal Shale and the crude oils is strengthened.  

By analyzing the remainder of the ókey ratiosô as denoted by GeoMark, there is no clear 

correlation between the crude oils and potential source rock samples (Figure 18). The ókey 

ratiosô have similar values with the exception of prominent Pottsville A sand peaks. The 

dominant peaks in Figure 18 are mainly from the Pottsville A sand oils. This is likely due to the 

ratios in Figure 18 being affected by maturity and/or degradation. Because the Pottsville A sand 

oils only began production in 2011 and the Carter sandstone oils have been produced since 1979, 

the Carter sandstone may have more water and other foreign substances in the reservoir. The 

introduction of the substances can cause in-situ biodegradation. The most prominent peak in 

Figure 18, Ts/Tm, is highly dependent on the maturity of the sample. While Ts is a stable 

compound in terms of thermal maturity, Tm is less stable. Therefore, as the maturity of a sample 

increases, the value of the ratio increases as well. The Ts/Tm data presented in this study shows 

the Floyd/Neal Shale as having a maximum of 1.75 difference from the crude oils, while the 

Chattanooga Shale has a maximum of 2.25 difference. The graph depicts a slight similarity 

between the Floyd/Neal Shale and the crude oils. 

As noted previously, CPI establishes the maturity by utilizing constituents from the 

samples (equation 3) (Bray and Evans, 1961). The Chattanooga Shale sample has a CPI value of 

1.25, while the Floyd/Neal Shale samples have values of 1.04, 1.13, 1.20, and 1.25, for an 

average of 1.16. The Carter sandstone crude oils have values of 1.09 and 1.09, while the 

Pottsville A sand crude oils have values of 1.06 and 1.08. These values are indicative of mature 
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source rocks indicated with values of close to 1, which is consistent with the kerogen data and 

Tmax data, but does not help with the correlation of oil to oil, or oil to source rock. 

The values obtained by the GCMS analysis on the Chattanooga Shale and Floyd/Neal 

Shale samples may be affected by the state of the samples analyzed. The potential source rock 

samples were either cuttings from a well or billets from a cored interval. The samples analyzed 

in this study range anywhere in age from 1955 to 2008. With up to 70 year old unpreserved 

samples being analyzed, it is likely the peaks and ratios are not diagnostic of the potential source 

rock today. While the lighter hydrocarbons may have volatized, the heavier constituents likely 

remain in the samples.  
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5.0 DISCUSSION 

5.1 Source Rock Potential  

5.1.1 TOC 
 

With %TOC levels as high as 3.16% and 6.25%, the Floyd/Neal and Chattanooga Shales 

have ógoodô to óvery goodô source rock quality (McCarthy et al., 2011). By comparing the 

isopach maps of Pashin et al. (2011) with the %TOC maps (Figures 5 vs. 8 and 25 vs. 19), the 

Floyd/Neal Shale is thicker and more uniformly distributed compared to the thin Chattanooga 

Shale. While the hydrocarbon potential of the Chattanooga Shale is still viable, the Floyd/Neal 

Shale would be a more likely target for conventional exploration due to its consistent TOC 

levels, thickness, and lateral continuity.  

5.1.2 Kerogen Type and Maturity  
 

The proxies used to determine the type of hydrocarbon generation the potential source 

rocks are expected to produce are heavily dependent on the maturity of the rocks.  The 

Floyd/Neal and Chattanooga Shales are assumed to have similar depositional histories as 

established by previous studies (e.g., Conant and Swanson, 1960; Pashin et al., 2011; Legg, 

2014), as well as thermal maturation histories. However, the Chattanooga Shale samples in this 
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study are classified as organic facies D (Figure 11), which is non-generative. Pawlewicz 

and Hatch (2007) conclude the Chattanooga Shale is within organic facies BC and C, which 

contradict the results of this study. The disagreement is most likely the result of the maturation 

differences, as Pawlewicz and Hatch (2007) have samples from both moderate and high maturity 

regions. However, this study has samples solely from a high maturity region. Pawlewicz and 

Hatch (2007) state that the Floyd/Neal Shale samples ranged from organic facies BC to D, which 

agrees with the results of this study. The agreement between the Floyd/Neal Shale results can be 

interpreted as analyzing samples from similar maturity regions, unlike the Chattanooga Shale 

samples. This study establishes a Black Warrior basin maturation trend increasing from north to 

south, and agrees with the conclusions of Carroll et al. (1995) and Legg (2014) (Appendix C).  

 With the maturity of source rocks affecting the majority of the Rock-Eval Pyrolysis 

results, such as Tmax, Ro, OI, and HI, it is imperative to determine the burial history of the rocks. 

Legg (2014) generated depth profiles for three wells in the Black Warrior basin by studying the 

Rock-Eval Pyrolysis results of Floyd/Neal Shale samples (Figures C3-C5). From these profiles, 

it is clear that the deepest modeled depth the potential source rocks reached was ~ 15,000 feet 

(AL OGB Permit No. 15668), while the maximum burial in the shallowest well was ~ 10,000 

feet (AL OGB Permit No. 2191). Carroll et al. (1995) established a temperature gradient of 

16°F/1,000 ft for the Black Warrior basin. The temperature gradient of the Black Warrior basin 

is comparable to the Arkoma basin in Oklahoma, which displays a range of temperature 

gradients from 13°F/1,000 ft to 21°F/1,000 ft (Harrison et al, 1983). Using the depths of Legg 

(2014), temperature gradient of Carroll et al. (1995) and assuming an ambient ground 

temperature of ~24°C, a maximum temperature of 160°C would have been reached at the 

maximum depth of 15,000 feet. The oil window is from 60°C to 160°C (Allen and Allen, 2013); 
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thus, both potential source rocks did not exit the oil window at their maximum depth. Therefore, 

based on the Tmax results, the potential source rocks are mature rather than overmature, as stated 

by Legg (2014) and Carroll et al. (1995). This is confirmed by the majority of the samples 

plotting within the oil window (Figure 13).  

The vitrinite reflectance equations (1) and (2) are not accurate for the data presented in 

Carroll et al. (1995). Uniform maturation of rocks throughout the entire world is farfetched; 

therefore, having a blanket equation for maturation of source rocks is not appropriate. Equation 

(4) is more representative of the Black Warrior basin samples, and the results are within the oil 

generating window (60 to 160°C), with the exception of one Chattanooga Shale sample. This 

outlier value is likely due to a skewed Tmax value derived from the low S2 shoulder from the 

pyrogram (Figure 6). Further confirming results can be established by utilizing measured 

vitrinite reflectance values from Carroll et al. (1995). By utilizing samples from Carroll et al. 

(1995), Table 9 shows the comparison of the three equations identified by this study. Of the three 

equations, equation (4), referred to as óDrago Calculatedô is the most accurate for the Black 

Warrior basin samples. While the difference between the values calculated using equation (4) are 

approximately inaccurate by a measure of 17% on average, equation (1) is approximately 22% 

off on average and equation (2) is approximately 26% off on average. Further use of this 

equation will limit or nullify the need to conduct costly vitrinite reflectance analyses within the 

Black Warrior basin. 

Measured 
Tmax 

Measured 
Ro 

Jarvie et 
al. (2001) 
Calculated % off 

Wüst et 
al. (2013) 
Calculated % off 

Drago 
Calculated 

% off Formation 

464 1.12 1.19 6.23 1.06 5.17 1.22 8.34 Pottsville Fm 

459 1.61 1.10 37.46 0.99 47.78 1.16 32.74 
Lewis 

Sandstone 

447 0.71 0.89 22.06 0.81 13.19 1.01 35.06 Pottsville Fm 
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Measured 
Tmax 

Measured 
Ro 

Jarvie et 
al. (2001) 
Calculated % off 

Wüst et 
al. (2013) 
Calculated % off 

Drago 
Calculated 

% off Formation 

456 0.69 1.05 41.20 0.94 31.13 1.12 47.57 Pottsville Fm 

445 0.91 0.85 6.82 0.78 15.32 0.99 8.18 Pottsville Fm 

442 0.89 0.80 11.15 0.74 18.97 0.95 6.66 Pottsville Fm 

445 0.91 0.85 6.82 0.78 15.32 0.99 8.18 Parkwood Fm 

437 0.95 0.71 29.47 0.66 35.83 0.89 6.43 Floyd Shale 

443 0.98 0.81 18.51 0.75 26.50 0.96 1.71 Floyd Shale 

446 0.96 0.87 10.07 0.80 18.75 1.00 4.05 
Lewis 

Sandstone 

433 1.12 0.63 55.42 0.60 60.21 0.84 28.29 
Chattanooga 

Shale 

447 0.99 0.89 22.29 0.81 26.20 1.01 17.02 Average 
Table 9 ï Summary table of measured and calculated vitrinite reflectance values for Black 

Warrior basin samples from Carroll et al. (1995) 

 

5.2 Oil to Oil and Oil to Source Correlation  

By taking into account the results of the New Data, in addition to previous studies 

conducted on various source rocks and oils within the Black Warrior basin (Carroll et al., 1995; 

Hatch and Pawlewicz, 2007; Pashin et al., 2011; Legg, 2014), it is clear that the Black Warrior 

basin contains potential source rocks with high TOC levels and adequate maturity levels for 

producing hydrocarbons, and good reservoir rocks. Along with the abundant production and 

recent discoveries, it is likely that untapped potential remains within this basin. The Floyd/Neal 

Shale has C27-C29 and pristane/phytane correlations to both the Carter sandstone crude oils and 

the Pottsville A sand crude oils (Figures 16 and 17), which suggests that the Floyd/Neal Shale is 

the direct source of hydrocarbons for those crude oils.  

