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A B S T R A C T

Many unconventional clay-rich oil and gas reservoirs are characterized by fine-scale heterogeneity that is
challenging to characterize and predict at larger scales. This is particularly problematic in emerging shale plays
with limited shared knowledge such as the Tuscaloosa Marine Shale (TMS). The TMS is located within the
Central U.S. Gulf Coast region and contains an estimated 7 billion barrels of potentially recoverable oil. In this
study we synthesized and interpreted newly available mineralogical and organic geochemical data from 11 wells
located in the currently producing area of the TMS. The data are extremely heterogeneous within individual
wells, but generally suggest that the basal region of the TMS within the producing region is characterized by
higher concentrations of calcite and TOC relative to other areas of the TMS. Data from an ∼18m section near
the base of the TMS (including samples from all 11 wells) averaged 1.65 wt% TOC, 22.8 wt% quartz, 17.2 wt%
calcite, 16.2 wt% kaolinite, 14.1 wt% illite, 11.8 wt% smecite, 5.7 wt% chlorite, 3.9 wt% plagioclase, and 4.4 wt
% pyrite. Kerogen in this region is a mixture of Type II and Type III and Tmax and vitrinite reflectance data
suggest that samples from most wells are within the oil and wet gas generation window. Comparisons to previous
investigations of the TMS show that most studies are in reasonable agreement only at the largest scales of
observation and break down at smaller scales such that the concentrations of minerals and organic matter
reported depend largely on the scale and locations of the investigation and the sampling density. Hence, the best
approach for quantifying, describing, and ultimately predicting the heterogeneous physical and chemical
properties within TMS may be to rely upon statistically-based comparisons of groups of data such that prob-
ability distributions of these groups can be generated that vary with the changing stratigraphy and depositional
environments.

1. Introduction

The amount, character, and thermal maturity of organic matter
(e.g., the ability to produce hydrocarbons) and the distributions and
sizes of mineral phases (e.g., the ability to extract them via hydraulic
fracturing) are key factors in determining the viability of unconven-
tional shale resource plays. These factors underpin the amounts of oil
and gas that can be generated and are related to porosity, permeability,
hydrocarbon adsorptive capacity, and the ability of the rock to fracture.
Therefore, seemingly minor heterogeneities in these physical and che-
mical properties, which are frequently imperceptible in seismic data
and even wellbore geophysical logs (e.g., Miranda and Walters, 1992),
can lead to meaningful differences in hydrocarbon production and pose
unique challenges to well drilling and completion strategies. For these
reasons, it is becoming increasingly important to understand and

predict the mineralogical and organic character of shale plays and how
these properties vary in space (laterally) and time (vertically). Under-
standing the drivers of heterogeneity is most significant for emerging
unconventional plays such as the Tuscaloosa Marine Shale (TMS).

The TMS is part of an unconventional shale reservoir located within
the Central U.S. Gulf Coast region with the primary area of production
in southern Mississippi and southeast Louisiana (Fig. 1). The ∼80
horizontal wells drilled in the TMS have cumulatively produced around
9.4 million barrels of oil and 5.5 billion cubic feet of gas (Enomoto
et al., 2017). John et al. (1997) estimated that over 7 billion barrels of
potentially recoverable oil are stored in the TMS. The TMS is one of
three informally-defined geologic units within the Late Cretaceous
Tuscaloosa Group (e.g., John et al., 1997; Dubiel and Pitman, 2004;
Mancini et al., 2005; Dubiel et al., 2012; Lowery et al., 2017). The TMS
is the middle of the three units, conformably overlying the basal Lower
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Tuscaloosa and situated beneath the Upper Tuscaloosa. The Tuscaloosa
Group represents a full and continuous marine cycle where the middle
shale unit consists of the maximum-transgressive deposits (Mancini and
Puckett, 2005). The lower Tuscaloosa unit, consisting of fluvial and
deltaic sandstones, siltstones, and shales, was deposited during trans-
gression. The TMS, consisting of shale with thinly interbedded silt-
stones, represents the condensed section that contains the maximum
marine flooding surface marking the end of the transgression (John
et al., 1997). The Upper Tuscaloosa represents the regressive phase of
the marine cycle and consists of additional fluvial and deltaic sand-
stones and siltstones. The Tuscaloosa Group ranges from Cenomanian to
Coniacian in age with the most recent evidence suggesting that the TMS
was deposited in the Turonian (Lowery et al., 2017). The upper Cen-
omanian sediments of the Tuscaloosa Group were derived from the
ancestral Tennessee -Alabama River drainage system (Blum et al.,
2017). The upper part of the Tuscaloosa is time equivalent to the upper
part of the Eagle Ford Shale in Texas (e.g., Dubiel et al., 2012).

Despite substantial interest in the TMS as a potentially massive self-
sourced reservoir, publicly available information on the mineralogy and
organic content of the TMS is quite limited. Early studies by Miranda
and Walters (1992) and John et al. (1997) provided some basic in-
formation on the character of the organic matter and mineralogy of the
TMS, suggesting the presence of both Type III and some Type II kerogen
in a clay-dominated shale. More recent studies by Lu et al. (2015),
Besov et al. (2017), and Lowery et al. (2017) have provided important
but limited data on the mineralogy and organic content of the TMS at
single well locations. The U.S. Geological Survey recently completed a
survey of the mineralogy and organic matter within the TMS by col-
lecting samples from many different well locations but with limited
vertical sample density at individual well locations (Enomoto et al.,
2017). The results from all of these studies vary considerably, in-
dicating that the TMS contains concentrations of TOC ranging from
about 0.5 to 4 wt%. Previous work has also shown that much of the
producing area of the TMS is in the oil and wet gas generation window
of thermal maturity (e.g., Berch and Nunn, 2014; Enomoto et al., 2017).

Although there are substantial differences in average mineralogical
compositions of the TMS reported among these studies, it is clear that
the TMS is dominated by shales containing primarily phyllosilicates
with lesser amounts of quartz and carbonate. In this study, we report on
newly-available mineralogical and organic geochemical data from 11
wells in the TMS in an attempt to better understand the heterogeneous
nature of this shale play.

