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Abstract

Geologic Setting and Reservoir Characterization of Barnett Formation

in Southeast Fort Worth Basin, Central Texas

Xufeng Liu, M.S. Geo. Sci.

The University of Texas at Austin, 2014

Co-Supervisors: William L. Fisher and Robert G. Loucks

The Mississippian Barnett Formation is a prolific shale-gas reservoir that was
deposited in the Fort Worth Basin, Texas. Many previous studies of the Barnett Formation
have been conducted in the main production area; few studies have been made of the
Barnett Formation in the southern part of the basin, which is a less productive area. In the
present research, several cores from the Barnett Formation in Hamilton County, southeast
Fort Worth Basin, are studied in detail.

Two vertical, continuous cores from Hamilton County, Texas, were studied to
delineate the depositional setting, lithofacies, pore types, and reservoir quality of the
Barnett Formation in the area. Five lithofacies were defined by analysis of the two cores:
(1) laminated clay-rich silty and skeletal peloidal siliceous mudstone; 2) laminated skeletal
silty peloidal siliceous mudstone; 3) nonlaminated silty peloidal calcareous mudstone; 4)
laminated and nonlaminated skeletal calcareous mudstone; and 5) skeletal phosphatic
packstone to grainstone. As indicated from this study, the dominant organic matter type is

vil



a mixture of Type Il (major) and Type Ill (minor) kerogen having a mean TOC content of
approximately 4%. Analysis of Rock Eval data shows that most of the interval is within
the oil window; calculated R, is approximately 0.9%. Organic geochemistry shows that the
hydrocarbon generation potential of the abundant oil-prone kerogen was excellent.
Mineralogical analysis reveals that the two types of siliceous mudstone, which are similar
in composition to the siliceous mudstone in the main producing area in the northern Fort
Worth Basin, are good for hydraulic fracturing and production, but they are also limited by
their marginal thickness. Organic matter pores, which are the dominant pore types in these
two cores, are consistent with pore types found in currently producing wells in the Newark
East Field.

This research also suggests that the deposition of Barnett Formation was controlled
largely by basinal geometry, suspension settling, and slope-originated gravity-flow events.
Skeletal deposits and carbonate-silt starved ripples suggest gravity-flow deposits and
bottom-current reworking during deposition. Redox-sensitive elements and degree of
pyritization both indicate anoxic/euxinic conditions during the deposition of the Barnett

Formation.

Keywords: Barnett, geochemistry, pores, shale gas, sedimentology
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INTRODUCTION

BARNETT SHALE GAS RESOURCES

The Barnett Formation, which was deposited in the deeper water foreland Fort
Worth Basin of North-Central Texas, is a well-known economic shale-gas system. It was
deposited under storm wave-base from 345 Ma to 320 Ma during Mississippian time
(Loucks and Ruppel, 2007). The Barnett Formation is both a primary source rock for
Paleozoic reservoirs in Fort Worth Basin and a widespread unconventional gas and oil
reservoir (Montgomery et al, 2005; Pollastro et al., 2007). Within the Fort Worth Basin,
the areas of Denton, Wise, and Tarrant Counties are the center of Barnett Formation
production. Extensive geologic and engineering research has been conducted on this
northern producing area. However, until recently, a synthesis of the lithofacies,
depositional characteristics, and reservoir characterization of the Barnett Formation in the
southern Fort Worth Basin had been relatively ignored (e.g. Bunting and Breyer, 2012).
This research will focus on the Barnett Formation in Hamilton County, in the southeastern
part of the Fort Worth Basin, in Central Texas (Figure 1).