The Chattanooga Shale samples have an average pristane/phytane level (0.34) that is 0.89 

less than the Floyd/Neal Shale average (1.23), and 1.12 less than the average crude oil results 

(1.46 and 1.53), which illustrates less of a trend between the Chattanooga Shale and the crude 
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oils. The bulk parameters of the crude oils suggest that the oil samples are of different genetic 

compositions, or that they experienced differing maturation processes. A clear distinction 

between the two oil reservoirs is noted in the API, % < C15, %S, ppm V, and ppm Ni (Table 8). 

While this suggests uniqueness between the oils, the ókey ratiosô identified by the laboratory do 

not display any noticeable patterns between the oils or the potential source rocks (Figure 18). 

This may be due to the age of the samples, and could potentially be remedied with fresh samples. 

With more localized and in-depth studies, it is possible to further correlate the potential source 

rocks to the crude oils extracted from the reservoir rocks. 
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6.0 CONCLUSIONS 

 

In the Black Warrior basin of northwestern Alabama, the Chattanooga Shale has an 

average %TOC of 3.52% and the Floyd/Neal Shale has an average %TOC of 2.59%. Based on 

the Chattanooga Shale and Floyd/Neal Shale average Tmax values of 484°C and 455°C and the 

calculated vitrinite reflectance values using equation (4) of 0.9-2.2% and 0.92-1.71% 

respectively, as well as utilizing the burial history plots from Carroll et al. (1995) and Legg 

(2014), the potential source rocks achieved proper maturation levels to expel crude oil. Because 

the rocks remained in the oil window, the rocks maintain crude oil production potential today. 

The pseudo van Krevelen diagrams and Jones (1987) method indicate that the Chattanooga and 

Floyd/Neal Shales range anywhere from non-generative to oil prone due to the differences in 

maturation and organic material. 

The Floyd/Neal Shale is likely the main source of both the Carter sandstone and 

Pottsville A sand crude oils extracted from the North Blowhorn Creek and Chicken Swamp 

Branch because the Floyd/Neal Shale is laterally continuous, is consistently thick throughout the 

basin (~100-300 ft), and maintains adequate TOC levels (~1-4%) throughout a majority of the 

basin. This conclusion takes into account the composition of the crude oils and source rock 

samples, as well as the %TOC and thickness trends of the potential source rocks.  

Bulk property averages, such as API gravity (29.4º vs. 39.6º), %<C15 (37.5 vs. 51.3), 

%Sulfur (0.60 vs. 0.14), ppm Vanadium (17 vs. 0), and ppm Nickel (8.5 vs. 2.5), of the Carter 
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sandstone and Pottsville A sand crude oils, respectively, show a clear separation between 

the two oil fields (North Blowhorn Creek and Chicken Swamp Branch), while the ókey 

ratiosô/OilMod ratios (Figure 18 and Appendix E) appear to have no discernible pattern. The 

differences in bulk properties between the two oil groups may be explained by post generation 

biodegradation through natural causes, water-washing of the reservoir for enhanced hydrocarbon 

recovery, microbial influence within the reservoir, or geochemical influence from the reservoir 

rock itself. With the Carter sandstone and Pottsville A sand crude oils displaying differing bulk 

property values but similar ôkey ratiosô/OilMod ratios, this suggests that no correlation between 

the two oils can be made confidently.  

Moving forward, a better understanding of migration pathways within the Black Warrior 

basin will facilitate further correlations between potential source rocks and crude oils produced 

in the basin. 
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Figure A1 ï Summary of GeoMark Research, LLC Rock-Eval Pyrolysis analytical methods. 
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Figure A1 Continued 
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Figure A2 ï Summary of GeoMark Research, LLC Gas Chromatography ï Mass Spectrometry 

analytical methods. 
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Figure A2 Continued
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AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

1780 6270 Floyd x x x x x x x x x 

1780 6450 Floyd x 2.22 450 0.31 1.35 1.00 0.19 60.81 45.05 

1780 6470 Floyd x x x x x x x x x 

1780 6600 Chattanooga x 0.50 454 0.07 0.31 0.74 0.18 62.00 148.00 

2191 2740 Floyd x 1.60 437 0.53 3.84 1.92 0.12 240.00 120.00 

2191 2770 Floyd x 2.45 439 0.60 8.41 1.66 0.07 343.27 67.76 

2191 2780 Floyd x x x x x x x x x 

2191 2820 Floyd x 1.74 438 0.29 5.78 1.36 0.05 332.18 78.16 

2191 2855 Floyd x 2.36 443 0.68 4.89 0.90 0.12 207.20 38.14 

2191 2920 Floyd x 3.94 446 1.15 9.10 2.46 0.11 230.96 62.44 

2191 3010 Floyd x 0.47 432 0.04 0.40 0.95 0.09 85.11 202.13 

2191 3180 Chattanooga x 3.05 433 0.54 7.41 1.37 0.07 242.95 44.92 
 

Table B1 ï Carroll et al. (1995) samples (Bulk geochemical parameters of the samples analyzed in this study) 

 

AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

1087 543.5 Floyd (Neal) x 6.71 422 0.56 11.33 9.41 0.05 168.85 140.24 

1087 543.5 Floyd (Neal) x 1.96 432 0.24 0.73 0.69 0.25 37.24 35.20 

1087 543.5 Floyd (Neal) x 1.93 540 0.23 0.51 0.38 0.31 26.42 19.69 

1087 543.5 Floyd (Neal) x 2.05 487 0.21 0.67 0.65 0.24 32.68 31.71 

1087 543.5 Floyd (Neal) x 1.74 538 0.25 0.40 0.31 0.38 22.99 17.82 

1087 543.5 Floyd (Neal) x 1.37 451 0.15 0.22 0.22 0.41 16.06 16.06 

1087 10145 Floyd (Neal) x 1.02 434 0.14 0.15 0.37 0.48 14.71 36.27 

1087 543.5 Floyd (Neal) x 1.13 437 0.09 0.21 0.16 0.30 18.58 14.16 

1087 543.5 Floyd (Neal) x 1.14 379 0.08 0.18 0.18 0.31 15.79 15.79 
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AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

1087 543.5 Floyd (Neal) x 1.10 375 0.09 0.22 0.19 0.29 20.00 17.27 

1087 10170 Floyd (Neal) x 0.81 423 0.10 0.08 0.32 0.56 9.88 39.51 

1634 6435 Chattanooga x 0.90 446 0.26 0.56 0.41 0.32 62.22 45.56 

1634 817 Floyd (Neal) x 2.86 443 1.27 1.28 0.45 0.50 44.76 15.73 

1634 6120 Floyd (Neal) x 1.71 447 1.08 2.03 0.43 0.35 118.71 25.15 

1634 817 Floyd (Neal) x 2.75 458 0.50 0.75 0.15 0.40 27.27 5.45 

1634 6140 Floyd (Neal) x 2.64 446 1.26 2.33 0.41 0.35 88.26 15.53 

1634 817 Floyd (Neal) x 2.77 449 1.03 2.05 0.42 0.33 74.01 15.16 

1634 6160 Floyd (Neal) x 1.80 449 0.81 1.57 0.36 0.34 87.22 20.00 

1634 817 Floyd (Neal) x 2.48 453 0.93 1.77 0.50 0.34 71.37 20.16 

1634 817 Floyd (Neal) x 1.19 459 0.16 0.42 0.23 0.28 35.29 19.33 

1634 817 Floyd (Neal) x 1.20 454 0.17 0.49 0.19 0.26 40.83 15.83 

1634 817 Floyd (Neal) x 1.27 454 0.26 0.90 0.22 0.22 70.87 17.32 

1634 6265 Floyd (Neal) x 5.78 459 2.59 5.59 0.48 0.32 96.71 8.30 

1634 6290 Floyd (Neal) x 3.59 458 1.48 3.11 0.53 0.32 86.63 14.76 

1634 817 Floyd (Neal) x 3.01 459 1.23 2.18 0.48 0.36 72.43 15.95 

1634 6310 Floyd (Neal) x 3.69 455 1.66 2.94 0.49 0.36 79.67 13.28 

1764 5585 Floyd (Neal) x 0.96 452 0.11 0.37 0.21 0.23 38.54 21.88 

1764 5595 Floyd (Neal) x 2.30 456 0.75 1.65 0.51 0.31 71.74 22.17 

1764 5605 Floyd (Neal) x 1.93 456 0.62 1.51 0.44 0.29 78.24 22.80 

1764 5615 Floyd (Neal) x 0.65 466 0.08 0.22 0.18 0.27 33.85 27.69 

1764 5625 Floyd (Neal) x 1.22 451 0.17 0.52 0.25 0.25 42.62 20.49 

1764 5655 Floyd (Neal) x 2.33 455 0.63 1.52 0.31 0.29 65.24 13.30 

1764 5665 Floyd (Neal) x 2.49 457 0.76 1.68 0.47 0.31 67.47 18.88 

1764 5675 Floyd (Neal) x 1.87 451 0.46 1.03 0.34 0.31 55.08 18.18 

1764 5725 Floyd (Neal) x 1.39 452 0.39 0.91 0.26 0.30 65.47 18.71 
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AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