2. Materials and methods

2.1. Study area

The area of the TMS of interest in this study is in and around the
currently “producing area”, which is about 46,000 km2 and includes
Southeastern Mississippi and the adjacent areas of Eastern Louisiana
(Fig. 1). This region lies just north of the location of the Cretaceous
paleo-shelf margin that was present during the deposition of the Tus-
caloosa Group (Dubiel and Pitman, 2004; Dubiel et al., 2012; Allen
et al., 2014). The geographic extent of the TMS is much greater than the
producing area, ranging from the western border of Louisiana to
southern Alabama and the Florida panhandle (John et al., 1997). The
TMS unit thins to the north becoming less than about 15m thick in
central Mississippi and northern Louisiana (John et al., 1997). The
southern extent of the TMS is not well-defined, but dips steeply toward
the Gulf of Mexico with the dip largely perpendicular to the Cretaceous
paleo-shelf margin. In the producing area, the base of the TMS is pre-
sent from around 3350m–4270m below sea level and it varies in
thickness from around 75m–140m (e.g., John et al., 1997; Allen et al.,
2014; Pair, 2017; Enomoto et al., 2017). In and around the producing
region, the base of the TMS is characterized by higher resistivity values
found in well logs (e.g., > 5Ω, John et al., 1997; Allen et al., 2014). In
fact, the base of the High Resistivity Zone (HRZ) has been used as a
marker for the contact between the lower Tuscaloosa and the TMS. The
thickness of the HRZ reaches a maximum of around 100m. Previous
work has suggested that the HRZ is the result of oil-saturated pores and

Fig. 1. Map of the Tuscaloosa Marine Shale study region and well locations.
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fractures in the TMS, although this has not been fully verified (John
et al., 1997; Enomoto et al., 2017). There has also been some debate, as
to whether free hydrocarbons that may be present in the HRZ were
generated in place or migrated to the region through fractures. Previous
work by Koon et al. (1974), Echols et al. (1994), and John et al. (1997)
suggest that there has been some migration of oil generated within the
TMS, including charging of some of the sands in the Lower Tuscaloosa.
Besov et al. (2017) suggests that most of the oil storage in the TMS is
likely associated with microfractures, which could support a role for at
least some limited migration of hydrocarbons.

2.2. Available data

Data from the analysis of samples of core and rotary side wall core
from 11 wells in the TMS were donated for this study by Goodrich
Petroleum Company (data from this study are provided in the online
supplemental material). Samples from all of these wells were analyzed
for their mineralogical compositions via X-ray Diffraction (XRD) and for
their organic character and content via whole rock pyrolysis and total
organic carbon (TOC) analysis. Not every sample was analyzed for all
parameters. Several of the samples additionally included data for vi-
trinite reflectance (VRo) measurements. Analyses were completed by a
variety of laboratories, including Weatherford®, OMNI Laboratories
(now Weatherford), Core Laboratories®, GeoMark®, and TerraTek Inc.
(now Schlumberger). Additional information on the procedures and
sample preparation methods for XRD and pyrolysis were not available,
so it is assumed that the data generated from these commercial la-
boratories are accurate and comparable. The potential for errors attri-
butable to sample type and preparation are discussed further in the
relevant sections below. The locations of the wells span the entire
producing region of the TMS and are included in the site location map
(Fig. 1).

3. Results and discussion

3.1. Mineralogy

The mineralogy of the TMS is dominated by clay and phyllosilicate
minerals, quartz, and calcite. Minor amounts of plagioclase, potassium
feldspar, and pyrite were also consistently recorded, while traces of
siderite and dolomite were present in detectable amounts for only a
limited number of samples. Data for the concentrations of quartz, cal-
cite, and total clay are plotted as a function of their elevations relative
to the base of the TMS for all the wells in Figs. 2–4, respectively. To aid
interpretation, best-fit trend lines and correlation coefficients relating
mineral concentrations to depths for samples located within the TMS
are included in the figures (samples located in the Lower Tuscaloosa
were not considered for the trend line calculations). The base of the
TMS was picked from well log data by the original operating companies
that drilled the wells and log depths have been correlated with coring
depths. Samples were collected at different depths with different fre-
quencies among the wells, including some samples collected in the
Lower Tuscaloosa unit. The transition from the Lower Tuscaloosa to the
TMS is generally marked by an abrupt decrease in quartz content
(Fig. 2), an increase in calcite (Fig. 3), and a modest increase in the total
clay content for a majority of the wells (Fig. 4).

Concentrations of quartz vary considerably among the wells.
Several of the wells exhibit regression lines (R2≥ 0.10) indicating that
the lowest concentrations of quartz occur near the base of the TMS and
generally increase with increasing elevation (e.g., wells 5, 6, 7, 9, and
11; Fig. 2). The locations of these wells are furthest to the south and
west of the study area (Fig. 1). Conversely, wells 1, 2, and 3, clustering
in the north central part of the study area, exhibit regression lines
(R2≥ 0.10) indicating that the highest concentrations of quartz occur
near the base of the TMS. The depositional pattern for calcite appears to
be cyclic in that samples within individual wells vary substantially as a

function of depth, often ranging from very low concentrations to above
50wt% in less than 0.3m (Fig. 3). Many of the wells exhibit regression
lines (R2≥ 0.10) indicating that the greatest concentrations of calcite
occur near the base of the TMS (wells 4, 5, 6, 9, and 11). Only wells 1
and 3 have regression lines (R2≥ 0.10) that are opposite of this pattern
where calcite concentrations increase with increasing elevation above
the base of the TMS. Concentrations of total clays are consistently
greater than 40wt% on average for all the wells, but also vary mea-
surably as a function of depth. As with the concentrations of calcite, the
quantity of clay in many of the wells fits a cyclic pattern of deposition
(Fig. 4). Wells 2, 3, 4, and 6 have regression lines (R2≥ 0.10) indicating
that clay concentrations increase with increasing elevation above the
base of the TMS. These wells cluster in the central part of the study area
(Fig. 1). Well 11, located to the far west of the study region (Fig. 1), is
the only well where the regression line (R2≥ 0.10) suggests that clay
concentrations are greatest at the base of the TMS.

Previous investigators have placed the maximum flooding surface in
the Tuscaloosa depositional sequence within the middle part of the
TMS, well above the basal section (e.g., Liu, 2005; Lowery et al., 2017;
Rouse et al., 2018). This interpretation appears to be consistent with the
data for wells 1, 2, and 3. In these wells quartz concentrations decrease
and total clay and/or calcite concentrations increase with increasing
elevation above the base of the TMS, likely reflecting sediment de-
position during a period of increasing water depth. Other wells, parti-
cularly those south and west of wells 1, 2, and 3, do not necessarily fit
this trend in that greater concentrations of calcite (and concentrations
of clay in well 11) occur near the base of the TMS and decrease with
elevation.

In order to make meaningful comparisons of mineralogical differ-
ences among the wells we further analyzed samples from each well that
were collected over the ∼18m interval ranging from ∼6m to 24m
above the base of the TMS (this zone is highlighted in gray in Figs. 2–4).
We chose this comparison interval for several reasons. First, the lower
bound of the interval allowed for the best correlation of mineralogical
and organic geochemical data from the most wells, as several of the
organic datasets did not include data below about 6m. We also wanted
to avoid any chance of bias from possibly including samples within the
top of the lower Tuscaloosa unit, as the exact well log picks of the base
of the TMS are likely associated with some uncertainty. The upper
bound was chosen to balance the desire to include as many data points
as possible with the need to include comparisons with wells where data
were not available past ∼18m above the TMS. Finally, this interval is
important because it includes the preferred landing zone for lateral
completions in the TMS and lies within the HRZ (e.g., John et al.,
1997).