Shale gas reservoirs are typically source rocks as well as reservoir rocks and cap
rocks (Schmoker, 1995). Before the 1980s, the Barnett Formation was not a target of
exploratory efforts, and initial recoveries from the low-permeability reservoir were largely
uneconomical. In the mid-1990s, drilling established a core productive area, Newark East
field, in the northern part of the basin (Montgomery et al, 2005) and then utilization of

horizontal drilling in 2003 dramatically increases the recovery. Now the Barnett Formation
1



continues to be an active target for shale gas in the Fort Worth Basin, in which 95% of the
wells are horizontal (Abouelresh and Slatt, 2012). A comprehensive study of the reserve
and production potential of the Barnett, conducted by Bureau of Economic Geology
researchers from 2011 to 2013, forecasts a cumulative 44 trillion cubic feet (TCF) of
recoverable reserves. Annual production declines in a predictable trend from the current
peak of 2 TCF per year to about 900 billion cubic feet (BCF) per year by 2030 (Browning

etal., 2013).

OBJECTIVE

In this study, several methods were applied to perform a comprehensive lithofacies
classification and preliminary reservoir characterization of the Barnett Formation in
southeastern Fort Worth Basin, using two continuous cores from wells in Hamilton County:
the Mesquite No. 1 and Lake Davis No. 1 (Figure 1). The critical research questions in this
area are: 1) what is the dominant lithofacies 2) what are the different mineral components
and their potential for hydraulic fracturing; 3) what are the depositional environments and
the dominant depositional processes; 4) what are the dominant pore types; and 5) what is
the reservoir quality. Overall, the objective of this research is to answer these questions for
the Barnett Formation in Hamilton County as part of a larger ongoing study of the regional
Barnett system. This study will subsequently provide a general reference for the future

geologic and production research in this area.
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Figure 1:  Map of general structural features of the Fort Worth Basin and the location
of cored wells used in this investigation. Map is modified from Loucks and
Ruppel (2007).



PREVIOUS WORK

Before the Barnett Formation was recognized as an unconventional reservoir, early
research focused on the contact relationships of Carboniferous strata, based on the study of
outcrops in San Saba and Lampasas Counties (Plummer and Moore, 1922; Plummer and
Scott, 1937; Cheney, 1940; Oden, 1958; Pickens, 1959; McKinney, 1963; Kuich, 1964;
Stitt, 1964; Turner, 1970). Turner (1957) first summarized the Paleozoic stratigraphy of
the entire Fort Worth Basin. Later, Flippin (1982) and Walper (1982) discussed the
structure and tectonic evolution of the Fort Worth Basin.

Currently, the Barnett Formation has been producing for more than 30 years, and
many studies of the petroleum geology and geologic evolution of the entire basin have been
made, especially in the main producing area (e.g., Montgomery et al., 2005; Hickey and
Henk, 2007; Jarvie et al., 2007; Loucks and Ruppel, 2007; Pollastro et al., 2007). Loucks
and Ruppel (2007) classified the Barnett Formation into three general lithofacies: 1)
laminated siliceous mudstone; 2) laminated argillaceous lime mudstone (marl); and 3)
skeletal argillaceous lime packstone. Abouelresh and Slatt (2012) studied Johnson County,
in the south part of the basin, and they identified 10 facies. Bunting and Breyer (2012) also
published a paper on the lithology of Johnson County, and Milliken et al. (2012) reported
on the carbonate lithology of the Barnett using their extensive research on the northern,
central, and southern parts of the Fort Worth Basin. Papazis (2005) and Bunting (2007)
completed two detailed Barnett Formation core descriptions during their graduate studies.
Few articles have been published specifically on the inorganic geochemistry of the Barnett

Formation. Rowe et al. (2008) published a research paper on the geochemical depositional
4



environment. Recently researchers have begun to apply conventional sequence stratigraphy
concepts to the deposition pattern of the Barnett Formation but without much success
(Abouelresh and Slatt, 2012). Overall, very little attention has been paid to the southeastern

part to the main producing area.



REGIONAL GEOLOGY OF THE FORT WORTH BASIN

EVOLUTION OF FORT WORTH BASIN

The origin and evolution of the Fort Worth Basin (FWB) have been discussed from
many points of view, especially the basin’s structure and tectonic development (Turner,
1957; Flawn et al., 1961; Henry, 1982; Walper, 1982; Flippin, 1982). Structures in the Fort
Worth Basin include both major and minor faulting, local folding, fracturing, and karst-
related collapse features (Montgomery et al., 2005; McDonnell et al., 2007). This summary
focuses on the origin and characterization of the five geographic boundaries of the Fort
Worth Basin (Figure 1) and includes a tectonic discussion as well.