1774 887 Floyd (Neal) x 2.47 448 0.96 3.32 0.27 0.22 134.41 10.93 

1774 887 Floyd (Neal) x 2.16 448 0.89 2.82 0.27 0.24 130.56 12.50 

1774 887 Floyd (Neal) x 3.63 450 0.96 3.96 0.37 0.20 109.09 10.19 

1780 6415 Floyd (Neal) x 1.59 456 0.12 0.35 0.14 0.26 22.01 8.81 

1780 6425 Floyd (Neal) x 3.27 454 0.53 1.28 0.26 0.29 39.14 7.95 

1780 6435 Floyd (Neal) x 2.59 453 0.34 0.91 0.12 0.27 35.14 4.63 

1780 6445 Floyd (Neal) x 2.95 456 0.67 1.42 0.20 0.32 48.14 6.78 

1780 6455 Floyd (Neal) x 2.95 457 0.45 1.21 0.17 0.27 41.02 5.76 

1780 6465 Floyd (Neal) x 3.56 454 0.58 1.70 0.17 0.25 47.75 4.78 

1780 6475 Floyd (Neal) x 2.89 451 0.47 1.37 0.13 0.26 47.40 4.50 

1780 6485 Floyd (Neal) x 3.98 456 0.90 2.44 0.24 0.27 61.31 6.03 

1780 6495 Floyd (Neal) x 4.12 453 0.29 1.20 0.48 0.19 29.13 11.65 

1780 6505 Floyd (Neal) x 3.42 458 0.72 1.94 0.21 0.27 56.73 6.14 

1780 6515 Floyd (Neal) x 2.04 458 0.45 1.08 0.07 0.29 52.94 3.43 

1780 6270 Neal x 0.82 454 0.05 0.06 0.15 0.45 7.32 18.29 

1780 6300 Neal x 0.99 465 0.07 0.27 0.10 0.21 27.27 10.10 

1780 6330 Neal x 1.87 448 0.23 0.56 0.29 0.29 29.95 15.51 

1780 6340 Neal x 1.97 451 0.45 0.98 0.27 0.31 49.75 13.71 

1780 6350 Neal x 1.21 451 0.06 0.17 0.15 0.26 14.05 12.40 

1780 6360 Neal x 1.13 467 0.06 0.19 0.10 0.24 16.81 8.85 

1780 6370 Neal x 1.26 467 0.06 0.24 0.12 0.20 19.05 9.52 

1780 6380 Neal x 1.09 468 0.07 0.23 0.12 0.23 21.10 11.01 

1780 6390 Neal x 1.54 454 0.09 0.31 0.07 0.23 20.13 4.55 

1780 6410 Neal x 1.59 456 0.12 0.35 0.14 0.26 22.01 8.81 

1780 6420 Neal x 3.27 454 0.53 1.28 0.26 0.29 39.14 7.95 

1780 6430 Neal x 2.59 453 0.34 0.91 0.12 0.27 35.14 4.63 
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AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

1780 6440 Neal x 2.95 456 0.67 1.42 0.20 0.32 48.14 6.78 

1780 6450 Neal x 2.95 457 0.45 1.21 0.17 0.27 41.02 5.76 

1780 6450 Neal x 2.42 452 0.47 1.05 0.28 0.31 43.39 11.57 

1780 6460 Neal x 3.56 454 0.58 1.70 0.17 0.25 47.75 4.78 

1780 6460 Neal x 2.93 455 0.79 1.72 0.27 0.31 58.70 9.22 

1780 6470 Neal x 2.89 451 0.47 1.37 0.13 0.26 47.40 4.50 

1780 6470 Neal x 2.69 461 0.62 1.51 0.20 0.29 56.13 7.43 

1780 6480 Neal x 3.98 456 0.90 2.44 0.24 0.27 61.31 6.03 

1780 6480 Neal x 3.73 458 1.28 3.06 0.29 0.29 82.04 7.77 

1780 6490 Neal x 4.12 453 0.29 1.20 0.48 0.19 29.13 11.65 

1780 6500 Neal x 3.42 458 0.72 1.94 0.21 0.27 56.73 6.14 

1780 6510 Neal x 2.04 458 0.45 1.08 0.07 0.29 52.94 3.43 

1780 6550 Neal x 2.08 453 0.08 0.45 0.17 0.15 21.63 8.17 

1780 6560 Neal x 2.63 436 0.10 0.49 0.41 0.17 18.63 15.59 

1792 5130 Floyd (Neal) x 2.58 441 1.10 4.29 0.36 0.20 166.28 13.95 

1792 5140 Floyd (Neal) x 2.62 442 1.15 4.79 0.38 0.19 182.82 14.50 

1792 5170 Floyd (Neal) x 2.22 444 1.01 3.08 0.46 0.25 138.74 20.72 

1792 5203 Floyd (Neal) x 2.78 443 1.35 5.13 0.50 0.21 184.53 17.99 

1792 5248 Floyd (Neal) x 4.35 445 1.99 8.00 0.44 0.20 183.91 10.11 

1792 5263 Floyd (Neal) x 3.95 447 1.62 6.76 0.58 0.19 171.14 14.68 

1800 900 Floyd (Neal) x 2.72 460 0.48 0.99 0.19 0.33 36.40 6.99 

1800 900 Floyd (Neal) x 3.05 466 0.68 1.37 0.29 0.33 44.92 9.51 

1800 900 Floyd (Neal) x 3.37 462 0.86 1.62 0.32 0.35 48.07 9.50 

1800 900 Floyd (Neal) x 3.58 463 0.78 1.42 0.28 0.35 39.66 7.82 

1800 900 Floyd (Neal) x 3.61 468 0.85 1.65 0.27 0.34 45.71 7.48 

1800 900 Floyd (Neal) x 3.24 464 0.72 1.44 0.23 0.33 44.44 7.10 
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AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

1800 900 Floyd (Neal) x 3.64 466 0.84 1.69 0.28 0.33 46.43 7.69 

1800 900 Floyd (Neal) x 4.01 469 0.99 1.96 0.28 0.34 48.88 6.98 

1800 900 Floyd (Neal) x 4.38 468 0.91 1.84 0.38 0.33 42.01 8.68 

1800 900 Floyd (Neal) x 4.21 463 0.62 1.62 0.33 0.28 38.48 7.84 

1800 900 Floyd (Neal) x 2.80 458 0.44 0.96 0.50 0.31 34.29 17.86 

1810 8455 Chattanooga x 4.46 455 0.50 0.55 0.49 0.48 12.33 10.99 

1810 8500 Chattanooga x 5.08 449 0.73 1.20 0.41 0.38 23.62 8.07 

1810 8520 Chattanooga x 1.96 457 0.24 0.54 0.13 0.31 27.55 6.63 

1810 8535 Chattanooga x 2.16 456 0.32 0.52 0.13 0.38 24.07 6.02 

1810 8543 Chattanooga x 2.38 455 0.35 0.73 0.19 0.32 30.67 7.98 

1944 3365 Floyd (Neal) x 2.84 439 1.19 6.05 0.48 0.16 213.03 16.90 

2032 1016 Floyd (Neal) x 2.61 440 1.13 6.82 0.36 0.14 261.30 13.79 

2064 3012.5 Floyd (Neal) x 5.25 441 3.01 17.97 0.65 0.14 342.29 12.38 

2064 3062.5 Floyd (Neal) x 2.94 439 1.16 6.33 0.49 0.15 215.31 16.67 

2191 3010 Floyd x 0.46 478 0.02 0.16 0.30 0.11 34.78 65.22 

2191 2740 Neal x 1.71 442 0.88 4.78 0.34 0.16 279.53 19.88 

2191 2780 Neal x 4.25 440 2.52 18.16 0.54 0.12 427.29 12.71 

2191 2820 Neal x 2.07 441 0.72 3.97 0.29 0.15 191.79 14.01 

2191 2920 Neal x 4.19 441 1.65 15.67 0.49 0.10 373.99 11.69 

2423 3145 Chattanooga x 5.40 433 1.27 15.71 0.89 0.07 290.93 16.48 

2423 3155 Chattanooga x 4.10 434 0.96 13.09 0.84 0.07 319.27 20.49 

2492 1246 Floyd (Neal) x 1.72 450 0.74 2.49 0.36 0.23 144.77 20.93 

2492 1246 Floyd (Neal) x 1.58 451 0.82 2.25 0.23 0.27 142.41 14.56 

2492 1246 Floyd (Neal) x 1.14 446 0.39 1.17 0.31 0.25 102.63 27.19 

2492 1246 Floyd (Neal) x 2.62 449 0.11 0.48 0.21 0.19 18.32 8.02 

2580 1290 Floyd (Neal) x 0.75 474 0.16 0.42 0.30 0.28 56.00 40.00 
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AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