The relative distributions of total clay minerals, quartz, and calcite
in this basal interval of the TMS for all the wells are presented in a
ternary diagram in Fig. 5. The bulk of the samples from the TMS are
characterized as having 40 to 80wt% total clay, 20 to 40 wt% quartz,
and less than about 40 wt% calcite. Many of the wells contain samples
with overlapping mineralogical distributions; however, some of the
wells also show distinct trends (highlighted in gray). For example, the
samples in well 7 fit a pattern of increasing concentrations of calcite
primarily at the expense of clay, suggesting a transition between paleo-
depositional environments with lower degrees of clastic influx. Well 3
contains samples fitting a pattern of increasing concentrations of quartz
primarily at the expense of clay, suggesting a transition in proximity to
the depositional source(s), which could lead to changes in grain sizes of
clastic influx during the time of deposition. Samples from the remaining
wells tend to fall between these endmember trends (Fig. 5).

The distributions of the mineralogical data for each of the wells
within the chosen 18m basal section were further explored using de-
scriptive statistics, summarized in Table 1. The data for the con-
centrations of quartz for all the wells are normally distributed with a
small positive skew as illustrated in Fig. 6a. The mean quartz con-
centrations for individual wells ranged from 16.1 to 33.2 wt%, while
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Fig. 2. The concentrations of quartz (determined via XRD) plotted as a function of well elevation relative to the base of the TMS for all analyzed samples collected in
wells 1 through 11. The gray region highlights the 18m interval from 6m to 24m above the base of the TMS that was used for further comparisons. Note the
changing scale of the Y axis for the different panels. Also provided is the best-fit linear regression line (in red) and the corresponding correlation coefficient (R2)
relating concentrations to depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. The concentrations of calcite (determined via XRD) plotted as a function of well elevation relative to the base of the TMS for all analyzed samples collected in
wells 1 through 11. The gray region highlights the 18m interval from 6m to 24m above the base of the TMS that was used for further comparisons. Note the
changing scale of the Y axis for the different panels. Also provided is the best-fit linear regression line (in red) and the corresponding correlation coefficient (R2)
relating concentrations to depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. The total concentrations clay minerals (determined via XRD) plotted as a function of well elevation relative to the base of the TMS for all analyzed samples
collected in wells 1 through 11. The gray region highlights the 18m interval from 6m to 24m above the base of the TMS that was used for further comparisons. Note
the changing scale of the Y axis for the different panels. Also provided is the best-fit linear regression line (in red) and the corresponding correlation coefficient (R2)
relating concentrations to depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the overall mean for all the well samples was 22.8 wt% (Table 1). Well
7 had the lowest mean quartz concentration, while wells 3 and 11 had
the highest mean quartz concentrations of 33.2 wt% and 32.1 wt%,
respectively (Table 1). The wells with the lowest mean concentrations
of quartz occur in the south and southeast parts of the study region,

while wells with the highest concentrations of quartz occur to the north
central and west of the study area (Table 1; Fig. 1).

Data for total clay content for all wells are bimodally distributed
with a primary peak at 50 to 55 wt% clay and a smaller secondary peak
at 35 to 40 wt% clay. This bimodal distribution of clay may hint at a
paleodepositional setting governed by pulses or cycles of sedimentation
that are influenced disproportionately by their respective distance from
paleo-depositional centers. The ternary diagram (Fig. 5) suggests that in
many areas the relative concentrations of calcite increase substantially
in the samples where clay content is lower, which also reflects subtle
differences in water depth and clastic sediment input. The mean con-
centrations of total clay for the individual wells ranged from 37.5 wt%
(well 2) to 56.9 wt% (well 1), while the overall mean for all the samples
combined was 47.8 wt% (Table 1). The wells with the most clay (wells 1
and 4) are located in the north central part of the study region (Table 1;
Fig. 1).

The total clay content includes varying amounts of smectite, illite,
kaolinite, and chlorite. For comparison purposes, all swelling clays,
regardless of their percentages of expandable layers, have been com-
bined into the “smectite” category. This approach was necessary as
some labs further divided the smectites based on the estimated per-
centages of expandable layers while other labs did not. Smectite is a 2:1
layer clay where charge imbalances caused by cation substitutions in
the octahedral and tetrahedral lattices lead to high cation exchange and
hydration capacities within the interlayers (Velde, 2012). Hence, these
clays can shrink or swell depending upon water availability and cation

Fig. 5. A ternary diagram illustrating the relative proportions of quartz, total
clays, and calcite in samples from all wells within the 18m interval near the
base of the TMS.

Table 1
Statistical compilation for quartz, calcite, total clay, plagioclase, and pyrite data.

