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Introduction and Statement of Problem
In the past decade, organic-rich mudstone plays have gained popularity by oil and gas
companies as a result of advanced completion techniques, which allow oil and gas to be
produced at economic rates from unconventional reservoirs. Historically, hydrocarbon
production from these rocks was not economically feasible due to their overall low permeability
and porosity. The increased need to understand the geologic properties of these mudrock systems
can be ascribed to the pursuit of developing significant unconventional shale plays similar to the
Barnett Shale, which was first explored in the Fort Worth Basin, Texas, USA (Montgomery et
al., 2005; Jarvie, 2012).
Geochemical and geomechanical properties have become increasingly paramount in well
correlations and completions in unconventional plays (Rowe et al., 2008; Jarvie, 2012).
Understanding the elemental composition of mudstones has resulted in the identification of
chemofacies, which are not normally distinguishable through normal macroscopic core
descriptions. These chemofacies aid in stratigraphic correlations, geosteering, and interpretation
of depositional environments (Rowe et al., 2008; Tinnin et al., 2013). Variations in
geomechanical properties are important to understand for companies to determine the evolving
stress state, appropriate drilling plan, well placement, wellbore stability, and complex hydraulic
fracture stimulation needed to make an unconventional reservoir economic (Zoback, 2007;
Jarvie, 2012).
Although multiple localized chemostratigraphic and rock strength studies have been
completed on the organic-rich Barnett Shale in the Fort Worth basin (Montgomery et al., 2005;
Pollastro et al., 2007; Jarvie et al., 2007; Rowe et al., 2008; Williams et al., 2016; Taylor, 2017;
1

Colwell, 2018; Alsleben, unpublished), basin-wide correlations of these properties have not been
completed. Basin-wide correlation of chemostratigraphy and mechanical stratigraphy could
enhance the understanding of regional variations in chemical composition and rock competence.
Can basin-wide chemostratigraphy and mechanical stratigraphy be identified in the Barnett? Is
there a correlation between the two? Which elements affect shale strength the most? This study
was designed to test multiple hypotheses to address these questions and attempt to identify
regional trends and correlations within the Barnett Shale, based on variations in the formation’s
chemical makeup and rock competence using elemental analysis and strength testing tools.
Energy Dispersive X-ray Fluorescence (ED-XRF) has been used successfully to test
rocks for chemical variations by determining a sample’s elemental composition (e.g., Smith and
Malicse, 2010; Rowe et al., 2012; Robinson, 2012; Kiesel, 2013). ED-XRF is used in this study
as it is a proven technique for chemical evaluation and interpretation of mineralogy of finegrained mudrocks. Determination of elemental compositions will help establish a
chemostratigraphic framework for the Barnett Shale.
Mechanical stratigraphy encompasses rock strength, volume, and characterization of
mechanical boundaries (e.g., sharp vs. gradational boundaries) (Ferrill et al., 2017). Mechanical
stratigraphy is established from two sets of measurements that allow estimation of unconfined
compressive strength (UCS) and determination of the volume at each sampling point. The UCS
of a rock sample is commonly determined from the maximum axial compressive stress a sample
can withstand under zero confining stress (Enderlin, 2010). Here, two alternative methods, a
point load penetrometer (Dimpler) and a micro-rebound hammer (Equotip Bambino), are used to
obtain UCS values.
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The Dimpler and Bambino are chosen for this project due to the efficiency and accuracy of
determining UCS in rock samples (Ramos et al., 2008; Enderlin, 2010; Williams et al., 2016;
Taylor, 2017).
This study consists of two main components. The first is a comprehensive chemofacies
and mechanical evaluation of the EOG #1 core from Archer County, Texas. The core was
selected based on its immediate accessibility and the location (relative to other core data) within
the basin. The second component of this study is a basin-wide comparison between the results of
my core analysis and eight analyses completed previously on different cores located within the
Fort Worth Basin (Kiesel, 2013; Williams et al., 2016; Taylor, 2017; Colwell, 2018; Alsleben,
unpublished; Campbell, unpublished). The purpose of this study is to start establishing a more
comprehensive, basin-wide characterization of the mechanical stratigraphy and
chemostratigraphic framework of the Barnett Shale in the Fort Worth Basin (Fig. 1). Results will
start to establish possible regional variations of rock strength and help determine what controls
those variations. Furthermore, data compilation may provide a better understanding of the
Barnett Shale and elemental ratio interpretations may give insight on the complex interactions
between marine sediment flux, terrestrial sediment flux, and geochemistry throughout the basin
at the time of deposition.
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Figure 1. Map of the Fort Worth Basin with major structural features,
location of current fields, and extent of Mississippian Barnett Shale and
Barnett-Paleozoic total petroleum system (TPS). Oil, gas and mixed cell
size is equal to 0.25 mi 2 (0.64 km2) (from Pollastro et al., 2007).
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Geologic Background
The Fort Worth Basin is a north-south trending, northward-thickening basin located in
North Central Texas of the United States (Montgomery et al., 2005). The basin encompasses
approximately 15,000 mi2 (38,000 km2), has a preserved sediment fill of about 12,000 ft (3700
m), and is considered to be a foreland basin associated with the Ouachita orogeny that resulted
from the convergent tectonic regime during the late Paleozoic (Walper, 1982; Montgomery et al.,
2005) (Fig. 2). The basin is bounded by the Muenster and Red River arches on the northern
margin, the Bend arch on the western margin, the Llano Uplift on the southern margin, and the
Ouachita thrust front on the eastern margin (Fig. 1).
Tectonic features and Structural trends
Early Paleozoic (Cambrian) continental rifting of Laurentia began the initial development
of the Fort Worth Basin (Walper, 1977, 1982). Rifting was followed by the opening of the
Iapetus Ocean and development of a passive margin in the region of present-day Texas (Walper,
1982). During the late Paleozoic (Ordovician), plate movement direction between Laurentia and
Gondwana changed and the plates began to converge. Gondwana was thrust upon the Laurentian
plate and downwarping of the Laurentian craton resulted. During the later stages of convergence,
a narrow seaway developed with a carbonate shelf on the western margin and an island arc along
the southern and eastern margins (Fig. 2) (Loucks and Ruppel, 2007). Ultimately, continentcontinent collision during the Ouachita-Marathon orogeny was accompanied by the development
of the Fort Worth, Arkoma, Black Warrior, Kerr, Val Verde, Marfa, and Ardmore foreland
basins (Flawn et al., 1961; Walper, 1977; Montgomery et al., 2005).