The Fort Worth Basin is one of several Late Paleozoic structural and depositional
features developed in conjunction with the Ouachita fold-belt on the southern margin of
North America (Flawn, 1961).The basin is north-south-elongated and occupies
approximately 15,000 mi2 (38,100 km?) in North-Central Texas (Montgomery et al., 2005).
It has an asymmetrical wedge-shaped regional feature, and its thickest strata (more than
12,000 ft. (4000m)) formed in the area of the Ouachita fold-belt (Turner, 1957).

The Ouachita structural belt, which originated from the collision of Laurussia and
Gondwana, resulted from successive orogenic events beginning in the Late Mississippian
(Walper and Rowett, 1972; Keller and Cebull, 1973; Morris, 1974; Graham et al., 1975;
Briggs and Roeder, 1975; Walper, 1977). The Fort Worth Basin is one of several foreland

basins that formed along the front of the growing and advancing structural belt (Walper,



1977, 1982). This structural belt, which outlines the eastern and southeastern boundary of
the Fort Worth Basin, contains Mississippian and older deposits (Montgomery et al., 2005).

The Fort Worth Basin is bounded on the northeast by the Red River Arch and the
Muenster Arch; the latter is composed of a series of northwest-southeast- trending,
asymmetrical fault blocks (Henry, 1982) that played an important role in sediment input
during Early and Middle Mississippian time (Flawn et al., 1961; Hoffman et al., 1973,
1974). Near the Red River Arch, the Barnett Formation thins to extinction because of
erosion along the southern flank of the arch (White, 1948). Flawn et al. (1961) stated that
the Muenster Arch became active in Late Mississippian time and then emerged during
Early and Middle Pennsylvanian time, shedding arkosic clastics to the southwest and
northwest of the basin. This process made the Muenster Arch a potential source of
siliciclastic sediments. This resulted from the Muenster Arch having been part of the
remnant of an Early Paleozoic Southern Oklahoma Aulacogen (Hoffman, 1973, Walper
1977, 1982). This aulacogen occupied zones of vertical structural weakness that could be
easily reactivated by subsequent tectonic events (Hoffman et al., 1974). In this case,
Ouachita compression was triggered by the collision of Laurussia and Gondwana (Henry,
1982; Walper 1982).

The Llano Uplift marks the southern boundary of the basin. This domal-featured
uplift acted as a firm buttress against the forces of the Ouachita Orogeny while having
undergone intermittent positive movements since Precambrian time (Flawn, et al., 1961).
Precambrian and Paleozoic rocks are exposed on the surface in the Llano Uplift in Central

Texas (Flippin, 1982).



Westward, the basin is bounded by the Bend Arch, which extends northward from
the Llano Uplift. It is a broad and gentle swell that formed in the late stages of the basin’s
evolution. The Bend is derived from a series of hinge lines composing the western
boundary of the basin (Walper, 1982). The Barnett Formation thins rapidly against the
eastern flank of the Bend Arch and is locally absent over the crest of the arch (Henry,

1982).

STRATIGRAPHIC RELATIONSHIP OF BARNETT FORMATION

The name Barnett (Figure 2) was first presented by Plummer and Moore (1922),
who were working on outcrops in San Saba County. The Barnett Formation was deposited
from Osagean to Chesterian age during a second-order, sea level highstand (345-320 Ma)
(Ross and Ross, 1987), and continued accumulating sediments until the beginning of
Pennsylvanian time, as suggested by conodont correlation (Merrill, 1980; Kier, 1980; Orth
etal., 1986). Although the contact relationship is debatable (some thin detrital layers occurs
in between, as will be discussed later), most geologists believe that the Barnett Formation
is conformably overlain by the Pennsylvanian Marble Falls Limestone (Oden, 1958; Kuich,
1964; Turner 1970; Henry, 1982). It is underlain by lower Osagean Chappel Limestone on
the southwest. Along the cross section northeast of the basin, the Chappel limestone tends
to pinch out, and the Barnett is in unconformable contact with the Lower Ordovician
Ellenburger group and the Upper Ordovician Viola - Simpson group respectively. In most

of the basin, the Barnett strata rest on a major unconformity that spans 100 m.y. (Henry,