Well Number 1 2 3 4 5 6 7 8 9 10 11 All Data

Number of samples 13 12 5 9 19 28 22 18 9 17 9 161
Quartz
Mean 23.0 27.8 33.2 20.9 19.2 22.2 16.1 25.3 25.0 21.8 32.1 22.8
Median 22.50 26.15 36.00 20.00 19.50 21.30 16.50 25.00 25.00 22.00 31.40 22.00
Std Dev 2.89 9.02 7.46 5.58 4.47 5.52 4.61 3.58 4.77 4.75 2.82 6.61
Skew −0.21 −0.18 −0.60 0.52 −0.31 0.68 −0.41 0.44 0.30 0.70 0.37 0.40
Kurtosis −0.23 −0.14 −1.61 −0.97 0.68 −0.09 −0.46 −0.97 −0.63 1.36 −0.54 0.28
1st quartile 21.90 23.48 28.00 16.00 16.95 18.38 13.25 22.00 22.00 19.00 30.40 18.40
3rd quartile 25.35 37.23 39.50 26.00 22.10 25.50 20.25 28.00 29.00 24.00 34.65 26.50
Calcite
Mean 10.6 24.1 7.2 17.8 15.3 17.0 24.0 12.0 20.8 19.2 14.1 17.2
Median 9.70 21.00 5.00 12.00 7.50 14.85 16.00 7.00 20.00 17.00 12.50 12.30
Std Dev 6.96 15.95 4.09 17.38 16.80 11.38 22.36 10.29 11.08 15.27 6.37 14.84
Skew 0.40 1.63 1.59 1.01 1.73 0.61 1.03 0.97 0.35 1.00 1.07 1.49
Kurtosis −0.68 3.18 2.27 −0.24 2.01 −0.40 0.14 −0.55 −1.67 0.23 0.97 2.26
1st quartile 6.10 12.18 5.00 3.00 4.60 7.23 5.50 5.00 12.00 6.00 8.80 6.10
3rd quartile 16.65 30.23 11.00 33.00 18.80 25.05 38.75 20.50 32.50 29.00 18.40 24.95
Total Clay
Mean 56.9 37.5 38.6 52.2 48.5 45.4 48.0 50.0 46.6 48.5 46.6 47.6
Median 56.20 37.30 40.00 58.00 53.30 46.85 53.25 52.50 46.00 53.00 47.50 50.30
Std Dev 6.96 11.31 16.38 14.02 13.77 7.95 16.42 10.20 6.60 12.29 4.95 12.13
Skew −0.19 −0.26 −0.30 −0.51 −1.08 −0.26 −1.15 −0.56 −0.15 −0.58 −0.33 −0.73
Kurtosis −0.42 −1.00 −1.60 −1.11 −0.08 −0.69 0.87 −1.31 −1.10 −0.70 −1.33 0.29
1st quartile 53.00 31.35 28.00 43.00 38.18 39.60 41.63 39.50 42.00 41.00 43.90 39.70
3rd quartile 62.45 46.23 54.00 63.00 58.78 51.35 60.63 59.25 53.50 59.00 51.15 56.15
Plagioclase
Mean 4.6 4.3 12.2 4.4 5.4 4.1 2.2 3.5 2.2 2.8 2.2 3.9
Median 3.90 4.55 10.00 4.00 4.60 3.90 2.00 4.00 2.00 3.00 2.20 3.00
Std Dev 1.39 1.36 6.06 2.12 3.06 2.07 0.81 0.94 0.44 0.81 0.47 2.61
Skew 0.95 0.06 0.17 1.36 0.03 0.16 0.71 −0.35 1.62 −0.45 0.45 2.62
Kurtosis −0.22 0.25 −2.35 1.49 −1.44 −1.39 0.59 −0.61 0.73 0.31 −0.33 10.95
1st quartile 3.60 3.40 9.00 3.00 2.95 2.28 2.00 3.00 2.00 2.00 1.90 2.00
3rd quartile 6.00 5.10 18.50 5.50 8.50 6.05 3.00 4.00 2.50 3.00 2.50 4.70
Pyrite
Mean 3.7 4.1 5.4 5.1 4.1 3.8 4.9 5.1 3.1 5.1 3.8 4.4
Median 2.65 3.70 5.00 4.00 3.80 3.90 5.00 5.50 3.00 5.50 2.80 4.00
Std Dev 2.30 1.63 1.82 3.21 1.44 1.45 2.52 2.90 1.17 2.80 2.18 2.24
Skew 0.38 −0.14 −0.57 1.85 1.47 0.68 0.68 0.06 0.95 −0.06 0.91 0.88
Kurtosis −1.62 −1.65 −2.23 3.98 1.94 0.49 0.19 −1.54 −0.23 −0.96 −0.79 0.72
1st quartile 1.80 2.60 4.00 3.00 3.20 2.68 3.00 2.00 2.00 3.00 2.40 2.80
3rd quartile 6.15 5.75 7.00 6.25 4.60 4.68 6.25 8.00 4.00 7.00 6.05 6.00
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concentrations. The amount of smectite in the chosen 18m basal unit
among all wells averaged 11.8 wt%, ranging from a low of 3.9 wt% in
well 11 to a high of 16.2 wt% in well 7 (Table 2). Illite is a 2:1 layer clay
that does not expand due to the structural incorporation of potassium as
part of the interlayer structure (Velde, 2012). The amount of illite
among all wells averaged 14.1 wt% and ranged from a low of 6.5 wt%
in well 7 to a high of 19.1 wt% in well 11 (Table 2). The two wells with
the highest average illite concentrations had the lowest smectite con-
centrations. Chlorite is also a non-swelling 2:1 layer clay, which is
characterized by its high Mg and/or Fe contents (Velde, 2012). The
average concentration of chlorite among all wells was 5.7 wt%. Con-
centrations of chlorite ranged from lows of 2.6 wt% and 2.8 wt% in
wells 9 and 10, respectively, to highs of 9.5% in well 4 and 9.4 wt% in
wells 1 and 3 (Table 2). Kaolinite is a basic 1:1 layer clay with no ex-
pandability (Velde, 2012) and is a primary weathering product of
plagioclase. It had an average concentration of 16.2 wt% among wells,
which was the highest for all clay types. Average concentrations of
kaolinite within individual wells ranged from a low of 10.7 wt% in well
6 to a high of 23.2 wt% in well 7 (Table 2).

The relative distributions of the three most abundant clay minerals
(kaolinite, illite, and smectite) are plotted in ternary diagrams in Fig. 7.
Each panel provides the relative distributions of these clay minerals for
each well for samples within the 18m basal section of the TMS. There
are some distinct differences in clay compositions within samples from
individual wells. On average most of the data cluster near the center of
the diagram in a zone of about 25–50wt% illite, about 20–40wt%
smecite, and about 30–50 wt% kaolinite (Fig. 7). Samples from wells 1,
2, 3, and 9 exhibit relatively homogeneous compositions of clay mi-
nerals within this range (Fig. 7). However, samples from wells 4, 5, 6,
and 11 include groups of samples characterized by less smectite and
more illite than the other wells (Fig. 7). Well 7 contains samples with
less illite and more smectite and kaolinite relative to the other wells
(Fig. 7). Samples from wells 8 and 10 have average compositions si-
milar to those in wells 1, 2, 3, and 9, but exhibit much wider variability
in clay compositions among the individual samples (Fig. 7).

The distribution of calcite within the TMS is truncated such that
most samples are characterized by 0–10wt% calcite and the number of
samples containing larger amounts of calcite decrease with increasing
calcite concentration (Fig. 6c). The mean concentration of calcite for all
samples was 17.2 wt% (Table 1). Average calcite concentrations for
individual wells ranged from a low of 7.2 wt% in Well 3 to a high of
24 wt% in Wells 2 and 7. The wells with the highest average con-
centrations of calcite are in the far eastern and southeastern part of the
study region while wells with the lowest average calcite concentrations
are in the northern and western areas of the study region (Fig. 1), which
are likely in closer proximity to paleodepositional centers. An initial
investigation of the core from well 5 suggests that calcite in this region
of the TMS is present within shell fragments and micro-fossils and as
disseminated matrix and coatings in many fractures. High concentra-
tions of calcite may correlate with the interlaminated beds that contain
the most microfossils. The intermittent nature of these zones within the
core explains the cyclical (high – low) composition patterns for calcite
seen in this region of the TMS (Fig. 3).

Plagioclase and pyrite were found in small amounts in samples from
all wells. The average concentration of plagioclase for all wells was
3.9 wt% (Table 1). Average concentrations of plagioclase in individual
wells ranged from a low of 2.2 wt% in wells 7, 9, and 11 to a high of
12.2 wt% in well 3. Well 3, in the northern part of the study area
(Fig. 1), also contained the highest average concentration of quartz and
the lowest average concentration of calcite, suggesting perhaps that it is
nearest to a paleo-depositional center and/or has been subject to less
diagenetic alteration. The average concentrations of plagioclase for all
11 wells were negatively correlated with the average concentrations of
kaolinite (Pearson's R=−0.51) and calcite (Pearson's R=−0.64).
This supports the suggestion that kaolinite is a direct weathering pro-
duct of primary plagioclase and that the relative proportions of

Fig. 6. Histograms of the concentrations of quartz (a), total clay content (b),
and calcite (c) from all wells within the 18m interval near the base of the TMS
(n=161).

D.M. Borrok, et al. Marine and Petroleum Geology 109 (2019) 717–731

724



plagioclase and kaolinite may be used to understand the degree of al-
teration. The negative correlation of plagioclase with calcite may also
suggest that some of the calcite is diagenetic in origin, or it may be that
plagioclase is less preserved in regions richer in microfossils.