5

Figure 2. Regional paleogeography of the southern midcontinent region during the late Mississippian (325 Ma)
showing the approximate location of the Fort Worth
Basin outlined in black (modified from Blakey, 2005).
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Collision between Laurentia and Gondwana was responsible for many of the tectonic
features that bound the Fort Worth Basin. The Ouachita fold-thrust belt front along the eastern
margin of the basin formed during the late Paleozoic (Walper, 1977). The Red River and
Muenster arches along the northern margin of the Fort Worth Basin are part of the AmarilloWichita uplift trend, which formed during reactivation of basement faults initially associated
with the Southern Oklahoma aulacogen (Pollastro et al., 2007). The Bend arch is another major
bounding feature related to continental convergence and is located on the western margin of the
Fort Worth Basin. The Bend arch is characterized as a north-trending structural high that is
considered to be an anticlinal flexure resulting from basin subsidence during the Late
Mississippian in conjunction with late Paleozoic westward tilting associated with subsidence of
the Midland Basin (Fig. 1) (Walper, 1977, 1982; Tai, 1979). Not related to continental
convergence is the feature bounding the southern margin of the Fort Worth Basin, known as the
Llano Uplift. The Llano Uplift is a domal feature that has been a rigid and intermittent positive
feature beginning in the Precambrian (Flawn et al., 1961).
Smaller-scale structures within the Fort Worth Basin include faults, localized folds,
fractures, and karst-related features. The Mineral Wells fault (Fig. 1) is a prominent northeastsouthwest striking structure within the basin, and many other normal faults (Fig. 3) and grabentype features with similar orientations are found throughout the northern part of the basin. Faults
in the southern part of the basin tend to have orientations striking north-south suggesting that
they may be related to the Ouachita thrust front (Pollastro et al., 2007).
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Figure 3. Map of Fort Worth Basin showing locations of faults, thrust front, and cores
used in this study (modified from Hornbach et al., 2016). Blue lines represent
generalized Barnett thickness (modified from Breyer et al., 2012).
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Deposition and Stratigraphy
The sedimentary fill of the Fort Worth Basin consists of 4000-5000 ft (1200-1500 m) of
Ordovician and Mississippian shales and carbonates, and 6000-7000 ft (1800-2100 m) of
Pennsylvanian clastics and carbonates, with small amounts of Cretaceous rocks along the basin’s
eastern margin (Flawn et al., 1961; Pollastro et al., 2007). Here, I only describe the Mississippian
Barnett Shale as well as coeval units (Mississippian Chappel Limestone and Forestburg
Limestone) and those formations stratigraphically immediately below (Ordovician Ellenburger
Group, Viola Limestone, and Simpson Limestone) and above (Pennsylvanian Marble Falls
Limestone) (Fig. 4).
During the Ordovician, the Ellenburger Formation formed on a carbonate platform in an
epeiric sea on Laurentia in the location of modern-day Texas (Burgess, 1976). Sea level fall
resulted in prolonged subaerial exposure of the Ellenburger allowing karst features to develop in
the upper portion of the Ellenburger (Sloss, 1976; Kerans, 1989). Carbonate production resumed
again during a sea level rise resulting in the deposition of the Viola and Simpson Formations, but
subsequent sea level fall and erosion of these two formations resulted in these formations only
being found in the northeastern section of the basin (Fig. 4) (Montgomery et al., 2005). An
erosional period lasting until the Mississippian removed all Silurian and Devonian rocks that
may have been present in the geologic record of the Fort Worth Basin (Henry, 1982).
The Barnett Shale is Mississippian in age and is a prolific source rock as well as an
unconventional natural gas play in the Fort Worth Basin (Pollastro et al., 2007). The Barnett
Shale was deposited over a 25-m.y. span in a restricted ocean setting, below storm wave base,
and under anoxic to euxinic conditions (Loucks and Ruppel, 2007).
9

Figure 4. Stratigraphic column showing the general
subsurface geology found in Fort Worth Basin
(modified from Weiss, 2017).
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The Barnett is an organic-rich mixture of laminated calcareous-siliceous mudstone, laminated
marl and skeletal argillaceous lime packstones, and unconformably overlies Ordovician-aged
carbonate strata (Loucks and Ruppel, 2007). The Barnett Shale stratigraphy varies from
southwest to northeast (Fig. 4) (Montgomery et al., 2005; Pollastro et al., 2007). Sediment input
was primarily from the Chappel carbonate shelf to the west of the basin and the Caballos
Arkansas island chain to the southeast (Fig. 2) (Montgomery et al., 2005). Minimal carbonate
sediment input may have come from the Muenster Arch and Red River uplift in the north, or
from syndepositional Mississippian carbonates that washed into deeper parts of the basin
(Bowker, 2002). In places, the Forestburg Limestone, which is found in the northeastern part of
the Fort Worth Basin, divides the Barnett Shale into three separate members known informally
as the lower Barnett Shale, Forestburg Limestone, and upper Barnett Shale. This carbonate
member has a maximum thickness of 200 ft (60 m) and was deposited by a succession of finegrained carbonate shelf debris flows that transported sediment to locations proximal to the
deepest part of the basin (Montgomery et al., 2005).
Deposition of the Barnett ceased and erosion of its surface was underway until the
Pennsylvanian time period (Montgomery et al., 2005). The Pennsylvanian-aged Marble Falls
Formation, which unconformably overlies the Barnett Shale, was deposited during a significant
period of subsidence and basin infilling associated with the Ouachita orogeny (Montgomery et
al., 2005). The unconformable contact between the Barnett and Marble Falls is considered the
boundary for the Mississippian and Pennsylvanian time periods within the Fort Worth Basin
(Luker, 1985; Berend, 2015).
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Previous Studies
Basin-wide chemostratigraphic correlations have been successfully completed for several
other basins such as the Bowser and Sustut basins of Canada, Uinta Basin of Utah, Western
Canadian Sedimentary Basin, and Piceance Basin of Colorado (Ratcliffe et al., 2007; Pearce et
al., 2008; Wright et al., 2010; Attar, 2013). Chemostratigraphic and mechanical analyses have
also been completed for the Barnett Shale (Jarvie et al., 2007; Loucks and Ruppel, 2007; Rowe
et al., 2008; Kale, 2009; Enderlin, 2010; Hoelke, 2011; Robinson, 2012; Nsianya, 2013; Taylor,
2017), but basin-wide correlations are still lacking.
Combining several chemostratgraphic studies, the Barnett Shale can be characterized by
five common, major lithofacies: dark clay/mudstone, silty claystone/mudstone, phosphatic
siltstone/mudstone, laminated argillaceous lime mudstone (limy layers), and skeletal argillaceous
lime packstone (shell layers) (Loucks and Ruppel, 2007; Hoelke, 2011; Robinson, 2012; Breyer
et al., 2012). Although these five lithofacies are dominant in the Barnett, they are not described
by everyone and occurrence of them may be related to the geographic location in the basin
(Breyer et al., 2012). XRF, X-ray diffraction (XRD) and paleontologic analyses suggest that
most of the sediment input was from adjacent shelves or from oxygenated upper slope
environments and deposition occurred in the form of turbidity currents, debris flows, suspension
settling, and contour currents (Loucks and Ruppel, 2007). Based on the lack of bioturbation,
increased pyrite framboids and molybdenum enrichment factors, the Barnett Shale was deposited
under anoxic to euxinic conditions, supporting the upper slope sediment input theory (Loucks
and Ruppel, 2007; Rowe et al., 2008). Anoxic to euxinic conditions also likely contributed to
high levels of organic preservation (Loucks and Ruppel, 2007; Rowe et al., 2008).
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Although rock strength can vary throughout a cored section, Williams et al. (2016)
suggest that rock strength is inversely related to average clay content. Kale (2009) shows the
Barnett having an inverse relationship between weight percent calcite and porosity, with porosity
being empirically related to UCS as suggested by Chang et al. (2006). Taylor (2017) shows
similar results with UCS correlating to clay and calcite content. Multiple studies (Kiesel, 2013;
Williams et al., 2016; Taylor, 2017; Colwell, 2018; Alsleben, unpublished; Campbell,
unpublished) with varying results suggest there is potential for further identification of trends
between chemical makeup and strength within the Barnett Shale.
Chemostratigraphic and mechanical data are available for eight Barnett Shale cores (Fig.
3) previously analyzed at Texas Christian University (Table 1). Several related studies completed
outside of Texas Christian University have also been published (Rowe et al., 2008; Kale, 2009;
Hoelke, 2011; Robinson, 2012; Nsianya, 2013). Comparison of previous Barnett
chemostratigraphic and strength studies with data obtained from this project are used to identify
a preliminary basin-wide chemostratigraphic zonation and the initial establishment of mechanical
zonation within the Barnett Shale as well.

Objectives
The objective of this study is to determine the mechanical stratigraphy and
chemostratigraphy for the Barnett interval of the EOG #1 core from Archer County using a
micro-rebound hammer (Equotip Bambino), a point load penetrometer (Dimpler), and ED-XRF.
The results were compared to previous studies within the basin, including unpublished data
available from several cores, to identify mechanical and chemical trends within the dataset and
across the basin. This study will test the hypothesis that there are apparent basin-wide trends in
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elemental composition in relation to the UCS. Overall, this study has implications on what
controls rock strength in the Barnett Shale.