1982; Loucks and Ruppel, 2007). On the northern part of the basin, a limestone unit, the

Forestburg, separates the Barnett Formation into upper and lower parts (Figure 2).
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PALEOGEOGRAPHY

During Early Mississippian time when the Barnett Formation began to accumulate,
the two continents, Laurussia and Gondwana, were far apart (Figure 3A). In between, a
narrow ocean gateway connected the oceans on the west and east. Most of the land of North
America today was submerged. During the Late Mississippian (Figure 3B) Laurussia and
Gondwana were rapidly approaching each other, which accelerated the formation of a
series of foreland basins near the Ouachita fold-belt. The formation of the Appalachian
highlands shut down the gateway (Gutschick and Sandberg, 1983), which may have
restricted the circulation of seawater and therefore probably accounts for the later
occurrence of anoxia (Loucks and Ruppel, 2007). Evidence from Hamilton cores indicates
that there is relatively high organic matter content throughout the deposition of the Barnett
Formation in southeastern Fort Worth Basin, suggesting that the depositional settings were
very stable in terms of low oxygen levels (anoxic) and deeper water depths.

The water depth of Barnett Formation is very difficult to decipher precisely; several
researchers have proposed different depth intervals (Byers, 1977; Yurewicz, 1977;
Gutschick and Sandberg, 1983; Ross and Ross, 1987; Loucks and Ruppel, 2007). Both
Yurewicz (1977) and Gutschick and Sandberg (1983) estimated the water depth by analogy
with other similar basins, which lacks more direct evidence. Byers (1977) cited the good
preservation of organic matter and sedimentary features in determining his estimate. Ross

and Ross (1987) addressed this problem from the standpoint of sequences and energy
10



conditions. All of the results indicate a depth of about 150 m to 200 m (450 ft. to 600 ft.),

which is well below the storm-wave base.
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Figure 3:  Paleogeographic maps. A) Paleogeographic map of the North American
continent in Early Mississippian time (345 Ma) showing the location of Fort
Worth Basin. B) Paleogeographic map of the North American continent in
Late Mississippian time (325 Ma) showing the location of Fort Worth Basin.
Modified from Blakey (2013).
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SEDIMENTARY SOURCES

Two dominant sources may have supplied sediment to the Barnett Formation--- the
Chappel platform and the Caballos-Arkansas Island Chain (Gutschick and Sandberg, 1983;
Loucks and Ruppel, 2007) (Figure 4). Loucks and Ruppel (2007) thought that the Caballos-
Arkansas island chain might be one important source for siliciclastic sediments because of
the presence of silt-sized detrital quartz and feldspars. Subject to the collisions of
continental plates on west, east and southeast, as well as to the transgression of the Early
Mississippian sea (Yurewicz, 1977; Ruppel and Kerans, 1987), a large carbonate platform
began to form around the transcontinental arch in Early Mississippian time (Lineback,
1969; Yurewicz, 1977; Gutschick and Sandberg, 1983). The Chappel limestone was
deposited on the southeastern part of the large carbonate platform, and the Barnett
Formation was deposited in the Fort Worth Basin, receiving sediments from the platform
and slope in the form of hemipelagic plumes and gravity flows (Loucks and Ruppel, 2007).
The Caballos-Arkansas Island Chain was also formed because of the Ouachita thrust fold-
belt, where the collision of North and South American Continents produced a medial welt
in the middle, where parts of the welt were emergent. Generally, the Fort Worth Basin was
starved because neither the carbonate platform nor the island chain contributed much
sediment to the basin (Gutschick and Sandberg, 1983). In addition, Barnett sediments may
also have come from the Muenster Arch (Pollastro, 2003), which was reactivated by the
continental collision. Both carbonate and terrigenous material could have been brought into

the basin as shown by the interruption of Forestburg Limestone northeast of the basin, but
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the influence of this source is weak in Hamilton County because of the great distance from

these sources.