2580 7525 Floyd (Neal) x 1.33 471 0.11 0.23 0.36 0.32 17.29 27.07 

2580 1290 Floyd (Neal) x 2.50 465 0.72 1.09 0.25 0.40 43.60 10.00 

2580 1290 Floyd (Neal) x 3.40 470 0.95 1.47 0.19 0.39 43.24 5.59 

2580 7585 Floyd (Neal) x 3.49 467 1.07 1.40 0.60 0.43 40.11 17.19 

2594 1297 Floyd (Neal) x 2.85 445 1.07 3.04 0.46 0.26 106.67 16.14 

2594 1297 Floyd (Neal) x 3.24 447 1.64 4.85 0.38 0.25 149.69 11.73 

2594 1297 Floyd (Neal) x 4.51 446 2.22 6.36 0.36 0.26 141.02 7.98 

2617 7795 Chattanooga x 4.02 474 0.45 0.60 0.39 0.43 14.93 9.70 

2617 7835 Chattanooga x 2.03 496 0.14 0.39 0.59 0.26 19.21 29.06 

2617 7470 Floyd (Neal) x 1.33 472 0.14 0.37 0.43 0.27 27.82 32.33 

2617 7495 Floyd (Neal) x 1.36 470 0.19 0.44 0.28 0.30 32.35 20.59 

2617 7595 Floyd (Neal) x 1.13 474 0.10 0.29 0.32 0.26 25.66 28.32 

2748 1374 Floyd (Neal) x 3.06 445 0.70 3.31 0.45 0.17 108.17 14.71 

2748 1374 Floyd (Neal) x 3.17 442 0.64 2.81 0.56 0.19 88.64 17.67 

2748 1374 Floyd (Neal) x 3.96 445 0.93 4.41 0.58 0.17 111.36 14.65 

2794 750 Chattanooga x 6.98 432 3.43 16.24 0.71 0.17 232.66 10.17 

2794 770 Chattanooga x 6.27 438 2.76 14.10 0.66 0.16 224.88 10.53 

2875 1437.5 Floyd (Neal) x 2.91 448 2.08 6.44 0.41 0.24 221.31 14.09 

2875 1437.5 Floyd (Neal) x 3.00 449 1.60 4.43 0.24 0.27 147.67 8.00 

2875 1437.5 Floyd (Neal) x 4.79 448 2.56 7.91 0.22 0.24 165.14 4.59 

2917 1458.5 Floyd (Neal) x 2.89 447 1.30 4.45 0.27 0.23 153.98 9.34 

2917 1458.5 Floyd (Neal) x 2.77 445 1.21 5.02 0.26 0.19 181.23 9.39 

2917 1458.5 Floyd (Neal) x 2.63 447 0.97 4.51 0.28 0.18 171.48 10.65 

2917 1458.5 Floyd (Neal) x 3.62 450 1.35 6.28 0.29 0.18 173.48 8.01 

3010 1505 Floyd (Neal) x 2.49 440 0.57 2.15 0.52 0.21 86.35 20.88 

3010 1505 Floyd (Neal) x 2.87 444 0.48 1.74 0.59 0.22 60.63 20.56 
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AL OGB 
Permit No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt %) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

3097 1548.5 Floyd (Neal) x 2.19 442 0.65 2.45 0.60 0.21 111.87 27.40 

3097 1548.5 Floyd (Neal) x 1.51 447 0.07 0.63 0.40 0.10 41.72 26.49 

3097 1548.5 Floyd (Neal) x 2.57 446 0.72 2.58 0.38 0.22 100.39 14.79 

3097 1548.5 Floyd (Neal) x 1.66 449 0.34 1.18 0.32 0.22 71.08 19.28 

3101 1550.5 Floyd (Neal) x 2.70 441 1.21 3.78 0.54 0.24 140.00 20.00 

3101 1550.5 Floyd (Neal) x 2.44 445 1.35 3.87 0.46 0.26 158.61 18.85 

3101 1550.5 Floyd (Neal) x 1.39 444 0.48 1.41 0.34 0.25 101.44 24.46 

3132 1566 Floyd (Neal) x 2.83 449 1.39 4.60 0.27 0.23 162.54 9.54 

3132 1566 Floyd (Neal) x 4.38 447 2.48 8.65 0.27 0.22 197.49 6.16 

3132 1566 Floyd (Neal) x 2.68 445 1.56 5.46 0.29 0.22 203.73 10.82 

3157 1578.5 Floyd (Neal) x 1.14 451 0.20 0.69 0.77 0.22 60.53 67.54 

3157 1578.5 Floyd (Neal) x 3.97 451 1.08 3.78 0.32 0.22 95.21 8.06 

3157 1578.5 Floyd (Neal) x 3.72 452 1.21 4.39 0.34 0.22 118.01 9.14 

3162 1581 Floyd (Neal) x 1.97 447 0.83 3.00 0.33 0.22 152.28 16.75 

3162 1581 Floyd (Neal) x 2.59 445 1.06 3.62 0.44 0.23 139.77 16.99 

3170 1585 Floyd (Neal) x 1.69 447 0.63 1.99 0.34 0.24 117.75 20.12 

3170 1585 Floyd (Neal) x 2.71 441 0.35 2.61 0.25 0.12 96.31 9.23 

3170 1585 Floyd (Neal) x 3.24 448 1.54 3.61 0.43 0.30 111.42 13.27 

3221 1610.5 Floyd (Neal) x 2.90 440 0.60 3.40 0.66 0.15 117.24 22.76 

3221 1610.5 Floyd (Neal) x 2.27 442 0.57 3.05 0.42 0.16 134.36 18.50 

3221 1610.5 Floyd (Neal) x 2.05 444 0.59 3.30 0.37 0.15 160.98 18.05 

3225 1612.5 Floyd (Neal) x 2.12 447 0.66 3.16 0.33 0.17 149.06 15.57 

3225 1612.5 Floyd (Neal) x 2.69 445 0.88 4.01 0.42 0.18 149.07 15.61 

3225 1612.5 Floyd (Neal) x 3.50 444 0.89 4.19 0.55 0.18 119.71 15.71 

3225 1612.5 Floyd (Neal) x 2.94 446 0.94 3.95 0.48 0.19 134.35 16.33 

3528 1764 Floyd (Neal) x 2.01 449 0.74 3.15 0.31 0.19 156.72 15.42 
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3528 1764 Floyd (Neal) x 4.11 446 1.82 7.70 0.32 0.19 187.35 7.79 