The average concentration of pyrite for all samples was 4.4 wt%.
Average concentrations varied among individual wells from a low of
3.1 wt% in well 9 to a high of 5.4 wt% in well 3 and 5.1 wt% in wells 4,
8, and 10 (Table 1). An initial investigation of core from well 5 shows
that pyrite is present as fine-grained disseminations throughout the
matrix of much of the core, but also is found as replacements in burrows
and shells and other fossil fragments.

3.2. Organic geochemistry

The amount of Total Organic Carbon (TOC) in the TMS varied
substantially among the wells and as a function of depth (Fig. 8). Re-
gression lines (with R2 > 0.1) suggest that the concentrations of TOC
for wells 7, 9, and 10 are greatest nearer the base of the TMS and de-
crease slightly with increasing elevation above the base (Fig. 8). Re-
gression lines also suggest that the concentrations of TOC for wells 2
and 3 are lower nearer the base of the TMS and show an increasing
trend with increasing elevation (to the extent that data were available).
These wells also exhibited an increase in total clay concentration with
increasing elevation (Fig. 4). No discernable patterns of overall in-
creasing or decreasing trends in TOC as a function of elevation/depth
were apparent for wells 1, 4, 5, 6, 8, or 11 (i.e., R2 correlation coeffi-
cients were<0.1). These results show that conditions favorable for
organic matter generation and preservation were heterogeneously dis-
tributed within the TMS.

A plot comparing the amount of free hydrocarbon generated (S1, mg
oil/g rock) relative to the amount of TOC (wt%) has been used pre-
viously to identify regions of oil saturation and potentially producible
oil. Jarvie (2012) showed that when S1 crosses over TOC, there is likely

enough free oil relative to the organic content to overcome the ad-
sorption threshold needed to make oil producible. This approach is
valuable, but must be used with caution as sample preparation issues
could lower S1 values and the use of oil-rich drilling fluids could in-
crease S1 values. In this study, wells 5, 6, 7, 8, and 9 exhibited the
crossover effect (Fig. 8). The effect was most evident nearer the base of
the TMS for all the wells, excepting well 8. The large crossover of S1
with TOC in well 8 could be suggestive of an oil-saturated open-fracture
network (e.g., Jarvie, 2012). Samples where the Oil Saturation Index
(OSI) is greater than 100mg of oil/g TOC have also been used to
identify zones of potential oil production (Jarvie, 2012). The OSI
(measured as S1 x 100/TOC) never reached a value of 100 for wells 1,
2, 3, 4, 10, and 11. Conversely, 46%, 17%, 16%, 80%, and 8% of the
samples in wells 5, 6, 7, 8, and 9, respectively, exhibited OSI values
greater than 100. The average OSI values for wells 5 through 9 were
101, 80, 71, 169, and 64, respectively. Wells 5, 6, 7, and 9 are located in
the southern reaches of the central producing zone of the TMS, while
well 8 is located in the western producing region (Fig. 1).

As with the mineralogical comparisons, we further analyzed the
amounts and character of organic matter in samples from each well that
were collected in the∼18 m interval ranging from∼6 m to 24 m above
the base of the TMS. This allowed for direct statistical comparison to
the mineralogical data. The distributions of data for TOC, generative
potential (S1 + S2 peaks derived from pyrolysis), the hydrogen index
(HI), and Tmax for each of the wells were further explored using de-
scriptive statistics (Table 3). The mean concentration of TOC for all
samples in this interval (n= 136) was 1.65 wt% with a standard de-
viation of 0.60 wt% (Table 3). The average amounts of TOC varied
among individual wells ranging from a low of 1.30 wt% in well 8 to a
high of 2.48 wt% in well 2 (Table 3).

The character (i.e., type) of organic matter can be evaluated using a
pseudo Van Krevelen diagram that compares the relative amounts of
hydrogen (hydrogen index, HI) and oxygen (oxygen index, OI) within

Table 2
Statistical compilation for smectite, illite, kaolinite, and chlorite data.

Well Number 1 2 3 4 5 6 7 8 9 10 11 All Data

Number of samples 13 12 5 9 19 28 22 18 9 17 9 161
Smectite (wt %)
Mean 14.3 10.7 7.4 4.6 12.9 11.9 16.2 13.8 12.7 10.6 3.9 11.8
Median 13.88 11.05 8.00 4.00 15.40 12.55 15.50 13.00 13.00 10.00 3.76 12.00
Std Dev 2.55 3.38 3.36 1.90 6.76 5.44 8.37 6.17 2.55 3.69 0.58 6.16
Skew 0.77 −0.14 −0.38 1.33 −0.81 −0.70 −0.22 0.55 0.01 0.16 0.76 0.30
Kurtosis −0.23 −0.82 −1.91 2.93 −0.48 0.73 −0.69 −0.89 −1.40 −0.27 −0.22 −0.04
1st quartile 12.01 8.27 5.00 4.00 9.15 9.40 12.00 8.00 11.00 8.00 3.42 8.00
3rd quartile 16.07 13.71 10.50 5.25 18.10 15.25 22.75 20.00 15.00 13.00 4.36 15.62
Illite (wt %)
Mean 18.2 9.2 9.8 18.7 18.3 16.0 6.5 12.7 12.8 14.0 19.1 14.1
Median 18.76 9.23 10.00 21.00 18.70 17.10 6.50 14.00 13.00 13.00 18.35 14.00
Std Dev 3.36 3.08 3.83 8.67 7.63 4.32 2.22 5.68 2.44 5.35 3.16 6.40
Skew −0.73 0.05 −0.19 −0.39 −0.34 0.08 0.05 −0.03 0.00 0.23 0.13 0.27
Kurtosis −0.23 −0.76 −2.17 −1.53 0.01 −0.45 0.30 −1.39 −0.04 −0.59 −0.87 −0.57
1st quartile 16.61 6.63 7.00 12.25 14.45 13.55 5.25 8.00 11.00 10.00 17.26 8.71
3rd quartile 20.91 11.01 13.50 26.25 23.60 18.05 7.25 16.50 14.00 17.00 22.16 18.34
Kaolinite (wt %)
Mean 15.0 12.3 12.0 16.4 12.1 10.7 23.2 20.6 18.6 21.1 13.6 16.2
Median 14.90 12.54 12.00 19.00 12.70 10.90 23.50 22.00 18.00 21.00 13.78 14.70
Std Dev 1.95 4.53 5.24 8.04 4.96 2.38 8.29 4.90 3.75 7.09 1.68 6.94
Skew 0.13 0.46 −0.26 −0.36 2.06 −0.31 −0.23 −0.24 0.72 0.66 −0.24 0.83
Kurtosis −0.06 −0.21 −1.33 −1.68 7.12 −0.37 0.82 −0.91 0.86 0.01 0.50 0.64
1st quartile 13.88 9.08 9.00 9.50 8.75 8.95 18.25 17.00 17.00 15.00 12.91 11.80
3rd quartile 16.50 14.86 17.00 23.25 13.70 12.38 27.25 24.00 20.50 25.50 14.83 21.02
Chlorite (wt %)
Mean 9.4 5.3 9.4 9.5 6.4 6.7 3.1 3.9 2.6 2.8 9.2 5.7
Median 9.38 5.37 10.00 9.00 6.90 6.45 3.00 3.00 2.00 2.00 9.04 5.50
Std Dev 1.26 1.69 3.97 4.09 2.12 1.65 1.25 1.62 0.73 1.52 1.04 3.08
Skew −0.49 0.45 −0.37 1.39 −0.62 0.78 1.18 0.72 1.01 1.05 −0.08 0.75
Kurtosis −0.50 −0.27 −1.10 2.97 −0.70 0.19 3.30 0.17 0.19 0.67 −1.48 0.98
1st quartile 9.11 4.31 7.00 8.00 4.70 5.50 2.00 3.00 2.00 2.00 8.33 3.00
3rd quartile 10.69 6.11 13.00 10.75 8.30 8.13 4.00 5.00 3.00 3.50 10.21 8.20
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the kerogen by examining the amounts and compositions of gasses
evolved from the kerogen during pyrolysis (Fig. 9). The pseudo Van
Krevelen diagram for the TMS samples within the 18m basal region of
the TMS suggests that the organic matter is comprised of a mixture of
Type II and Type III kerogen (e.g., Dembicki, 2009). For example, wells
7 and 10 both exhibit some samples of kerogen with a high hydrogen