14
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EOG Core #
7
2,3
6
4,5
8,9

Author

Kiesel (2013); Alsleben (unpublished)
Campbell (unpublished)
Colwell (2018)
Taylor (2017)
Williams et al., (2016)

XRF, Bambino
XRF, Bambino, Dimpler
XRF, Bambino, Dimpler
XRF, Bambino, Dimpler
XRF, Bambino

Data collected

Previous Core Analyses
1 ft
3 in
3 in
3 in
6 in

Sampling interval

Table 1. Summary of previous core analyses used in this project. See Figure 3 for Core locations

Methods
Chemical and mechanical analyses were performed on the slabbed surface of the EOG #1
core from Archer County (Fig. 3). Measurements were taken at three-inch (7.5 cm) intervals for
the entire length of the core. In addition, the volume of each analyzed piece of core was
calculated. After marking each sample location, the core was thoroughly cleaned. All airborne
particles, dust, debris, residual drilling mud from the slabbing process, and other material that
could affect the reading was removed from the core. This was done by first rinsing the sample
with tap water and scrubbing with a plastic bristle brush. After scrubbing, each sample was
sprayed with deionized (DI) water and then dried using a paper towel and small fan aimed at the
samples to increase air flow and drying efficiency. Each sample air dried for a timeframe of 3090 minutes.
EOG #1
To determine the top and bottom of the Barnett interval for EOG #1, formation microimager (FMI) log was obtained from EOG Resources (Fig. 5). The depths of the top and bottom
of the Barnett interval is then correlated to the depths measured on the core. The bottom of the
Barnett interval for EOG #1 core is identified by the abrupt contact with the Chappel Limestone
located directly beneath the Barnett at a depth of 5814’ (1772 m). The top of this core is located
at 5569’ (1697 m) and the bottom is at 5814’ (1772 m). The top and bottom core depths appear
to be offset in depth by approximately +10 feet (3.05 m) compared to the depths on the FMI log.
This offset is most likely due to the commonly found offset from driller’s depth on the core and
wireline depth. Although there is offset between data sets, the length of the core and measured
thickness of the Barnett Shale on the log remain the same at 245 feet (74.7 m).

16

TOP

Figure 5. Formation microimager log for EOG #1
showing top and bottom of
Barnett Shale, open hole
gamma log, and measured
depth in ft.

BOTTOM
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Energy-dispersive X-ray fluorescence (ED-XRF)
Energy-dispersive X-ray fluorescence is an analytical technique used to determine the
elemental composition of a given sample. XRF is used in many disciplines including geology.
XRF machines are capable of identifying and quantifying major and trace elements in a sample,
which allows the user to interpret the results (Marsala et al., 2011). XRF can transmit and receive
high-energy X-ray beams that have interacted with the atoms of a sample. Emitted X-ray force
an electron to be expelled from the lower-energy inner shell (K shell), resulting in electrons from
the higher-energy outer shells replacing the expelled electron and releasing energy in the form of
emission X-rays (Fig. 6). The intensity of the released element specific energy is measured by
the XRF detector and determines the quantity of the element within the sample (Jenkins, 1988).
Recent advancements in XRF technology have resulted in better portability of machines,
minimal sample preparation, and rapid collection of elemental data from core and cuttings
(Thomson et al., 2006; Smith and Malicse, 2010; Rowe et al., 2012). The XRF data for the
present study was collected using a Bruker Tracer IV (Fig. 7) positioned on a stationary stand.
The stand has a platform where the surface of the slabbed core sample was carefully placed and
analyzed. The stand aids in sample alignment with the XRF emission and receiver tube. Major
element analysis consisted of a run time interval of sixty seconds with a 15kV calibration and
trace element analysis had run time intervals of ninety seconds with a 40kV calibration. For
scanning major elements filter position 2 (no filter) was applied with the use of the vacuum and for
trace elements filter position 1 (yellow filter) was applied without the use of the vacuum. Ten major
elements were sampled first and nineteen trace elements were sampled second. For quality control,
every day before scanning any core samples, a reference sample (SARM-41) was sampled and
compared to an initial reading to assure no major variation in device measurements. No significant
changes in readings of the standard were observed throughout the entirety of the core testing.

18

Figure 6. Generalized diagram showing how X-ray beams (incident radiation) from the XRF tool
interact with electrons in an atom. A K shell electron is ejected and replaced by higher energy
orbital electrons and an emission X-ray beam (K X-ray) is released (from Bruker, 2017).
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Rebound hammers have been used for years to test the strength of materials (Deere and

Figure 7. Bruker Tracer IV energy dispersive X-ray fluorescence (ED-XRF) spectrometer
(MSI, 2018).
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Dimpler
Point load penetrometers, such as the Dimpler, have been used efficiently in engineering
and petroleum industries to determine UCS of multiple materials including rocks (Ramos et al.,
2008). The Dimpler (Fig. 8) is a handheld micro-conical point indenter that creates a small
conical depression on a tested sample by means of applying an axial stress (Ramos et al., 2008).
The dimpler device has a spring mechanism that allows the operator to decide the amount of
pressure to be exerted on the device. This allows for equal amounts of force to be exerted on
each sample. Removable tape is placed on the sample, dye is coated on the conical tip, and the
depression (dimple) left on the tape is archived. The geometric attributes of the dimple (shape
and depth) are measured and can be converted to UCS using empirical equations (Ramos et al.,
2008).
Dimpler data were collected in the center of the core at the same locations as XRF
analysis. Following Enderlin’s (2010) method, a piece of removable tape was placed onto the
sample surface, dye added onto the penetrometer tip, and the Dimpler was then pressed at a
constant force into the sample surface. This process was repeated four more times for a total of
five dimples per sample location. Once the ink had dried for approximately 30 minutes the tape was
removed from the core and placed on a transparent film sheet. A transparent film allows observation
of both sides of the tape including the back side that was in contact with the core during the sampling
process. Significant observations can be noted on the adhesive side of the tape such as core debris
from the sample fracturing during a measurement. If a sample fractured, the dimple measurement
was thrown out due to rock failure.

21

Figure 8. Pictures showing how a Dimpler
is used (from Enderlin, 2010).
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After the entirety of the samples were collected, the diameter of the ink circle left on the surface of
the tape was measured using a 10x magnified loupe scale. The scale is composed of tick marks and
each tick represents 0.005 in (0.127 mm). The geometric properties of the mark left on the tape are
indicative of the strength of the material (Enderlin, 2010).

Dimpler ticks (DT) are converted to UCS using the Enderlin (2017, pers. comm.)
empirical equations:
DT < 5.5: UCS=(154978.9*DT -1.86399)+(-12992.97+(60507.13*DT)+(-27346.5*DT 2)+
(4293.111*DT 3)+(- 226*DT 4))

DT > 5.5: UCS = 154978.9 * DT -1.86399

Bambino
Rebound hammers have been used for years to test the strength of materials (Deere and
Miller, 1966). Unlike the traditional Schmidt Rebound Hammer, the Equotip Bambino (Fig. 9) is
a micro-rebound hammer that is non-destructive to core samples (Zahm and Enderlin, 2010). The
device is easily portable and only leaves a small indention on the core sample. The Bambino is
an electronic, battery-powered, spring-operated, hand-held device that determines the hardness
of a given sample by firing a ball towards the sample surface, measuring the balls velocity at
impact, and comparing it to the measured rebound velocity of the ball (Fig. 10). As rebound
velocity increases, the hardness of the material increases as well (Daniels et al., 2012). There are
multiple equations to determine UCS from Leeb Hardness values (e.g., Aoki and Matsukura,
2008; Zahm and Enderlin, 2010; Daniels et al., 2012; Enderlin, unpublished) but this study will
use the equation determined by Enderlin (unpublished).
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Figure 9. Equotip Bambino placed on reference standard block.
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Figure 10. Schematic of Equotip hardness tester (Bambino) (modified from Aoki and
Matsukura, 2008).
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Bambino data were collected similar to Dimpler data. Five data sample points were taken
at each XRF sampling point. Due to minimal compaction that occurs during operation of the
Bambino, the data were collected after Dimpler testing. The Bambino device is held
perpendicular to the core and the triggering mechanism is pressed, which causes the compressed
spring to release and fire the impact body assembly at the core surface. The Bambino device
displays the measured Leeb Hardness value (L’), which is averaged for the five sample points.
For quality control of the Bambino, a reference standard (Fig. 9) was sampled every 12 ft (3.66
m). It should also be noted that Bambino measurements may be sensitive to volume of material
analyzed (e.g., Taylor, 2017). Therefore, core volume was calculated at each sample point by
measuring thickness, length, and width similar to Taylor (2017). Some samples were too small
for accurate testing using the Bambino and were not included in the data set.
Bambino readings are converted from Leeb Hardness (L’) to UCS using an equation by
Enderlin (2017, per. comm.):
UCS = (7.46 x 10-8) x (0.99725158(L’)) x (L’ (4.2961784))