3528 1764 Floyd (Neal) x 3.83 446 1.55 6.73 0.28 0.19 175.72 7.31 

3528 1764 Floyd (Neal) x 2.02 444 0.89 2.96 0.31 0.23 146.53 15.35 

3553 1776.5 Floyd (Neal) x 0.79 445 0.24 0.50 0.89 0.32 63.29 112.66 

3553 1776.5 Floyd (Neal) x 1.98 442 1.21 3.19 0.36 0.28 161.11 18.18 

3553 1776.5 Floyd (Neal) x 1.83 445 0.74 2.34 0.39 0.24 127.87 21.31 

3553 1776.5 Floyd (Neal) x 2.53 443 1.28 4.49 0.36 0.22 177.47 14.23 

3556 1778 Floyd (Neal) x 1.31 437 0.40 3.07 0.35 0.12 234.35 26.72 

3769 1884.5 Floyd (Neal) x 2.87 445 1.21 3.57 0.48 0.25 124.39 16.72 

3769 1884.5 Floyd (Neal) x 2.33 447 0.99 3.15 0.52 0.24 135.19 22.32 

3769 1884.5 Floyd (Neal) x 1.81 449 0.28 1.34 0.37 0.17 74.03 20.44 

3788 1894 Floyd (Neal) x 1.85 439 0.52 1.96 0.43 0.21 105.95 23.24 

3788 1894 Floyd (Neal) x 3.02 444 0.50 1.98 0.59 0.20 65.56 19.54 

3788 1894 Floyd (Neal) x 2.23 444 0.88 3.34 0.31 0.21 149.78 13.90 

3871 1935.5 Floyd (Neal) x 2.70 442 0.30 1.40 0.72 0.18 51.85 26.67 

3871 1935.5 Floyd (Neal) x 3.20 439 1.12 3.02 0.34 0.27 94.38 10.63 

3871 1935.5 Floyd (Neal) x 6.90 448 2.97 10.70 0.30 0.22 155.07 4.35 

3874 1937 Floyd (Neal) x 1.35 442 0.29 1.22 0.28 0.19 90.37 20.74 

3874 1937 Floyd (Neal) x 1.17 443 0.17 0.93 0.26 0.15 79.49 22.22 

3874 1937 Floyd (Neal) x 2.02 442 0.83 3.82 0.49 0.18 189.11 24.26 

3874 1937 Floyd (Neal) x 2.04 443 1.00 3.47 0.56 0.22 170.10 27.45 

3999 1999.5 Floyd (Neal) x 1.84 440 0.62 2.56 0.29 0.19 139.13 15.76 

3999 1999.5 Floyd (Neal) x 1.84 445 0.55 2.12 0.26 0.21 115.22 14.13 

3999 1999.5 Floyd (Neal) x 4.74 441 2.09 10.03 0.80 0.17 211.60 16.88 

3999 1999.5 Floyd (Neal) x 5.12 439 1.41 7.20 1.06 0.16 140.63 20.70 

4016 2008 Floyd (Neal) x 1.03 452 0.13 0.70 0.19 0.16 67.96 18.45 
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4016 2008 Floyd (Neal) x 1.04 448 0.12 0.62 0.18 0.16 59.62 17.31 

4016 2008 Floyd (Neal) x 1.03 454 0.11 0.60 0.20 0.15 58.25 19.42 

4039 2019.5 Floyd (Neal) x 1.83 440 0.56 3.36 0.50 0.14 183.61 27.32 

4039 2019.5 Floyd (Neal) x 2.42 443 0.89 5.01 0.60 0.15 207.02 24.79 

4039 2019.5 Floyd (Neal) x 2.92 439 1.62 8.34 0.57 0.16 285.62 19.52 

4055 2027.5 Floyd (Neal) x 1.95 444 0.66 2.24 0.29 0.23 114.87 14.87 

4055 2027.5 Floyd (Neal) x 1.96 442 1.37 4.82 0.35 0.22 245.92 17.86 

4055 2027.5 Floyd (Neal) x 3.83 444 1.92 5.67 0.43 0.25 148.04 11.23 

4064 5885 Floyd (Neal) x 2.36 447 1.13 2.67 0.69 0.30 113.14 29.24 

4064 5915 Floyd (Neal) x 3.10 447 1.43 3.70 0.72 0.28 119.35 23.23 

4064 5945 Floyd (Neal) x 3.92 450 1.66 3.96 0.45 0.30 101.02 11.48 

4064 5975 Floyd (Neal) x 2.29 451 0.73 1.77 0.47 0.29 77.29 20.52 

4076 3065 Floyd (Neal) x 4.86 440 1.81 15.41 0.65 0.11 317.08 13.37 

4076 3125 Floyd (Neal) x 3.20 441 1.34 9.64 0.51 0.12 301.25 15.94 

4076 3165 Floyd (Neal) x 3.91 438 1.31 11.96 0.57 0.10 305.88 14.58 

4102 2051 Floyd (Neal) x 2.11 442 0.72 2.99 0.41 0.19 141.71 19.43 

4102 2051 Floyd (Neal) x 2.54 442 0.71 3.35 0.48 0.17 131.89 18.90 

4102 2051 Floyd (Neal) x 2.80 442 1.43 6.61 0.51 0.18 236.07 18.21 

4102 2051 Floyd (Neal) x 1.69 445 0.21 1.20 0.45 0.15 71.01 26.63 

4140 2070 Floyd (Neal) x 1.31 448 0.15 0.84 0.10 0.15 64.12 7.63 

4140 2070 Floyd (Neal) x 2.54 445 1.33 3.90 0.40 0.25 153.54 15.75 

4140 2070 Floyd (Neal) x 4.43 443 2.68 6.66 0.49 0.29 150.34 11.06 

4155 2077.5 Floyd (Neal) x 1.86 442 0.66 2.90 0.40 0.19 155.91 21.51 

4155 2077.5 Floyd (Neal) x 2.78 442 1.34 5.69 0.54 0.19 204.68 19.42 

4155 2077.5 Floyd (Neal) x 2.00 445 0.66 3.31 0.48 0.17 165.50 24.00 

4171 2085.5 Floyd (Neal) x 1.47 446 0.44 1.54 0.34 0.22 104.76 23.13 
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4171 2085.5 Floyd (Neal) x 3.00 446 1.35 3.81 1.42 0.26 127.00 47.33 

4171 2085.5 Floyd (Neal) x 3.97 446 1.86 5.51 0.49 0.25 138.79 12.34 

4192 2096 Floyd (Neal) x 1.73 442 0.45 1.64 0.33 0.22 94.80 19.08 

4192 2096 Floyd (Neal) x 4.02 441 1.56 6.06 0.49 0.20 150.75 12.19 

4192 2096 Floyd (Neal) x 4.09 449 0.09 0.51 1.06 0.15 12.47 25.92 

4340 2170 Floyd (Neal) x 2.45 441 0.45 2.28 0.46 0.16 93.06 18.78 

4340 2170 Floyd (Neal) x 4.35 442 1.45 6.74 0.53 0.18 154.94 12.18 

4340 2170 Floyd (Neal) x 4.10 444 1.50 6.00 0.43 0.20 146.34 10.49 

4370 2185 Floyd (Neal) x 1.71 438 0.31 1.73 0.29 0.15 101.17 16.96 

4370 2185 Floyd (Neal) x 2.75 442 0.60 3.50 0.49 0.15 127.27 17.82 

4370 2185 Floyd (Neal) x 3.01 440 0.49 3.27 0.54 0.13 108.64 17.94 

4370 2185 Floyd (Neal) x 3.51 442 0.92 5.47 0.62 0.14 155.84 17.66 

4402 2201 Floyd (Neal) x 1.79 442 0.64 2.51 0.33 0.20 140.22 18.44 

4402 2201 Floyd (Neal) x 2.78 445 1.41 4.72 0.45 0.23 169.78 16.19 

4402 2201 Floyd (Neal) x 3.44 445 1.67 5.86 0.53 0.22 170.35 15.41 

4435 2217.5 Floyd (Neal) x 1.44 447 0.34 1.32 0.39 0.20 91.67 27.08 

4435 2217.5 Floyd (Neal) x 1.64 449 0.45 1.63 0.31 0.22 99.39 18.90 

4435 2217.5 Floyd (Neal) x 1.61 447 0.43 1.53 0.22 0.22 95.03 13.66 

4492 2725 Floyd (Neal) x 2.28 443 0.25 2.62 0.34 0.09 114.91 14.91 

4507 2253.5 Floyd (Neal) x 2.05 447 0.79 2.45 0.57 0.24 119.51 27.80 

4507 2253.5 Floyd (Neal) x 2.40 448 1.00 3.14 0.50 0.24 130.83 20.83 

4507 2253.5 Floyd (Neal) x 2.28 447 1.01 3.21 0.54 0.24 140.79 23.68 

4516 2258 Floyd (Neal) x 1.39 441 0.11 1.07 0.39 0.09 76.98 28.06 

4516 2258 Floyd (Neal) x 1.33 442 0.09 0.51 0.32 0.15 38.35 24.06 

4516 2258 Floyd (Neal) x 2.37 441 0.48 3.72 0.34 0.11 156.96 14.35 

4526 6385 Chattanooga x 1.22 449 0.12 0.57 0.28 0.17 46.72 22.95 
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4526 6145 Floyd (Neal) x 1.95 457 0.18 0.92 0.60 0.16 47.18 30.77 