content (HI), suggesting they are dominantly a Type II kerogen that has
not yet lost much of its hydrogen to hydrocarbon generation. These
same wells, however, also have samples that contain organic matter
with a lower HI and larger OI, suggesting they are more enriched in
Type III kerogen. The mean HI for wells 7 and 10 was 305.2 and
322.1 mg/g, which was the highest among all the wells (Table 3). The

Fig. 7. Ternary diagrams illustrating the relative proportions of kaolinite, illite, and smectite for individual wells in the TMS. Panels correspond to wells 1 through 11.
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Fig. 8. The concentrations of Total Organic Carbon (TOC, represented by black lines with closed circles) and S1 (free oil, represented by solid blue lines) plotted as a
function of well elevation relative to the base of the TMS for all analyzed samples collected in wells 1 through 11. The gray region highlights the 18m interval from
6m to 24m above the base of the TMS that was used for further comparisons. Note the changing scale of the Y axis and that the X-axis scale was extended for well 8 to
capture all the data. The best-fit linear regression line (in red) and the corresponding correlation coefficient (R2) relating TOC concentrations to depth are also shown.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

D.M. Borrok, et al. Marine and Petroleum Geology 109 (2019) 717–731

727



character of the organic matter in the remaining wells is consistent with
mixed Type II and Type III kerogen where the kerogen has lost a sub-
stantial amount of its generation capacity during the formation of hy-
drocarbons. The average HI for all the wells (n= 127) was 191mg/g
(Table 3). The lowest average HI of 59.4 in well 11, located in the far
west of the study region, suggests samples in this well have no

remaining generative capacity.
The amounts of hydrocarbon gas generated during pyrolysis of oil

(S1 peak) and from the cracking of kerogen (S2 peak) reflect the po-
tential of the organic matter to generate oil and gas (i.e., generative
potential). This is correct for systems where the oil is generated and
remains in place; however, we must use caution because of the possi-
bility for oil to have migrated to or from the source rock and/or the
potential for oil-based drilling fluids to influence the S1 peak. Fig. 10
illustrates the generative potential for hydrocarbon for the TMS samples
in the 18m basal interval in a plot of the total generative potential
versus TOC (e.g., Shalaby et al., 2012). Samples from most wells follow
a linear trend with a similar slope, indicating that the generative po-
tential increases proportionally with TOC. Wells 7 and 10 contain two
populations of samples with parallel slopes illustrating different gen-
erative potentials. This is a reflection of the two populations of kerogen
identified in the pseudo Van Krevelen diagram (Fig. 9). The population
of samples dominated by Type II kerogen exhibit a higher generative
potential (Fig. 10a). The average current generative potential for wells
7 and 10 are 7.0 and 7.2mg/g, respectively (Table 3), which are the
highest among all the wells. Many samples from well 8 also follow the
higher generative potential trend and are limited only by lower overall
TOC values. In other words, well 8 appears to have a similarly high
percentage of Type II kerogen compared to wells 7 and 10, but it has a
lower amount of TOC relative to these samples. Unlike the other wells,
samples from wells 1, 2, and 11 do not follow linear trends of increasing
generative potential with increasing TOC (Fig. 10b). These wells exhibit
lower to average generative potentials overall and the generative po-
tential varies widely with little change in TOC. This may suggest that
the organic matter in these wells is influenced by greater amounts of
inert or recycled organic carbon. Alternatively, inconsistencies in the S1

Table 3
Statistical compilation for TOC, Generative Potential, Hydrogen Index, and Tmax data.

Well Number 1 2 3 4 5 6 7 8 9 10 11 All Data

TOC (wt %)
Number of Samples 13 8 4 2 18 33 15 21 9 8 6 136
Mean 1.83 2.48 1.94 1.51 1.41 1.50 1.93 1.30 1.33 1.83 2.18 1.65
Median 1.83 2.45 1.92 – 1.38 1.30 2.02 1.37 1.12 1.82 2.07 1.57
Std Dev 0.58 0.31 0.28 – 0.36 0.63 0.61 0.33 0.52 0.46 0.54 0.60
Skew −0.01 0.31 0.31 – 0.31 0.67 −0.47 −0.04 0.72 1.08 0.41 0.34
Kurtosis 2.34 −1.11 −1.83 – −0.23 −0.25 −1.13 −1.22 0.63 1.45 −1.56 −0.57
1st quartile 1.64 2.27 1.76 – 1.23 1.09 1.41 0.97 1.02 1.44 1.81 1.20
3rd quartile 2.14 2.81 2.21 – 1.61 1.95 2.41 1.55 1.65 2.02 2.77 2.04
Generative Potential (S1 + S2 in mg hydrocarbon/g of rock)
Number of Samples 13 8 4 2 18 33 16 11 9 8 6 127
Mean 2.64 4.48 5.63 3.44 3.46 4.30 7.04 4.86 3.34 7.17 2.06 4.45
Median 2.42 4.70 5.40 – 3.22 3.60 7.98 4.87 3.43 6.42 1.91 3.80
Std Dev 1.74 1.36 1.14 – 1.47 2.34 3.56 1.63 1.52 3.87 1.06 2.69
Skew 0.46 −0.10 0.63 – 0.90 0.72 −0.15 −0.11 0.25 0.88 0.67 1.08
Kurtosis −0.69 1.47 −2.42 – 0.14 −0.51 −1.13 −0.66 −0.32 0.04 −0.45 1.25
1st quartile 1.20 4.16 4.73 – 2.42 2.74 3.85 3.76 2.35 4.04 1.23 2.52
3rd quartile 3.79 4.89 6.80 – 4.17 5.93 10.37 6.06 4.41 9.37 3.04 5.79
Hydrogen Index (mg hydrocarbon/g TOC)
Number of Samples 13 8 4 2 18 33 16 11 9 8 6 127
Mean 128.7 177.9 237.7 132.0 132.7 179.2 305.2 222.5 176.7 322.1 59.4 191.2
Median 145.01 195.40 242.81 – 130.14 177.00 283.44 228.28 185.96 318.18 62.07 188.02
Std Dev 74.04 58.35 18.88 – 21.44 36.65 58.79 27.65 23.32 100.83 24.97 84.09
Skew −0.14 −0.43 −0.98 – 0.58 −0.23 0.85 −0.67 −1.10 0.06 −0.20 0.66
Kurtosis −1.53 −0.75 −0.62 – −0.14 −0.66 −0.53 −0.47 0.41 −2.38 −1.35 1.02
1st quartile 54.74 138.29 228.52 – 117.39 157.00 260.54 210.21 162.83 238.57 41.81 137.52
3rd quartile 191.90 214.56 252.37 – 145.21 208.50 363.28 240.96 193.41 417.07 82.64 234.53
Tmax (°C)
Number of Samples 13 8 4 2 18 33 16 11 9 8 6 127
Mean 445.0 451.1 442.5 433.5 460.1 455.6 444.1 449.3 450.6 443.5 465.3 451.4
Median 445.0 451.0 442.5 – 460.0 456.0 444.0 449.0 451.0 444.0 465.0 451.0
Std Dev 1.47 1.55 1.29 – 1.21 1.80 2.05 2.41 1.13 1.07 6.02 7.26
Skew 0.19 0.64 0.00 – 1.00 −0.34 −1.64 −0.18 −0.18 −0.47 0.11 −0.08
Kurtosis 0.01 0.59 −1.20 – 0.38 −0.46 4.71 −0.62 −1.17 −0.83 −1.87 −1.87
1st quartile 444.0 450.0 441.8 – 459.0 455.0 444.0 447.5 450.0 442.8 460.8 445.0
3rd quartile 446.0 452.0 443.8 – 461.0 457.0 445.8 451.0 451.5 444.0 471.5 457.0