Results
A compilation of data acquired from previous studies and data from this study were used
to produce a more comprehensive, basin-scale correlation between the Barnett’s chemical
composition, rock strength, thickness, and sample location within the basin. Within this dataset,
Barnett thicknesses range from 134 ft (45 m) to 762 ft (232.3 m) in cores located across the
entire basin (Fig. 3). Trends in mechanical stratigraphy and chemostratigraphy data were crossplotted, charted, and graphed to aid in interpretation.
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ED-XRF
Raw spectrum data were collected using the Bruker Tracer IV and then converted from
point counts to weight percent using a mudrock calibration in the Bruker software that is
provided with the device. Major elements are given in weight percent due to having a higher
abundance and trace elements are given in parts per million (ppm) as a result of having relatively
low concentrations in the core. To determine ppm values, trace element weight percent is
multiplied by 10,000.
The distribution of elements in sedimentary rocks are controlled by terrigenous detritus,
biogenic components, and authigenic materials precipitated near or at the sediment-water
interface (Calvert and Pedersen, 1993). Major (e.g., Al, Si, Ca, Mg, and Fe) and trace (e.g., Ni,
Zn, Th, Rb, Cu, Cr, U, Zr, and Mo) elements, measured in weight percent and parts per million,
respectively, are used to estimate abundances of common rock forming minerals. The relative
abundance of minerals aids in interpreting if a particular interval is clay-rich, calcite-rich, or
quartz-rich.
Aluminum is the most abundant metallic element in the crust and is a good proxy for
determining if sediment is of detrital origin (Salminen et al., 2005). Elemental ratio trends are
seen in cross-plots of Ti vs. Al, K vs. Al, Si vs. Al, and Ca vs. Al (Fig. 11-14). Cross-plotting Ti
vs. Al (Fig. 11) is extremely useful as a detrital proxy due to the non-reactivity of the insoluble
TiO2 resulting in high diagenetic stability (Brookins, 1988). Cross-plotting K vs. Al (Fig. 12) is
also useful as a detrital proxy as potassium is a lithophile element originating from the
weathering of felsic igneous rocks (Salminem et al., 2005). Cross-plotting Si vs. Al (Fig. 13) can
indicate biogenic or detrital origin of silica in the depositional system (Rowe et al., 2008).
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Data points that plot below the illite-silica mixing line are indicative of calcium dilution, and
data points that plot above the illite-silica mixing line suggest increased biogenic silica input.
Cross-plotting Ca vs. Al (Fig. 14) indicates biogenic or authigenic origin of Ca if negative trends
are found between the two elements (Tribovillard et al., 2006). All core data have similar trends
in regards to aluminum crossplots with the exception of % Al versus % Ti for core #8 which may
have decreased correlation as a result of structural deformation in the core (faults), the
abundance of pseudo-facies 2 (see below) within this core, or XRF readings may not have been
accurate. Within these cores, strong correlation of these certain elements versus Al suggest
abundant detrital clay input, presence of biogenic silica, and increased biogenic or authigenic
carbonate production.
Molybdenum (Mo), Iron (Fe), and Sulfur (S) complexes are typically taken up by
authigenic pyrite or sulphur-rich organic compounds in euxinic depositional environments,
which leads to Mo enrichment below the sediment-water interface (Tribovillard et al., 2006).
With the exception of core #1, which is Mo rich towards the upper portion of the core, increasing
abundances of Mo, Fe, and S are generally seen as depth increases. As a result of Mo enrichment
within this dataset, Mo is a significant indicator of anoxia and euxinia within this depositional
environment (Fig. 15-23). To reconstruct redox conditions, Al-normalized concentrations of
Uranium and Molybdenum were calculated to give enrichment factors (EF) using the method
outlined by Tribovillard (2006). These enrichments factors are cross-plotted to show variation in
watermass chemistry and the operation of particulate shuttles within the water column
(Tribovillard, 2006) (Fig. 24, Fig. 25). Using Figure 25 from Tribovillard et al. (2012) redox
conditions can be interpreted on all Barnett cores.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

EOG #8

EOG #9

Figure 11. Cross plot of weight percent Titanium versus weight percent Aluminum. Facies are
uniquely colored. Black line represents overall trend between elements.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

EOG #8

EOG
#9

Figure 12. Cross plot of weight percent Potassium versus weight percent Aluminum. Facies are
uniquely colored. Black line represents overall trend between elements.

30

EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

EOG #8

EOG #9

Figure 13. Cross plot of weight percent Silica versus weight percent Aluminum. Solid line represents
overall trend between elements. Dashed line represents the illite-silica mixing line. Silica excess is
indicated by sample plotting above of the mixing line and calcite dilution is indicated by samples
plotting below of the mixing line.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

EOG #8

EOG #9

Figure 14. Cross plot of weight percent Calcium versus weight percent Aluminum. Facies are
uniquely colored. Solid line represents overall trend between elements.
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Figure 15. Graph showing elemental abundances versus depth for EOG #1 core.
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Figure 16. Graph showing elemental abundances versus depth for EOG #2 core.
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Figure 17. Graph showing elemental abundances versus depth for EOG #3 core.
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Figure 18. Graph showing elemental abundances versus depth for EOG #4 core.
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Figure 19. Graph showing elemental abundances versus depth for EOG #5 core.
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Figure 20. Graph showing elemental abundances versus depth for EOG #6 core.
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Figure 21. Graph showing elemental abundances versus depth for EOG #7 core.
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Figure 22. Graph showing elemental abundances versus depth for EOG #8 core.
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Figure 23. Graph showing elemental abundances versus depth for EOG #9 core.