4526 6155 Floyd (Neal) x 2.22 447 0.22 1.02 0.45 0.18 45.95 20.27 

4526 6170 Floyd (Neal) x 2.57 451 0.45 1.84 0.47 0.20 71.60 18.29 

4526 6185 Floyd (Neal) x 3.20 453 0.55 2.46 0.40 0.18 76.88 12.50 

4526 6195 Floyd (Neal) x 2.20 450 0.26 1.13 0.37 0.19 51.36 16.82 

4526 6205 Floyd (Neal) x 3.01 453 0.59 2.37 0.34 0.20 78.74 11.30 

4526 6215 Floyd (Neal) x 3.67 454 0.62 2.99 0.44 0.17 81.47 11.99 

4533 2266.5 Floyd (Neal) x 2.89 442 1.01 4.29 0.46 0.19 148.44 15.92 

4533 2266.5 Floyd (Neal) x 3.71 441 1.33 5.45 0.53 0.20 146.90 14.29 

4533 2266.5 Floyd (Neal) x 3.38 442 0.84 3.53 0.60 0.19 104.44 17.75 

4555 2277.5 Floyd (Neal) x 2.96 445 1.23 5.47 0.55 0.18 184.80 18.58 

4555 2277.5 Floyd (Neal) x 4.87 441 1.18 6.47 0.73 0.15 132.85 14.99 

4555 2277.5 Floyd (Neal) x 5.46 446 1.83 9.01 0.71 0.17 165.02 13.00 

4608 2304 Floyd (Neal) x 2.33 439 0.86 3.56 0.45 0.19 152.79 19.31 

4608 2304 Floyd (Neal) x 2.79 438 1.59 7.33 0.41 0.18 262.72 14.70 

4608 2304 Floyd (Neal) x 4.84 441 2.02 8.13 0.41 0.20 167.98 8.47 

4629 2314.5 Floyd (Neal) x 2.96 442 1.62 5.03 0.55 0.24 169.93 18.58 

4629 2314.5 Floyd (Neal) x 2.40 442 1.12 3.21 0.48 0.26 133.75 20.00 

4629 2314.5 Floyd (Neal) x 2.25 446 1.05 3.31 0.51 0.24 147.11 22.67 

4691 2345.5 Floyd (Neal) x 3.20 454 1.54 2.52 0.46 0.38 78.75 14.38 

4691 2345.5 Floyd (Neal) x 3.58 455 1.72 2.82 0.45 0.38 78.77 12.57 

4691 2345.5 Floyd (Neal) x 4.75 457 2.16 4.33 0.50 0.33 91.16 10.53 

4691 5807.5 Floyd (Neal) x 3.71 454 1.72 2.89 0.45 0.37 77.90 12.13 

4691 5812.5 Floyd (Neal) x 2.37 445 1.37 2.47 0.54 0.36 104.22 22.78 

4691 5825 Floyd (Neal) x 2.70 450 1.20 2.33 0.48 0.34 86.30 17.78 

4691 5835 Floyd (Neal) x 2.46 459 0.74 1.45 0.47 0.34 58.94 19.11 
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4691 5845 Floyd (Neal) x 1.77 454 0.50 1.04 0.35 0.32 58.76 19.77 

4691 5855 Floyd (Neal) x 2.99 457 1.16 1.95 0.46 0.37 65.22 15.38 

4691 5865 Floyd (Neal) x 3.10 455 1.38 2.54 0.51 0.35 81.94 16.45 

4691 5875 Floyd (Neal) x 3.54 456 1.47 2.83 0.53 0.34 79.94 14.97 

4691 5885 Floyd (Neal) x 2.83 457 1.24 1.84 0.49 0.40 65.02 17.31 

4691 5895 Floyd (Neal) x 3.21 457 1.40 2.44 0.38 0.36 76.01 11.84 

4691 5905 Floyd (Neal) x 3.19 462 1.23 2.03 0.60 0.38 63.64 18.81 

4691 5915 Floyd (Neal) x 3.42 456 1.38 2.36 0.49 0.37 69.01 14.33 

4691 5925 Floyd (Neal) x 4.47 458 1.44 2.21 0.47 0.39 49.44 10.51 

4767 2383.5 Floyd (Neal) x 2.58 443 1.24 3.78 0.42 0.25 146.51 16.28 

4767 2383.5 Floyd (Neal) x 2.47 445 1.21 3.99 0.52 0.23 161.54 21.05 

4767 2383.5 Floyd (Neal) x 1.71 450 0.56 1.82 0.32 0.24 106.43 18.71 

4783 2391.5 Floyd (Neal) x 2.79 447 1.41 3.61 0.62 0.28 129.39 22.22 

4783 2391.5 Floyd (Neal) x 3.01 446 1.77 4.37 0.60 0.29 145.18 19.93 

4783 2391.5 Floyd (Neal) x 4.55 447 2.95 8.04 0.74 0.27 176.70 16.26 

4789 2394.5 Floyd (Neal) x 2.23 443 0.26 0.95 0.56 0.21 42.60 25.11 

4789 2394.5 Floyd (Neal) x 1.72 447 0.30 1.48 0.52 0.17 86.05 30.23 

4789 2394.5 Floyd (Neal) x 2.78 440 0.74 2.80 0.71 0.21 100.72 25.54 

4812 2406 Floyd (Neal) x 2.89 443 1.47 4.79 0.42 0.23 165.74 14.53 

4812 2406 Floyd (Neal) x 3.20 442 1.79 6.01 0.36 0.23 187.81 11.25 

4812 2406 Floyd (Neal) x 5.77 442 3.49 12.16 0.38 0.22 210.75 6.59 

4879 2439.5 Floyd (Neal) x 3.76 446 2.53 5.54 0.65 0.31 147.34 17.29 

4879 2439.5 Floyd (Neal) x 3.17 448 2.18 4.37 0.64 0.33 137.85 20.19 

4879 2439.5 Floyd (Neal) x 4.06 447 1.70 5.07 0.57 0.25 124.88 14.04 

5051 2525.5 Floyd (Neal) x 3.00 441 1.78 6.02 0.51 0.23 200.67 17.00 

5051 2525.5 Floyd (Neal) x 3.11 443 1.60 5.72 0.46 0.22 183.92 14.79 
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5051 2525.5 Floyd (Neal) x 4.11 445 1.96 9.15 0.48 0.18 222.63 11.68 

5051 2525.5 Floyd (Neal) x 1.81 449 0.67 2.38 0.39 0.22 131.49 21.55 

5080 2540 Floyd (Neal) x 2.10 445 0.66 2.57 0.37 0.20 122.38 17.62 

5080 2540 Floyd (Neal) x 2.37 446 0.92 3.66 0.46 0.20 154.43 19.41 

5080 2540 Floyd (Neal) x 3.46 445 1.14 5.82 0.48 0.16 168.21 13.87 

5173 2586.5 Floyd (Neal) x 1.13 442 0.26 1.71 0.20 0.13 151.33 17.70 

5173 2586.5 Floyd (Neal) x 1.63 442 0.56 3.22 0.35 0.15 197.55 21.47 

5173 2586.5 Floyd (Neal) x 2.35 444 0.85 4.06 0.26 0.17 172.77 11.06 

5347 2673.5 Floyd (Neal) x 1.85 443 0.60 2.24 0.35 0.21 121.08 18.92 

5347 2673.5 Floyd (Neal) x 2.35 441 1.22 4.62 0.53 0.21 196.60 22.55 

5347 2673.5 Floyd (Neal) x 5.73 441 5.92 14.87 0.73 0.28 259.51 12.74 

5347 2673.5 Floyd (Neal) x 2.81 442 2.20 6.52 0.54 0.25 232.03 19.22 

5373 2686.5 Floyd (Neal) x 1.31 439 0.23 1.29 0.22 0.15 98.47 16.79 

5373 2686.5 Floyd (Neal) x 2.67 443 0.94 5.23 0.43 0.15 195.88 16.10 

5373 2686.5 Floyd (Neal) x 2.80 444 0.77 5.06 0.40 0.13 180.71 14.29 

5428 2714 Floyd (Neal) x 2.18 448 0.69 2.75 0.48 0.20 126.15 22.02 

5428 2714 Floyd (Neal) x 3.55 445 0.87 3.83 0.69 0.19 107.89 19.44 

5428 2714 Floyd (Neal) x 4.73 451 0.77 4.37 0.73 0.15 92.39 15.43 

5576 2788 Floyd (Neal) x 1.81 439 0.37 3.54 0.31 0.09 195.58 17.13 

5631 2815.5 Floyd (Neal) x 1.15 442 0.57 1.67 0.71 0.25 145.22 61.74 

5631 2815.5 Floyd (Neal) x 1.44 453 0.60 1.53 0.35 0.28 106.25 24.31 

5631 2815.5 Floyd (Neal) x 2.33 453 0.98 2.58 0.33 0.28 110.73 14.16 

5760 2880 Floyd (Neal) x 3.07 444 1.20 4.70 0.45 0.20 153.09 14.66 

5760 2880 Floyd (Neal) x 3.11 442 1.10 5.25 0.46 0.17 168.81 14.79 

5760 2880 Floyd (Neal) x 1.14 443 0.18 0.83 0.22 0.18 72.81 19.30 

9903 4951.5 Floyd (Neal) x 1.67 440 0.16 0.98 0.23 0.14 58.68 13.77 
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9903 4951.5 Floyd (Neal) x 1.90 444 0.83 2.91 0.47 0.22 153.16 24.74 