Fig. 9. A pseudo-Van Krevelen diagram depicting the relationships between the
Hydrogen Index (HI) and oxygen index (OI) for all wells within the 18m in-
terval near the base of the TMS.
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peak attributable to oil-rich drilling fluids or sample preparation may
also be possible. Well 11, located in the far west part of the study area
(Fig. 1), has an average generative potential of 2.1 mg/g, which is the
lowest of all the wells (Table 3). Wells 7 and 10, with the highest
generative potentials are both located in the eastern part of the study
region (Fig. 1).

The thermal maturity of organic matter can be determined by
finding the temperature (Tmax) at the peak of hydrocarbon gas gen-
eration from kerogen cracking (i.e., S2 peak) during pyrolysis. The
Tmax value increases as a function of thermal maturity since it takes
more activation energy to crack the remaining kerogen once the more
easily cracked kerogen is spent to form hydrocarbons. Because the ki-
netics of transformation can also change with changing kerogen type
(i.e., variations is organofacies), Tmax values must be used with caution
when interpreting thermal maturity in a mixed kerogen environment
like the TMS. Similarly, the amount of oil generated (S1) in-situ in-
creases with increasing thermal maturity while the amount of kerogen
remaining to be cracked (S2) diminishes (Hunt, 1979). Hence, the
Productivity Index (PI), defined as S1/(S1 + S2) can also be used to
track changes in thermal maturity as long as oil has not been lost or
added to the system. Fig. 11 illustrates the thermal maturity of the TMS
samples within the 18m basal section of the TMS by comparing Tmax
and PI values (e.g., Hakimi and Abdullah, 2013). The bulk of the
samples (nearly all samples from wells 3, 6, 7, 9, and 10) fall within the
main stage of hydrocarbon generation. Some of the samples from well 1
and all the samples from well 2 appear to be immature or in the early

stages of hydrocarbon generation (based largely on their low PI values).
The Tmax values for well 2 are suspiciously high given the PI values for
this well, which could mean that the free oil for these samples was
removed during processing, resulting in an anomalously low S1 peak. A
few of the samples, particularly those from well 5 appear to be in the
post-mature stage of hydrocarbon generation. Most samples from well
11 also plot in the inert carbon field based on the high Tmax and low
generation of oil relative to kerogen for that temperature (Fig. 11). The
handful of samples plotting in the nonindigenous hydrocarbon range
(some samples from wells 5, 6, and 8) may have been influenced by free
hydrocarbons either from migration of oil from another location or oils
associated with drilling fluids. It was noted above that the high OSI
values in well 8 fit a scenario where open-fracture networks are present.

The Tmax values for the TMS samples were additionally correlated
with a limited number of available vitrinite reflectance measurements.
Using only data where both Tmax and VRo were measured at the same
sample depth, we were able to correlate 18 total measurements dis-
tributed among wells 1, 5, 6, 7, and 10 (Fig. 12). The equation of the
best-fit line (R2 = 0.84) for this relationship is
Tmax = 20.3(VRo) + 431 °C. Values for VRo around 0.6 likely re-
present a thermal maturity in the early stages of oil generation, while
samples near 1.3 fall near the end of the oil generation stage (e.g. Hunt,
1979). Hence, Tmax values in the range of about 440 °C–460 °C in
Fig. 11 should correspond with the main stage of hydrocarbon gen-
eration. This further suggests that the samples in well 2 were impacted
by an anomalously low S1 peak. Tmax values higher than 460 °C are
likely to be outside of the oil generation window and these fall in the
postmature region in Fig. 11. Tmax and VRo values also correlate nicely
with sample depth. The equation of the best-fit line (R2 = 0.86) for this
relationship is depth in ft below ground sur-
face = 4116.6(VRo) + 9555.4 ft. The average Tmax for individual
wells ranged from 433.5 °C in ell 4 to 465.3 °C in well 11 (Table 3).
Fig. 1 includes estimated 450 °C and 460 °C Tmax isolines. These lines
generally run in a south, southeasterly direction from central Louisiana
to southeast Louisiana (Fig. 1), paralleling the Cretaceous paleo-shelf
margin. There is, however, an inflection in this trend for the 450 °C
contour at the far eastern boundary of the study region. This inflection
corresponds with a change in the depth of the TMS (e.g., Enomoto et al.,
2017) caused by a paleo high to the east of the study region. In general,
the 450 °C isoline marks the mid-range of the oil generation window for
the TMS, while the 460 °C isoline likely marks the southern boundary of
the oil generation window. Samples south of this isoline are likely over-
mature for oil generation.

Fig. 10. Potential for hydrocarbon production estimated from a plot of the
generation potential versus TOC for all wells within the 18m interval near the
base of the TMS. Wells showing similar trend in generative potential with in-
creasing TOC are plotted in panel (a), while wells with widely variable gen-
erative potential over a range of TOC values are plotted in panel (b).