EOG #1

EOG #4

EOG #7

EOG #2

EOG #5

EOG #8

EOG #3

EOG #6

EOG #9

Figure 24. Cross-plots of Molybdenum enrichment factor versus Uranium enrichment
factor covariance. Dashed lines represent modern seawater (SW) Mo/U molar ratio and
fractions thereof.
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Figure 25. Example of Molybdenum enrichment factor versus Uranium enrichment
factor covariation. Solid line represents modern seawater (SW) Mo/U molar ratio and
dashed lines fractions or multiple thereof (Tribovillard et al., 2012).
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All cores plot mostly anoxic to euxinic, and weakly restricted to strongly restricted. Cores
#1, #2, #3, #4, #5, and #6 show that facies 4 plots somewhat along the particulate shuttle
pathway suggesting this facies was deposited under weaker restricted conditions than the other
facies.
Nickel (Ni), Copper (Cu), and Zinc (Zn) are excellent geochemical proxies for biological
productivity in surface waters due to being preferentially enriched in organic matter (Tribovillard
et al., 2006, O’Neal, 2015). Similar to Mo, core #1 is again the exception with higher abundances
in the upper section. All other cores typically show increasing abundances of Ni, Cu, and Zn as
depth increases. Core #8 has two strong pulses of Ni in the upper half of the core. High
abundances of Ni, Cu, and Zn in shale suggest periods of increased biological productivity where
a significant portion of the organic matter escaped surface waters and was deposited with the
bottom sediments (Fig. 15-23).
Hierarchical Cluster Analysis
Although it is possible to identify general chemostratigraphic trends by looking at
individual elemental data, a Hierarchical cluster analysis (HCA) has the ability to better interpret
the data and recognize facies trends using all available elemental analyses. HCA is a unique way
of analyzing each sample by joining them together in a Hierarchical manner based of how each
sample relates to the next sample as a function of the covariance of all the elements in each
sample (Turner et al., 2015). HCA was performed on all core data using Wards method, half
square Euclidean distance, and no normalization (Ward, 1963; Turner et al., 2015). Ward (1963)
describes the method by giving each value a grouping number, which is then compared to
neighboring group numbers, and the total number of groups is reduced by n-1 until n=1.
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The software used to perform the HCA is TIBCO Spotfire and all elemental data are used to
complete the HCA. To have a better visual representation of the results, a dendrogram is created
by the software to show how different groupings cluster together (Fig. 26). It is worth noting that
dendrograms do not display data in stratigraphic succession, but by grouping and clustering. An
arbitrary cutoff line is used to create a set number of divisions the software will use to group
samples. This study used a cutoff of five clusters in order to keep the number of chemofacies
reasonable and easier to interpret.
Four chemofacies and one pseudo-facies are identified. Facies 2 is the pseudo-facies and
is composed of well sections that have no data or corrupt data, resulting in extremely low values
for all analyzed elements. Once chemofacies are identified, the average of each individual
element is calculated within each observed facies. Significant differences between chemofacies
are apparent in major element composition. Al, Si, and Ca are the primary control on
chemofacies division (Table 2).
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Figure 26. Example of a TIBCO Spotfire dendrogram created
from a HCA. Dashed red line indicates the arbitrary cutoff line
for number of divisions.
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Table 2. Table showing average wt.% for each major element and average ppm for each trace element in relation to the chemofacies
identified by the hierarchical cluster analysis.

Chemofacies 1 contains the highest abundance of Ca and Mg averaging at 28.9% and
2.37%, respectively, across all cores. This chemofacies also contains the lowest abundance of Al,
Si, P, K, and Fe averaging at 0.7%, 6.43%, 0.18%, 0.26%, and 0.88% respectively. This
chemofacies also contains the lowest abundance for 16 trace elements, with the exception of As,
Sr, and Sn (Table 2). Using the Gamero-Diaz et al. (2012) classification scheme (Fig. 25) for
organic mudstones, chemofacies can be given a lithofacies name based on where core samples
plot on a ternary diagram (Fig. 26-34). Chemofacies 1 is a mostly mixed carbonate mudstone to
carbonate dominated lithotype with some silica-rich carbonate mudstone.
Chemofacies 5 is similar to chemofacies 1 in that they both contain high Ca (Table 2).
Chemofacies 5 has the second highest abundance of Ca and Mg averaging at 16.59% and 1.11%
respectively. The weight percent increase to 2.18% Al and 18.38% Si in this facies. Chemofacies
5 also contains the highest abundance of U and P averaging at 11.77 ppm and 2.08%
respectively. This chemofacies is classified as a mixed mudstone with some carbonate/siliceous
mudstone and mixed siliceous mudstone.
Chemofacies 3 is more siliceous and clay rich than Chemofacies 1 and 5 with an average
percent weight for Si, Al, and Ca of 23.81%, 4.14%, and 8.27%, respectively. This chemofacies
is also elevated in trace elements in comparison to chemofacies 1 and 5 (Table 2). Chemofacies 3
is classified as a mixed siliceous mudstone with some argillaceous/siliceous mudstone.
Chemofacies 4 represents the facies with the highest abundance of Si, Al, K, and Ti
averaging at 28.88%, 5.38%, 1.83%, and 0.32% respectively. This facies contains the lowest
abundance of Ca at 2.45% and the highest abundance for 13 trace elements (Table 2). This
chemofacies is a clay-rich siliceous mudstone with some argillaceous/siliceous mudstone.
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Figure 27. Ternary diagram with three endpoints (Clay, Carbonate, and Quartz/Feldspar). Classification of
organic mudstone is given based on relative abundance of each endpoint (from Gamero-Diaz et al., 2012).
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Ternary diagrams
Ratios of elemental concentrations within marine mudrocks and shales can be analyzed to
better identify the mineralogic trends of each chemofacies. Three primary oxides can be
estimated from stoichiometric conversions of Ca, Al, and Si (Brumsack, 1989). These oxides are
plotted on a ternary diagram to better visualize primary components and variations of the marine
sediment mixture in the Barnett (Fig. 28-36). Ternary diagrams are made for each core and
individual chemofacies are indicated by colored points on the diagram. Assuming the marine
sediments are composed of biogenic carbonates (CaO), aluminosilicates (Al2O3) and silica
(SiO2), and biogenic silica (SiO2), the plotted points are comparable to the calculated values of
the “Average Shale” determined by Wedepohl (1971).
All cores except for #3 (Fig. 30) and #5 (Fig. 32) have easily observed mineralogic
divisions that relate to chemofacies. All cores have significant clusters with higher silica content
that plot below the “Average Shale.” Cores #2 (Fig. 29) and #8 (Fig. 35) seem to drift more
towards the CaO endmember, whereas cores #5 (Fig. 32) and #7 (Fig. 34) tend to drift more
towards the SiO2 endmember.
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5 x Al2O3

2 x CaO

SiO2
Figure 28. Ternary diagram for EOG #1 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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5 x Al2O3

2 x CaO

SiO2
Figure 29. Ternary diagram for EOG #2 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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5 x Al2O3

2 x CaO

SiO2

Figure 30. Ternary diagram for EOG #3 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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5 x Al2O3

2 x CaO

SiO2

Figure 31. Ternary diagram for EOG #4 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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5 x Al2O3

2 x CaO

SiO2
Figure 32. Ternary diagram for EOG #5 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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5 x Al2O3

2 x CaO

SiO2

Figure 33. Ternary diagram for EOG #6 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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5 x Al2O3

2 x CaO

SiO2
Figure 34. Ternary diagram for EOG #7 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).

57

5 x Al2O3

2 x CaO

SiO2
Figure 35. Ternary diagram for EOG #8 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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5 x Al2O3

2 x CaO

SiO2

Figure 36. Ternary diagram for EOG #9 showing trends in mineral
composition and chemofacies. Data plotted with the “Average Shale”
(A.S.) marked by red triangle (Wedepohl, 1971).
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Chemostratigraphy
The identified chemofacies are plotted versus depth to better understand changes within
the Barnett (Fig. 37 and 38) across the basin. Using Petra software, chemostratigraphic pseudologs are made for each well and placed beside one another to create cross-sections across the
basin. Well logs are placed arbitrarily next to each other to better identify trends across pseudologs. Based on the abundance of chemofacies within specific sections of each core, zones are
visually identified and cores are divided into three chemostratigraphic zones (Fig. 37 and 38).
EOG #8, which is in close proximity to the Muenster Arch, is the only core in which zones could
not be identified in comparison to other cores due to structural complications such as repeat
sections and rotated beds related to deformation along the arch (Ashley, 2014; Jacobs, 2014).
Zone 1 is found in the upper section of the Barnett across most cores. This zone is
composed of mostly thick packages of mixed mudstone with some interbedded mixed carbonate
mudstone and clay-rich siliceous mudstone. Moving south across the basin results in an increase
of clay-rich siliceous mudstone packages within zone 1 (Fig. 37 and 38). Zone 1 is more
carbonate rich in the northern section of the Barnett and becomes more clay and quartz rich
toward the south. Zone 1 also appears to thicken from the northwest to southeast.
Zone 2 is found exclusively in the northern region of the Barnett and is composed of
highly interbedded mixed siliceous mudstone and clay-rich siliceous mudstone. Small packages
of mixed carbonate mudstone are also found in this zone but are not significant. Zone 2 is quartz
and clay rich with frequently interbedded calcareous intervals (Fig. 37).
Zone 3 makes up the lower section of the Barnett and is composed of thick clay-rich
siliceous mudstone packages interbedded with thin intervals of mixed siliceous mudstone.
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A