Figure 4:  Possible source areas of sediment for the Barnett Formation in the Fort Worth
Basin during the deposition of Barnett Formation. Source a: Chappel
carbonate platform; Source b: Caballos-Arkansas Island Chain; Source c:
Muenster Arch. Paleogeographic map from Blakey (2013).
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BARNETT FORMATION IN HAMILTON COUNTY

The two cores used in this study (Mesquite No. 1 and Lake Davis No. 1, Hamilton
County) are from exploration wells that never produced. The top and bottom of the Barnett
Formation were confirmed by the combination of wireline log and core observations. Two
marked peaks of natural gamma ray were identified from the Lake Davis No.1 (Figure 35).
The top of Barnett Formation is right below the upper peak and the bottom is also right
below the lower peak. The increase in gamma ray response is related to phosphate
accumulation, which commonly has a high uranium composition (Baturin, 1982). For
Mesquite No.1, the top and bottom were also confirmed respectively, but the increases are
not obvious on the gamma ray curve. There are some thin formations between the
Ellenburger, Barnett, and Marble Falls and evidence for their existence was obtained from
core observation. For the gamma ray peak between Barnett and Ellenburger, the
corresponding thin layer (3 to 4 inch thick) in core was informally named “Pennsylvanian
detrital unit” (Robert Loucks, 2014, personal communication) which is characterized by a
variety of lithology including dark-grey shales, abundant poorly sorted phosphatic grains
as well as some sandstone, and the various phosphatic content account for the gamma ray
peak above the Barnett (Wood, 2013). For the lower contact, the layer below Barnett is the
remnant of Chappel cherty limestone, which is only for 2 to 3 feet, and is followed by a
thin interval of Ives Breccia. The Ives Breccia is a regolith of eroded cherty carbonates and
represents approximately a 100 million year hiatus (Watson, 1980, Loucks and Ruppel

2007).
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A cross section from Denton County, located in the main producing area (adjacent
to the Muenster Arch), to Hamilton County (Figure 5) was generated to show the changes
in thicknesses and strata (Figure 6). As indicated from the cross section, the Barnett
Formation is thicker in the northern Fort Worth Basin and is attenuated as it extends
southward, which is consistent with the geometry of the Fort Worth Basin. The Barnett
Formation in the northern producing area is approximately 800 ft. (270m) thick and buried
as deep as 7000 to 8000 ft. (2300 to 2700 m); but in the Hamilton County study area, the
Barnett interval in the two cores are only 138 ft. (46 m) and 167 ft. (56 m) thick and are
buried much shallower at 3500 to 4500 ft. (1150 m to 1500 m). These differences are partly
related to the geometry of the foreland basin, as the main producing area is closer to the
fault blocks of the Muenster Arch, where the active remnant of Oklahoma Aulacogen
created greater accommodation. The other reason is the deposition of Forestburgh
Limestone, which separates the intact Barnett into Upper Barnett and Lower Barnett, both
of which thicken the Barnett Formation. The two cores drilled in Hamilton County show
the Barnett Formation in southwest Fort Worth Basin as one continuous section not

separated by a similar carbonate unit.
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Figure 5:  Line of section for the northeast-to-southeast cross section shown in Figure 6
from Denton County to Hamilton County. Wireline logs were provided by the
Sloan Project of the Bureau of Economic Geology, UT Austin.
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METHODOLOGY