Fig. 11. Thermal maturity of kerogen estimated from a plot of Tmax versus the
Production Index for all wells within the 18m interval above the base of the
TMS.
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3.3. Relationship between mineralogy and organic geochemistry

We created scatterplots to check for correlations among the average
mineralogical abundances and the average organic geochemical para-
meters calculated within the 18 m interval near the base of the TMS.
Several relatively strong correlations (with Pearson correlation coeffi-
cients > +0.5 or < −0.5) were observed for mineral abundances
and generative potential (S1 + S2). The abundances of illite
(R = −0.72) and chlorite (R = −0.57) were negatively correlated
with generative potential, while kaolinite (R = 0.53) and pyrite
(R = 0.67) were positively correlated with generative potential. It is
unclear how the differences in clay mineralogy are associated with the
type and generative capacity of the preserved organic matter in the
TMS. It may be that kaolinite dominant clays are reflective of a parti-
cular depositional or diagenetic environment that is distinct from clays
rich in illite and chlorite, or it may be that the different clay miner-
alogies are a reflection of different degrees of alteration. A more de-
tailed investigation of the clay mineralogy would be necessary to dis-
tinguish between these possibilities. The positive correlation of
generative potential with pyrite is likely reflective of the degree of
anoxia at the time of deposition. The degree of pyritization is typically
an excellent indicator of the degree of anoxia (e.g., Rimmer et al.,
2004). Under increasingly anoxic conditions, more of the available Fe
becomes sequestered in pyrite. This relationship would fit with the idea
that more Type II kerogen was being produced and preserved in likely
deeper, more anoxic marine settings during the time of deposition of
the basal TMS. This suggestion is supported by recent work by Lowery
et al. (2017) who demonstrated that the Ocean Anoxic Event 2 (OAE2)
occurred in the upper reaches of the Lower Tuscaloosa unit and that the
rise in sea level during the deposition of TMS sediments brought more
anoxic waters landward, providing better conditions for organic matter
preservation and burial. We did not find any other strong (i.e., a
Pearson correlation coefficient of>+0.5 or < −0.5) correlations
with mineral abundances and organic parameters except an inverse
relationship with total clay and TOC (R = −0.51).

3.4. Comparison with previous findings

A recent investigation of the TMS by the U.S. Geological Survey
provides additional context for our findings. Enomoto et al. (2017)
published preliminary findings from the analysis of 240 core and cut-
tings samples from 70 different well locations within the TMS. This
investigation was broader in nature than ours, encompassing a larger
region with samples from more well locations. However, far fewer
samples were used from each well location as compared with our study.
Enomoto et al. (2017) grouped samples into those collected in the TMS

within the HRZ and those collected within the TMS outside of the HRZ.
The data presented in our investigation from the 18m section near the
base of the TMS are most comparable to the HRZ grouping from
Enomoto et al. (2017). There are some meaningful differences between
the two studies in the reported abundances of minerals and organic
carbon. For example, in our study the average quartz, calcite, and total
clay contents of the basal TMS within the HRZ were 23 wt%, 17 wt%,
and 49wt%, respectively, while the average values reported by
Enomoto et al. (2017) for the same minerals in the HRZ were 36wt%,
4 wt%, and 51 wt%. While the average amounts of clay are comparable
in both studies, the average amounts of calcite and quartz are not.
These differences suggest that the amounts of calcite relative to quartz
are greater near the base of the TMS in the producing region, which was
the emphasis of the sample interval chosen for statistical analysis in this
study. This suggestion is also apparent in Fig. 3, which shows that the
concentration of calcite reaches a maximum near the base of the TMS
and decreases with increasing elevation for wells 4, 5, 6, 7, 9, and 11.
Enomoto et al. (2017) report an average concentration of TOC of
0.97 wt% (n= 96) in the HRZ. This value is less than the 1.65 wt%
(n= 136) average concentration of TOC found in the lower 18m sec-
tion of the HRZ in the producing region described in this study. Hence,
it appears that there are meaningful variations in the amounts (and
likely character) of organic matter in the TMS as a function of location
and depth and that the greatest amounts of TOC tend to occur nearer to
the base of the TMS in the producing region highlighted in this study.

The amount of organic matter in the basal TMS found in our in-
vestigation is comparable to that described in studies by Lu et al. (2015)
and Besov et al. (2017), who respectively report average TOC con-
centrations of 1.85 wt% (n=6) and 1.60 wt% (n=12). Lu et al. (2015)
additionally showed that TOC, HI, and S1 increased with increasing
depth in the TMS within the Sun #1 Spinks well (drilled in far western
Pike County, Mississippi). However, the average amounts of quartz in
the TMS reported in the Besov et al. (2017) and Lu et al. (2015) studies
of 7% and 10% (in the HRZ), respectively, were substantially lower
than those presented here and much lower than those reported in the
investigation by Enomoto et al. (2017). The OSI values in the Spinks
well were similarly low to those of wells 1, 2, 3, 4, 10, and 11 in our
study; however, wells 5, 6, 7, 8, and 9 in our study had OSI values
greater than 100, indicative of potential reservoir intervals (Jarvie,
2012). The substantial differences among our investigations highlight
the fact that the mineralogy and organic content within the TMS is
extremely heterogeneous both in space (laterally) and time (vertically).
Therefore it is not possible to fully extrapolate the findings from a single
location to the broader TMS resource play without a more compre-
hensive stratigraphic and paleodepositional framework.

Fig. 12. Relationships between Tmax and Vitrinite Reflectance (a) and Well depth and Vitrinite Reflectance. VRo data from only 5 wells were available for com-
parison.
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4. Conclusions

Our investigation focused on relatively dense vertical sample sets of
11 widely-spaced well locations in the currently producing region of the
TMS. We found that the TMS is richer in phyllosilicates relative to many
other unconventional shale basins, averaging around 47% in total clay
content. Parts of the TMS have enough kerogen with enough generative
potential of the right thermal maturity to have generated substantial
quantities of oil and gas. Several wells exhibited OSI values indicative
of potential reservoir intervals. The basal section of the TMS in the HRZ
of the producing region has a higher proportion of Type II (relative to
Type III) kerogen with higher overall TOC concentrations as compared
to the surrounding TMS. This fits with previous suggestions that the
TMS is a self-sourced reservoir and contributed oil to the sands in the
underlying Lower Tuscaloosa unit (Koon et al., 1974; Echols et al.,
1994; John et al., 1997).

The TMS core is characterized by laminated shales and siltstones of
variable thicknesses intermittently influenced by any number of de-
positional features including wave action, turbidity flows, erosion,
bioturbation, the accumulation of microfossils, and algal remnants.
Each of these facies is host to different mineralogical and organic
matter distributions. This fine-scale heterogeneity severely limits the
effectiveness of correlating discrete samples. This problem is high-
lighted by the substantial differences in previous estimates of the
amounts of key minerals and TOC in the TMS. The best way to over-
come this challenge is to statistically link the depositional facies ob-
served in core to measured physical and chemical properties and then
extrapolate these properties using well logs and a basin-wide strati-
graphic framework. Additional work to integrate fracture analysis
models with the mineralogy and organic chemistry in the TMS will also
be critical.

Data availability

Datasets related to this article are included as part of the supple-
mentary material published online.
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