A’

Figure 37. Location map and cross-section A to A’ with 4 wells showing one quasi-facies,
four chemofacies and three distinct zonations. Wells are placed beside each other for easier
correlation and are not plotted in relation to Measured Depth (MD). Cores 8, 4, 2, and 1 are
located in the northern part of the basin. General cardinal directions are given for crosssection correlation.
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NW

SE

B

B’

Zone 2

Figure 38. Location map and cross-section B to B’ with 6 wells showing one quasi-facies,
four chemofacies and three distinct zonations. Wells are placed beside each other for
easier correlation and are not plotted in relation to Measured Depth (MD). General
cardinal directions are given for cross-section correlation.
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Zone 3 thickens significantly from north to south across the basin and is the dominant zone in the
southern region of the Barnett.
Rock Strength
Evaluation of UCS using a point-load penetrometer (Dimpler) and a hand-held microrebound hammer (Bambino) on a high-resolution scale is completed on all cores except for EOG
#8 and EOG #9, for which only Bambino data exist. Although sampling intervals varied slightly
between cores, similar trends can be found in most UCS results (Fig. 39-46). All cores are
divided into strength sections by visual observation of overall changes in UCS versus depth (Fig.
39 and 40). It is important to note that these strength sections may or may not correlate between
cores, but do seem to trend similarly to the chemostratigraphic zonations of each core.
EOG #1
The EOG #1 core is divided into three distinct strength sections. T he first section is from
the top of the core to ~5620’ (1713 m) and has an average Dimpler and Bambino UCS of 6628
psi (45.69 MPa) and 8006 psi (55.19 MPa), respectively. The second section is from ~5620’
(1713 m) to ~5770’(1759 m) and has an average Dimpler and Bambino UCS of 5881 psi (40.55
MPa) and 6478 psi (44.66 MPa), respectively. The third section is from ~5770’ (1759 m) to the
bottom of the core and has the highest Dimpler and Bambino average UCS for this core of 8300
psi (57.23 MPa) and 11,514 psi (79.39 MPa), respectively (Table 3). In this core, strength section
1 matches with chemostratigraphic Zone 1, strength section 2 aligns with zones 2 and 3, and
strength section 3 does not correlate with any chemozone (Table 3).
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Figure 39. Cross-plots of Dimpler UCS (psi) values versus depth (ft) in each core. Chemofacies are uniquely colored. Dashed lines indicate strength
section divisions. Bolded black numbers indicate strength section name. Solid black line represents the contact between the Barnett and adjacent formation.
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Figure 40. Cross-plots of Bambino UCS (psi) values versus depth (ft) in each core. Chemofacies are uniquely colored. Dashed line indicates
strength section divisions. Solid black line represents the contact between the Barnett and adjacent formation.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

Figure 41. Cross-plots of Dimpler UCS values versus weight percent
Silica in each core. Identified chemofacies are uniquely colored. Solid
black line shows overall trend.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

Figure 42. Cross-plots of Dimpler UCS values versus weight percent
Calcium in each core. Chemofacies are uniquely colored. Solid black
line shows overall trend.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

Figure 43. Cross-plots of Dimpler UCS values versus weight percent
Al+Ti+K (clay) in each core. Chemofacies are uniquely colored. Solid
black line shows overall trend.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

EOG #8

EOG #9

Figure 44. Cross-plots of Bambino UCS values versus weight percent
Silica in each core. Chemofacies are uniquely colored. Solid black line
shows overall trend.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

EOG #8

EOG #9

Figure 45. Cross-plots of Bambino UCS values versus weight percent
Calcium in each core. Chemofacies are uniquely colored. Solid black
line shows overall trend.
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EOG #1

EOG #2

EOG #3

EOG #4

EOG #5

EOG #6

EOG #7

EOG #8

EOG #9

Figure 46. Cross-plots of Bambino UCS values versus weight percent
Al+K+Ti (Clay) in each core. Chemofacies are uniquely colored. Solid
black line shows overall trend.
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Table 3. Average Bambino and Dimpler UCS for each section of core across the basin. Note
that some strength sections exactly match chemostratigraphic zonations and some strength
sections include parts of multiple chemostratigraphic zonations. Total core length represents
Barnett thickness.

Core

Strength
Section

Chemostratigraphic
Zonation

Dimpler UCS
AVG (psi)

Dimpler UCS
AVG (MPa)

Bambino
UCS AVG
(psi)

Bambino
UCS AVG
(MPa)

EOG
#1

1

1

6627.7

45.7

8006.2

55.2

2
3

2,3
N/A

5881.3
8299.5

40.5
57.2

6477.6
11514.2

44.7
79.4

1

1

10944.6

75.5

6133.8

42.3

2

2,3

11254.3

77.6

10020.8

69.1

1

1

23047.0

158.9

18557.0

127.9

2

1,3

15650.4

107.9

13690.2

94.4

1

1

11893.0

82.0

10011.6

69.0

2
3

2
3

18100.5
12890.6

124.8
88.8

11851.8
9704.7

81.7
66.9

1

1,3

13247.7

91.3

3715.9

25.6

2

3

13171.6

90.8

2906.8

20.0

1

1,3

10107.1

69.7

12417.8

85.6

2
3

3
3

7241.3
5676.6

49.9
39.1

10889.3
6350.9

75.1
43.8

1

1

13161.9

90.7

14111.6

97.3

2
3

3
3

10798.7
7304.0

74.5
50.4

8812.4
4527.7

60.8
31.2

1

N/A

-

-

19057.7

131.4

2
3

N/A
N/A

-

-

15269.2
12782.1

105.3
88.1

1

1

-

-

9800.9

67.6

2

3

-

-

6099.9

42.1

EOG
#2
EOG
#3

EOG
#4

EOG
#5
EOG
#6

EOG
#7

EOG
#8

EOG
#9

Total Core
Length
(ft)(m)

245 ft
(74.6 m)
401 ft
(122.2 m)
179 ft
(54.5 m)

647 ft
(197.2 m)
289 ft
(88.1 m)
241 ft
(73.5 m)

306 ft
(93.3 m)

762 ft
(232.3 m)
229 ft
(69.8 m)
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All Cores
Cross-plots of UCS versus depth (Fig. 39 and 40) show multiple general strength trends
in all cores. UCS strength trends seen from Bambino measurements compared to trends seen
from Dimpler measurements are generally similar. Some divisions are more easily seen in
Bambino UCS vs. Depth than in Dimpler UCS vs. Depth, and vice versa. Strength divisions are
made based on visual observation of apparent overall shifts in UCS. Regardless of slight
variations between strength measurement tool results, cores #1, #4, #6, #7 and #8 are divided
into three strength sections, while cores #2, #3, #5, and #9 are divided into only two sections
(Fig. 39, Fig. 40, Table 3).
Cross-plots of UCS versus wt.% Si (Fig. 41, Fig. 44) show little to no trend suggesting
silica alone plays a minimal role in controlling UCS as a whole. Similarly, cross-plots of UCS
versus wt.% Ca (Fig. 42, Fig 45) also show very weak positive trends, and calcium, like silica,
seems to play a minimal role in controlling UCS by itself. Weight percent Al+Ti+K, which
represents the clay fraction in the cores, versus UCS cross-plots (Fig. 43, Fig. 46) show the
strongest relationship. As Al+Ti+K content increases, UCS values decrease. The highest R2
values are found in this relationship and is consistent across the entirety of the Barnett for both
Bambino and Dimpler UCS.
UCS in relation to chemofacies coincides with the previous elemental trends. Table 4
shows average UCS values for each chemofacies. Chemofacies 1 and 5 have higher UCS values
and chemofacies 3 and 4 have lower UCS values. These are logical averages as chemofacies 1
and 5 have abundant wt.% Ca and low wt.% Al, while chemofacies 3 and 4 have more wt.% Al
and low wt.% Ca (Table 4).
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Table 4. Average Bambino and Dimpler UCS for each chemofacies across the basin. It should be noted
that facies 2 is quasi-facies and is not an accurate representation.