9903 4951.5 Floyd (Neal) x 2.01 444 0.84 3.07 0.46 0.21 152.74 22.89 

9903 4951.5 Floyd (Neal) x 3.48 442 1.90 6.66 0.61 0.22 191.38 17.53 

9903 4951.5 Floyd (Neal) x 3.72 444 3.30 10.55 0.70 0.24 283.60 18.82 

14673 8312 Chattanooga ? x 0.36 391 0.06 0.14 0.10 0.30 38.89 27.78 

14673 8315 Chattanooga ? x 5.37 513 0.13 1.17 0.14 0.10 21.79 2.61 

14673 8329 Chattanooga ? x 4.20 509 0.05 0.89 0.08 0.05 21.19 1.90 

14673 8340 Chattanooga ? x 2.85 512 0.05 0.56 0.13 0.08 19.65 4.56 

14673 8444 Chattanooga ? x 4.24 523 0.14 0.87 0.13 0.14 20.52 3.07 

14673 8458 Chattanooga ? x 0.27 379 0.06 0.09 0.18 0.40 33.33 66.67 

14673 7336.5 Chattanooga ? x 2.23 483 0.12 0.21 0.31 0.36 9.42 13.90 

14673 7336.5 Chattanooga ? x 2.69 401 0.05 0.10 0.50 0.33 3.72 18.59 

14673 7336.5 Chattanooga ? x 1.32 432 0.08 0.41 0.26 0.16 31.06 19.70 

14673 7336.5 Chattanooga ? x 1.24 495 0.07 0.26 0.18 0.21 20.97 14.52 

14673 7336.5 Chattanooga ? x 0.64 439 0.08 0.17 0.18 0.32 26.56 28.13 

14673 7336.5 Chattanooga ? x 1.05 392 0.08 0.09 0.18 0.47 8.57 17.14 

14673 7336.5 Chattanooga ? x 0.95 434 0.12 0.13 0.16 0.48 13.68 16.84 

15668 9013.45 Neal x 2.25 482 0.21 0.70 0.99 0.23 31.11 44.00 

15668 9016.75 Neal x 3.96 475 0.13 0.82 0.40 0.14 20.71 10.10 

15668 9020.85 Neal x 2.84 468 0.15 0.69 0.16 0.18 24.30 5.63 

15668 9023.05 Neal x 3.78 477 0.25 1.24 0.26 0.17 32.80 6.88 

15668 9024.45 Neal x 3.80 469 0.26 1.08 0.15 0.19 28.42 3.95 
 

Table B2 ï Pashin et al. (2011) samples (Bulk geochemical parameters of the samples analyzed in this study) 
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1780 6450 Floyd x 2.22 450 0.31 1.35 1.00 0.19 60.81 45.05 

1780 6600 Chattanooga x 0.50 454 0.07 0.31 0.74 0.18 62.00 148.00 

1836 2563 Floyd x 0.65 451 0.01 0.38 0.66 0.03 58.46 101.54 

1836 2583.5 Floyd x 0.55 493 0.01 0.46 0.28 0.02 83.64 50.91 

1836 2601 Floyd x 0.67 497 0.01 0.46 0.23 0.02 68.66 34.33 

1836 2628.8 Floyd x 1.13 452 0.02 0.29 1.17 0.06 25.66 103.54 

1836 2650 Floyd x 0.76 449 0.03 0.57 0.35 0.05 75.00 46.05 

1836 2740 Floyd x 1.15 446 0.11 1.70 0.18 0.06 147.83 15.65 

1836 2985.5 Chattanooga x 12.68 443 2.58 37.30 0.89 0.06 294.16 7.02 

1836 2986.8 Chattanooga x 12.07 443 1.78 40.54 1.50 0.04 335.87 12.43 

1836 2995 Chattanooga x 6.82 444 1.21 17.83 1.08 0.06 261.44 15.84 

1836 3002 Chattanooga x 5.80 448 1.21 20.30 0.70 0.06 350.00 12.07 

2171 4140 Floyd x 1.84 446 0.36 2.16 2.29 0.14 117.39 124.46 

2191 2740 Floyd x 1.60 437 0.53 3.84 1.92 0.12 240.00 120.00 

2191 2770 Floyd x 2.45 439 0.60 8.41 1.66 0.07 343.27 67.76 

2191 2820 Floyd x 1.74 438 0.29 5.78 1.36 0.05 332.18 78.16 

2191 2855 Floyd x 2.36 443 0.68 4.89 0.90 0.12 207.20 38.14 

2191 3180 Chattanooga x 3.05 433 0.54 7.41 1.37 0.07 242.95 44.92 

2745 4690 Floyd x 3.15 445 0.50 2.97 2.65 0.14 94.29 84.13 

2745 4740 Floyd x 4.39 446 1.20 6.14 3.43 0.16 139.86 78.13 

2745 4760 Floyd x 3.15 443 0.65 4.43 2.24 0.13 140.63 71.11 

2745 4930 Chattanooga x 2.37 449 0.18 4.20 1.47 0.04 177.22 62.03 

3083 810 Floyd x 0.62 451 0.05 0.84 1.48 0.06 135.48 238.71 

3083 890 Floyd x 0.32 469 0.01 0.25 1.15 0.04 78.13 359.38 

3083 1510 Chattanooga x 3.39 439 0.50 8.88 1.80 0.05 261.95 53.10 
 

Table B3 ï Hatch and Pawlewicz (2007) samples (Bulk geochemical parameters of the samples analyzed in this study) 
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Sample Name 

AL 
OGB 

Permit 
No. 

Median 
Depth 

(ft) 

Formation 
Name 

Carbonate 
(wt %) 

TOC 
(wt 
%) 

Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 
(mg 

CO2/g) 
PI HI OI 

LWD-535-003 535 2830 Floyd 27.70 1.55 439 0.60 2.72 0.18 0.18 175.00 12.00 

LWD-1764-001 1764 5680 Floyd 17.36 1.81 457 0.70 1.36 0.15 0.34 75.00 8.00 

LWD-1792-001 1792 5112.5 Floyd 5.29 1.59 449 0.53 1.64 0.14 0.24 103.00 9.00 

LWD-1938-001 1938 4190 Floyd 12.88 0.71 463 0.10 0.56 0.24 0.15 78.87 33.80 

LWD-2128-001 2128 5070 Floyd 16.75 0.89 453 0.10 0.43 0.24 0.19 48.00 27.00 

LWD-2167-001 2167 4740 Floyd 16.70 2.37 452 1.22 2.70 0.27 0.31 114.00 11.00 

LWD-2171-001 2171 4176.5 Floyd 16.57 1.47 449 0.57 1.55 0.25 0.27 105.00 17.00 

LWD-2191-002 2191 2907.5 Floyd 15.52 2.33 440 0.89 5.92 0.18 0.13 254.00 8.00 

LWD-2217-001 2217 4520 Floyd 12.97 2.27 444 1.32 4.13 0.18 0.24 182.00 8.00 

LWD-2307-001 2307 6755 Chattanooga 21.44 3.69 438 0.88 1.81 0.22 0.33 49.00 6.00 

LWD-2307-002 2307 6530 Floyd 11.77 3.08 458 1.38 2.66 0.15 0.34 86.00 5.00 

LWD-2337-001 2337 2862.5 Floyd 20.12 1.42 440 0.38 2.22 0.12 0.15 156.00 8.00 

LWD-2574-001 2574 3945 Floyd 30.55 0.62 458 0.09 0.35 0.18 0.20 56.00 29.00 

LWD-2617-001 2617 7830 Chattanooga 23.15 2.92 545 0.26 0.39 0.33 0.40 13.00 11.00 

LWD-2617-002 2617 7485 Floyd 22.54 1.12 505 0.09 0.35 0.18 0.20 31.00 16.00 

LWD-3606-001 3606 4670 Floyd 12.27 3.16 443 1.29 4.58 0.30 0.22 145.00 9.00 

LWD-3644-001 3644 4800 Floyd 10.92 3.16 444 1.53 4.98 0.28 0.24 158.00 9.00 

LWD-15668-
001 

15668 9149.8 Chattanooga 4.75 6.25 468 0.34 1.77 0.04 0.16 28.32 0.64 

LWD-15668-
003 

15668 9018.1 Floyd/Neal 7.93 2.26 484 0.14 0.70 0.04 0.17 30.97 1.77 

 

Table B4 ï New Data samples (Bulk geochemical parameters of the samples analyzed in this study) 
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Sample 
Name 

AL 
OGB 

Permit 
No. 