Volume and Strength
Volume was calculated for each sample from EOG #1 following the same method as
Taylor (2017). Leeb Hardness values are cross-plotted against sample volume to obtain the
equation of the best fit logarithmic curve (Fig. 47). The derivative of the logarithmic curve is
determined and a volume minima value that would have no effect on Leeb Hardness was
assumed at DX/DY=1. It was found that the best fit curve has an equation of y = 266.64 +
(59.2*Ln(x)). The first derivative of this equation is equal to 1 when x = 59.2. As a result, 59.2
cm3 is the minimum volume per sample to assure Bambino readings are not skewed. Nearly half
of the samples fall below the minimum volume needed and may not be the most reliable for
comparisons to other data sets (Fig. 47).

75

76

Figure 47. Cross-plot of Leeb Hardness versus sample volume. Blue dots represent samples
with volumes less than the required minimum of 59.2 cm3 and red dots represent sample that
meet or exceed the volume minimum.

Discussion
Chemostratigraphy
Chemostratigraphic characterization and correlation using rock elemental data provide a
vital understanding of unconventional hydrocarbon-rich formations. Rowe et al. (2008) used
XRF on a Barnett Shale core and identified five chemostratigraphic units by comparing total
organic carbon (TOC), total inorganic carbon (TIC), % Sulfur, % Silica, and Molybdenum
enrichment factors to one another and then correlating the five chemostratigraphic units to
previously described lithofacies. The five chemostratigraphic units described by Rowe et al.
(2008) are broken into an upper Barnett member (laminated, siliceous, organic rich-mudstone),
Forestburg Limestone member, and three laminated lower Barnett members (argillaceous
organic-rich mudstone, siliceous organic-rich mudstone, and ferroan dolomite-rich/organic-rich
mudstone). Rowe et al. (2012) determined that mudrock chemostratigraphies can be accurately
generated using calibrated ED-XRF tools. Results in this thesis agree with trends from Rowe et
al. (2012) which show that in a Wise County core, Al, K, Ti, Mo, Ni, Cu, and Zn all have general
increasing trends as depth increases, and Ca and Ti have an inverse relationship. Rowe et al.
(2012) also show that their Wise County core abundances of CaO, Al2O3, and SiO2 plot on a
ternary diagram as argillaceous, siliceous mudstone with some clay-rich siliceous mudstone,
mixed mudstone, and mixed carbonate mudstone, which is similar to results in this thesis.
Hoelke (2011) used XRF on eight Barnett cores from Brown, McCulloch, Mills, and San Saba
counties, and found that the Barnett in this southern region is mostly siliceous mudstone and
carbonate siliceous mudstone. Robinson (2012) used XRF on a Montague county core and found
that the upper portion of the Barnett is more carbonate rich whereas the lower portion of the core
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is more clay rich. All of these studies (Rowe et al., 2008; Rowe et al., 2012; Hoelke, 2011;
Robinson, 2012) have correlative findings to this thesis in that the upper portion of the Barnett is
siliceous and somewhat carbonate rich similar to Zone 1, whereas the lower portion of the
Barnett is siliceous and more clay rich similar to Zone 3.
Correlating my Barnett core results to existing studies, the abundant facies 4 (clay-rich
siliceous mudstone) mixed with facies 3 (argillaceous/siliceous mudstone) appear to be
equivalent to the dominant dark siliceous mudstone to claystone outlined by Breyer et al. (2012).
Loucks and Ruppel (2007) describe a laminated argillaceous lime packstone facies found
predominantly in the northern and central parts of the basin. This laminated argillaceous lime
packstone appears to be equivalent to the facies 1 found in this thesis, which is a mixture of
argillaceous/siliceous mudstone and mixed carbonate mudstone. Due to the abundant P found in
facies 5 (mixed mudstone), this facies can be correlated as equivalent to the phosphatic siltstone
to mudstone described by Breyer et al. (2012).
XRF has been shown to be efficient, but including other elemental analysis tools can increase the
accuracy of results. Sano et al. (2013) used XRF, XRD, and ICP-MS to find element ratios to
identify four distinct chemofacies within the Haynesville Formation and correlated them across
five wells spanning over 50 miles across. Attar (2013) used XRF to identify six
chemostratigraphic zones within the Niobrara Member of the Mancos Shale and correlated four
geochemical markers to lithostratigraphic markers on gamma-ray and resistivity logs. Although
this thesis did not attempt XRD, ICP-MS, or log interpretations, further research could enhance
the chemostratigraphic results already observed. Whether using ICP-MS or XRF, it has become
evident that chemostratigraphic zonation of hydrocarbon rich rock is easily attainable, efficient,
and reliable.
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Location
Location and core thickness are significant aspects in understanding trends and
differences between each Barnett core. Within this dataset, Barnett thickness ranges from 134 ft
(45 m) to 762 ft (232.3 m). Core locations are spread out to give a better basin-wide
understanding of elemental and strength changes. Thickness is attributed to proximity of the
basins bounding features and subsidence related to the Muenster Arch and Ouachita thrust front
(Pollastro et al., 2007). Thickness variations are addressed by Henry (1982), Montgomery et al.
(2005), Breyer et al. (2012), and Loucks and Ruppel (2007) using isopach maps of the Barnett Shale
that show maximum thickness near the Muenster Arch of roughly 1000 ft (330 m) and thinning
toward the south with all cores used in this thesis at or above the 100 ft (30 m) contour. The core
thicknesses from this thesis agree with published isopach maps with the exception of EOG #5 which
is slightly outside the appropriate contour (Fig 3). This could be due to lack of well control in
published papers causing inaccurate contouring within Hill County.

Location in the basin not only affects the Barnett thickness, but also the mineralogic and
elemental composition. Changes in sediment sourcing is the primary factor for variations in
lithology between facies. Cores #1, #2, #4, and #8, located in the northern part of the basin,
along with core #3 in the central part of the basin, contain the largest abundance of wt.% Ca. The
upper sections of these cores contain high wt.% Ca which suggests a gradual increase in
carbonate input during deposition. Core #3 is located south of cores #1, #2, #4, and #8 and the
higher wt.% Ca could be explained by its proximity to the Bend Arch and associated Chappel
Limestone pinnacle reef complexes (Pollastro et al., 2003). With the exception of core #3, these
cores are considered to be predominantly carbonate sourced from the Chappel Shelf, Red River
Arch, Muenster Arch, and southern Oklahoma provenance (Bowker, 2007; Pollastro et al.,
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2007). Zone 2 in these cores contains highly interbedded argillaceous/siliceous mudstone and
clay rich siliceous mudstone which are similar to laminated silty claystone/mudstone facies
found by Monroe and Breyer (2012), who suggest that these units were deposited as hemipelagic
plumes and dilute turbidity currents. Zone 3 in the lower section of these cores contains high
wt.% Al, which indicates increased terrigenous influence, and may be the result of deposition of
silt sized or smaller windblown silts and micas with a source from the northeast as suggested by
Monroe and Breyer (2012).
Cores #5, #6, #7, and # 9 show increased wt.% Si and wt.% Al relative to the northerly
located cores. These cores contain the thickest Zone 3 intervals consisting of clay rich siliceous
mudstone with thinly interbedded argillaceous/siliceous mudstone. When correlated to Loucks
and Ruppel (2007) findings of grain size variability across the basin, Zone 3 in the northern part
of the basin should be finer grained, whereas Zone 3 in the southern part of the basin should be
coarser grained. This grain size distribution would suggest a closer sediment source such as the
Caballos-Arkansas island arc chain (Fig. 2). Although this study did not characterize grain size,
future studies could confirm this correlation. These central and southern cores also appear to
have more biogenic silica influence based on excess silica shown on Si/Al plots (Fig. 13). These
observations correlate to findings by Monroe and Breyer (2012), who suggest silica is
biogenically sourced from sponge spicules in this part of the basin. From north to south across all
cores containing Zone 1, a slight decrease in Ca and Mg can be seen within this carbonate rich
zone. Zone 1 in these central/southern cores may be sourced from the same carbonate sources as
in the northern part of the basin, but as a result of being distally located from that source,
increased input from the Caballos-Arkansas island arc chain is probable.
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During deposition of the Barnett, the Fort Worth Basin occupied a narrow, deep,
foreland basin that was poorly connected to open marine conditions as suggested by redox proxy
elements Mo, Ni, and V. The terrigenous-derived clay and silt rich cores contain relatively
abundant Mo in the lower section of the cores (Fig. 15-24) and as a result, Zone 3 is interpreted
to be deposited under weakly restricted to restricted conditions. Abundant Mo in the lower
section of the cores directly correlates to findings by Gambacorta et al. (2016) in which higher
Mo enrichment factors are found in the lower portion of the studied Barnett core. High Mo
indicates anoxic to euxinic conditions, and high Ni and Cu suggests increased biological
productivity within Zone 3 that may have been resultant from upwelling (Fig. 15-23) (Gutschick
and Sandberg, 1983; Tribovillard et al., 2006). Zones 1 and 2 were most likely deposited under
more strongly restricted conditions than Zone 3 due to having relatively high Mo and high U
enrichment factors (Fig. 24).
Mechanical Stratigraphy
UCS divisions correlate relatively well with chemostratigraphic zonation divisions across
most cores (Table 3, Table 4). Strength section divisions in cores #4 and #9 align at similar
depths with chemostratigraphic zonations (Table 3).
Cores #1 and #2 have strength section 1 matching Zone 1, and strength section 2
coincides with Zone 2 and Zone 3 (Table 3). EOG #7 core has strength section 1 match with
Zone 1, with strength section 2 and 3 in coinciding with Zone 3 (Table 3). EOG #6 has strength
section 1 align with the top one-third of Zone 3, strength section 2 making up the middle onethird of Zone 3, and strength section 3 aligning with the bottom one-third of Zone 3 (Table 3).
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With multiple strength section division aligning with chemical zonations, this means that
correlations can be made between strength and chemical composition.
Cores (#3, #5, #6, #7, and #9) located in the central to southern part of the basin show
Zone 1 with higher UCS values than Zone 3 (Table 3). The higher UCS in Zone 1 is most likely
related to low abundances of clay and larger amounts of carbonates, whereas decreased UCS in
Zone 3 is directly related to increased concentration of clays and smaller amounts of carbonate.
In the northern cores (#1, #2, and #4) it is difficult to determine a general strength trend within
chemostratigraphic zonations due to highly variable Dimpler and Bambino average values (Table
3).
Although these findings of carbonate content versus strength are not very strong, they can
somewhat relate to other findings with stronger relationship, such as a study on the Woodford
shale completed by Perez (2011) that found increased Ca may increase strength. Using XRD and
point load tests on Sevier shale samples from eastern Tennessee, Nandi and Conde (2011)
determined that quartz, feldspar, and calcite have no significant effect on UCS, whereas clay
content, porosity, specific gravity, and microfracture density are directly related to UCS, similar
to the clay content correlation found in this study.
Although strength section divisions align somewhat well with chemostratigraphic
zonation divisions, strength sections from core to core do not correlate and have large variances
in UCS across chemostratigraphic zonations. These variances in UCS across chemostratigraphic
zonations could be attributed to several issues: sample volume influence on Bambino readings,
or small, gradual petrophysical (porosity, specific gravity, microfractures, etc.) changes across
the basin within a zonation. It is also possible that sample volume across the cores is too small
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for accurate measurements. Brooks et al. (2016) suggest a minimum volume of 328 cm 3 is
needed to achieve negligible affects from sample size for the Bambino. The majority of core #1,
tested by myself, is significantly beneath this minimum cutoff. The two cores measured by
Taylor (2017), core #4 and core #5, have calculated minimum cutoff values of 85.4 cm3 and 105
cm3, and also typically fall beneath the suggested minimum volume by Brooks et al. (2016).
Although Leeb’ Hardness can be effected by sample volume, there does not appear to be drastic
differences in the EOG #1 core UCS compared to other proximal cores. A more probable
possibility is that strength variances within a single zonation are a result of slight petrophysical
changes as you move from one side of the basin to the other, potentially creating variances in
UCS across the basin. It is also worth noting that all of the cores used in this study were cored
years ago and have dried out since then. As a core dries out and organic matter degrades, the
UCS may increase and be noticeably different from a freshly cored interval (Mohamed et al.,
2007; Petrov et al., 2017). This suggests that if some cores had longer drying times then those
cores could be significantly stronger. Assuming that all cores have dried out completely, the
overall strength trends should remain across all cores.

Conclusions
This study was created to develop a better understanding of Barnett Shale elemental and
strength variations across the Fort Worth Basin. Multiple sets of previously compiled data were
analyzed and correlated with data that I compiled. This comprehensive analysis results in several
elemental trends and associated relationships with UCS:
1. Four distinct chemofacies are identified in the Barnett Shale
a) Facies 1- Mixed carbonate mudstone to carbonate dominated lithotype
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with some silica-rich carbonate mudstone
b) Facies 3- Mixed siliceous mudstone with some argillaceous/siliceous
mudstone mudstone
c) Facies 4- Clay rich siliceous mudstone with some argillaceous/siliceous
mudstone
d) Facies 5- Mixed mudstone with some carbonate/siliceous mudstone and
mixed siliceous mudstone
2. The chemofacies can be further grouped into three zones that are recognizable in
all cores. Zone 1 is mostly composed of mixed carbonate mudstone with some
mixed mudstone/mixed siliceous mudstone, Zone 2 consists mostly of
argillaceous/siliceous mudstone and clay rich siliceous mudstone, and Zone 3 is
made up of mostly clay rich siliceous mudstone with thinly interbedded
argillaceous/siliceous mudstone.
3. Chemofacies and chemostratigraphic zonations do not readily correlate to UCS
within the Barnett. However, clay content and carbonate content appear to
influence UCS the most. With the exception of core #4, Zone 1 has the highest
UCS and Zone 3 has the lowest UCS across the basin. The predominant factor
controlling UCS within the Barnett shale is the overall abundance of clay
elements (Al, K, Ti). Carbonate content is a secondary factor but still has a
possibility in affecting UCS.
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ABSTRACT
REGIONAL CHEMOSTRATIGRAPHY AND MECHANICAL STRATIGRAPHY OF THE
BARNETT SHALE, FORT WORTH BASIN, TEXAS
By John Alvarez, M.S., 2018
School of Geology, Energy, and the Environment
Texas Christian University
Dr. Helge Alsleben – Associate Professor of Geology

Although multiple localized chemostratigraphic and strength studies have been
completed on the organic-rich Barnett Shale in the Fort Worth basin (Montgomery et al., 2005;
Pollastro et al., 2007; Jarvie et al., 2007; Rowe et al., 2008; Williams et al., 2016; Taylor, 2017;
Alsleben, unpublished), basin-wide correlations have not been completed. Basin-wide correlation
of chemostratigraphy and mechanical stratigraphy could enhance the understanding of regional
variations in chemical composition and rock competence. Therefore, this study tested multiple
hypotheses to identify regional trends and correlations within the Barnett Shale, based on
variations in the formations chemical makeup and rock strength. Results show three
chemostratigraphic zonations that do not readily correlate to UCS divisions across the entire
basin, but do correlate somewhat in the central/southern part of the basin. UCS is being
controlled predominantly by clay content and secondarily by carbonate content.
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