Height 
(m) 

Formation 
Name 

Carbonate 
(wt %) 

TOC (wt %) 
Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 (mg 
CO2/g) 

PI HI OI 

CH-1-1 x 0.00 Chattanooga x 11.40 x x x x x x x 

CH-1-2 x 0.25 Chattanooga x 9.10 x x x x x x x 

CH-1-3 x 0.50 Chattanooga x 10.20 x x x x x x x 

CH-1-4 x 0.75 Chattanooga x 8.50 x x x x x x x 

CH-1-5 x 1.00 Chattanooga x 9.30 x 0.20 3.40 0.55 x 37.00 6.00 

CH-1-6 x 1.25 Chattanooga x 10.90 x 0.10 1.10 0.25 x 10.00 2.00 

CH-1-7 x 1.50 Chattanooga x 8.80 x 0.60 4.80 0.46 x 54.00 5.00 

CH-1-8 x 1.75 Chattanooga x 12.00 x 0.20 2.00 0.25 x 17.00 2.00 

CH-1-9 x 2.00 Chattanooga x 7.80 x x x x x x x 

CH-1-10 x 2.25 Chattanooga x 9.70 x x x x x x x 

CH-1-11 x 2.50 Chattanooga x 7.70 x x x x x x x 

CH-1-12 x 2.75 Chattanooga x 2.80 x x x x x x x 

CH-1-13 x 3.00 Chattanooga x 8.40 x 0.30 3.30 0.60 x 39.00 7.00 

CH-1-14 x 3.25 Chattanooga x 8.20 x x x x x x x 

CH-1-15 x 3.50 Chattanooga x 9.10 x x x x x x x 

CH-1-16 x 3.75 Chattanooga x 3.40 x 0.30 1.20 0.18 x 34.00 5.00 

CH-1-17 x 4.00 Chattanooga x 4.90 x 0.30 1.30 0.10 x 27.00 2.00 

CH-1-18 x 4.25 Chattanooga x 2.60 x x x x x x x 

CH-1-19 x 4.50 Chattanooga x 8.30 x 0.20 2.80 0.27 x 34.00 3.00 

CH-1-20 x 5.50 Chattanooga x 6.50 x 0.50 4.00 0.62 x 62.00 10.00 

CH-1-21 x 6.50 Chattanooga x 6.00 x 0.30 3.80 0.57 x 62.00 9.00 

CH-1-22 x 7.50 Chattanooga x 6.20 x 0.50 4.50 0.22 x 72.00 4.00 

CH-1-23 x 8.50 Chattanooga x 6.30 x 0.40 4.40 0.33 x 70.00 5.00 

CH-1-24 x 9.50 Chattanooga x 7.10 x 0.20 3.80 0.29 x 54.00 4.00 

CH-1-25 x 10.50 Chattanooga x 5.20 x 0.20 1.70 0.19 x 33.00 4.00 

CH-2-1 x 0.24 Chattanooga x 7.20 x 0.10 1.50 0.04 x 21.00 1.00 
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Sample 
Name 

AL 
OGB 

Permit 
No. 

Height 
(m) 

Formation 
Name 

Carbonate 
(wt %) 

TOC (wt %) 
Tmax 

(°C) 

S1 
(mg 

HC/g) 

S2 
(mg 

HC/g) 

S3 (mg 
CO2/g) 

PI HI OI 

CH-2-3-1 x 1.40 Chattanooga x 6.50 x 0.30 6.70 0.38 x 103.00 6.00 

CH-2-4 x 2.50 Chattanooga x 4.60 x 0.10 2.20 0.17 x 49.00 4.00 

CH-2-5 x 2.80 Chattanooga x 9.10 x 0.80 16.60 0.19 x 124.00 3.00 

CH-2-7 x 4.00 Chattanooga x 12.10 x x x x x x x 

CH-2-9 x 4.60 Chattanooga x 7.50 x 0.70 9.30 0.23 x 124.00 3.00 

CH-2-10 x 5.00 Chattanooga x 9.60 x 0.70 9.50 0.28 x 99.00 3.00 

CH-2-11-
1 x 5.20 Chattanooga x 2.10 x x x x x x x 

CH-2-11-
5 x 6.00 Chattanooga x 12.00 x 0.40 8.50 0.35 x 71.00 3.00 

CH-2-11-
8 x 6.60 Chattanooga x 9.10 x x x x x x x 

CH-2-11-
10 x 7.00 Chattanooga x 8.90 x 0.60 11.00 0.45 x 124.00 5.00 

CH-2-11-
12 x 7.40 Chattanooga x 9.90 x x x x x x x 

CH-2-11-
15 x 8.00 Chattanooga x 8.80 x 0.70 16.60 0.37 x 139.00 3.00 

CH-2-11-
18 x 8.60 Chattanooga x 7.60 x 0.50 3.60 0.40 x 48.00 5.00 

CH-2-11-
22 x 9.40 Chattanooga x 4.60 x x x x x x x 

 

Table B5 ï Lu (2015) Chattanooga Shale outcrop samples (only TOC values used from this study) 
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Appendix C ï MATURATION  FIGURES
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Figure C1 - Burial history plot for AL PN 2191. AL PN 2191 is located in the northern portion of 

the Black Warrior basin (Carroll et al., 1995). 

 
Figure C2 - Burial history plot for AL PN 1780. AL PN 1780 is located in the southern portion 

of the Black Warrior basin (Carroll et al., 1995). 
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Figure C3 - Burial history plot for AL PN 2191. AL PN 2191 is located in the northern portion of 

the Black Warrior basin (Legg, 2014). 

 

 
Figure C4 - Burial history plot for AL PN 1780. AL PN 1780 is located in the southern portion 

of the Black Warrior basin (Legg, 2014). 
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Figure C5 - Burial history plot for AL PN 15668. AL PN 15668 is located in the southern portion 

of the Black Warrior basin (Legg, 2014). 
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Appendix D ï BIOMARKER/GCMS RESULTS  
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Figure D1 ï Biomarker Quantitation report for sample NBCU 34-6 #3. 
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Figure D1 Continued 
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Figure D2 ï Biomarker Quantitation report for sample NBCU 10-8 #1. 
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Figure D2 Continued 
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Figure D3 ï Biomarker Quantitation report for sample Hickman 35-15 #1. 
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Figure D3 Continued 



 

110 

 

 

 

 

 
Figure D4 ï Biomarker Quantitation report for sample Weyerhauser 28-8 #1. 
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Figure D4 Continued 
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Figure D5 ï Biomarker Quantitation report for sample LWD-Hartselle-001. 
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Figure D5 Continued 
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Figure D6 ï Biomarker Quantitation report for sample LWD-535-002. 
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Figure D6 Continued 
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Figure D7 ï Biomarker Quantitation report for sample LWD2128-002. 
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Figure D7 Continued 
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Figure D8 ï Biomarker Quantitation report for sample LWD-15668-004. 
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Figure D8 Continued 
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Figure D9 ï Biomarker Quantitation report for sample LWD-15668-002. 
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Figure D9 Continued 
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Figure D10 ï Biomarker Quantitation report for sample LWD-2337-002. 
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Figure D10 Continued 
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Appendix  E ɀ GCMS GRAPHS AND GEOCHEMICAL SUMMARY SHEETS
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Figure E1 ï Raw GCMS graph of sample NBCU 34-6 #3 

 

 

 
Figure E2 ï Raw GCMS graph of sample NBCU 10-8 #1 
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Figure E3 ï Raw GCMS graph of sample Hickman 35-15 #1 

 

 

 

 
Figure E4 ï Raw GCMS graph of sample Weyerhauser 28-8 #1 
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Figure E5 ï Raw GCMS graph of sample LWD-Hartselle-001 

 

 

 
Figure E6 ï Raw GCMS graph of sample LWD-535-002 
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Figure E7 ï Raw GCMS graph of sample LWD-2128-002 

 

 

 
Figure E8 ï Raw GCMS graph of sample LWD-15668-004 
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Figure E9 ï Raw GCMS graph of sample LWD-15668-002 

 

 

 

 

 

 
Figure E10 ï Raw GCMS graph of sample LWD-2337-002 
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Figure E11 ï Geochemical Summary Sheet of sample NBCU 34-6 #3. 
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Figure E11 Continued 
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Figure E12 ï Geochemical Summary Sheet of sample NBCU 10-8 #1. 
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Figure E12 Continued 
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Figure E13 ï Geochemical Summary Sheet of sample Hickman 35-15 #1. 
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Figure E13 Continued 
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Figure E14 ï Geochemical Summary Sheet of sample Weyerhauser 28-8 #1. 
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Figure E14 Continued 
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Figure E15 ï Geochemical Summary Sheet of sample LWD-Hartselle-001. 
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Figure E15 Continued 