CORE AND WIRELINE-LOG STUDY

In this study, all the data were obtained from the two continuous cores drilled in
wells in Hamilton County, Texas, by Marathon Oil Company: Mesquite No. 1 and Lake
Davis No. 1 (Figure 5). The two cores were slabbed to observe their texture, fabric, and
composition. Only the Lake Davis No.1 had the butt section of the core available, which
can be used for different types of destructive sampling, including XRD, thin sections, and
SEM samples. The Barnett interval of Mesquite No.1 covers the depth from 3690 to 3828
ft. The Barnett interval of Lake Davis No.1 covers the depth from 4073 to 4240 ft. The
distance between the two cores is approximately 12.6 miles (20.3 kilometers). Wireline
logs, including natural gamma ray and porosity, were taken with these two cores. In
addition, CGR (K, Th) logs were generated by XRF-based elements in order to be
correlated with a natural gamma-ray log and with lithofacies. Other wireline log data that
were used in the cross section were provided by the Sloan Foundation Shale Gas Study, a

project directed by the Bureau of Economic Geology.

XRF-BASED CHEMICAL DATA

The XRF data were collected by Dr. Harry Rowe (Bureau of Economic Geology,
UT-Austin) using a Briker Tracer 111-V Energy-dispersed XRF instrument at the Bureau of
Economic Geology in Austin, Texas. This device allows the investigator to acquire rapid

and quantitative data from drill core without any destruction of the core (Rowe, 2012). The
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cores in Hamilton County were sampled every 6 inches (15.2 cm) to ensure a good
resolution. Measurements were made on both major elements (Mg, Al, Si, P, S, K, Ca, Ti,
Mn, and Fe) and minor elements (Ba, V, Cr, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Mo, Th, and U).
Samples were analyzed for major elements at 15 kv for 60 seconds; for minor elements, they
were measured at 40 kv for 2 minutes. All the measured data were output into an Excel
spreadsheet for future work. The unit for major elements was weight percent of the bulk
rock; for minor elements, the unit is parts per million (ppm). The quantified results of major
elements can represent the minerals in which these major elements predominate. Finally,
XRF-based elements, logs, and gamma-ray curves were plotted with depth and correlated

horizontally, in order to aid in the classification of lithofacies (Figure 7).

THIN-SECTION STUDY

On the basis of the core and XRF data, 54 samples were selected for thin sections.
They were made by National Petrographic Services, Inc., in Houston. The thin sections
were mounted on 46 x 27 mm glasses without epoxy impregnation due to the low porosity
and tight pore system of the samples. Thin-section analysis was completed at the University
of Texas at Austin using a Zeiss Axioskop 40 Polarizing Microscope. Photographs of the

features seen under microscopy were taken using a Sony NEX-10 camera.
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CORE DESCRIPTION

More than 300 ft. (100 m) of the core was logged from the Barnett Formation
(Figure 8). Cores were described with the aid of a binocular microscope and hand lens, and
core observation was augmented by thin sections and XRF-based chemical data. A solution
of 10% hydrochloric acid was dropped on the back of the core in order to estimate the
general percentage of carbonate content and this was collaborated by the calcium measured
XRF analysis.

Five lithofacies were defined. Four of them were classified according to Folk’s
mudrock classification (1980) and on the basis of their dominant mineral compositions.
For the packstone to grainstone, it is classified according to Dunham’s Classification
(1962). Three types of matrix: argillaceous/clay-rich siliceous, siliceous and calcareous
(their signatures on XRF are shown on Figure 9), which were interpreted according to the
XRF-based and XRD-based data, were applied to define the five lithofacies as the most
critical modifiers. For the other mineral modifiers, the closer to the rock name, the more

important they are.

INORGANIC GEOCHEMISTRY

After facies classifications were made, more additional inorganic chemical analyses
in terms of different facies were conducted. Different parameters were utilized, such as the
cross plot of Si and Al, showing excess silica, and the plot of Degree of Pyritization of
Total Iron (DOPr) (Raiswell and Berner, 1986) to examine the silica content and
paleoredox environment.
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Figure 8:  Core descriptions of Mesquite No. 1 and Lake Davis No. 1.
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Cross Plot of Si% versus Al%

Detrital input is always a considerable factor to be evaluated because it can dilute
the marine sediments and organic matter. In order to know the influence of detrital input,
it is meaningful to cross-plot the elements with Al because Al is the crucial component
within detrital clay, and it is fixed in the clays during diagenesis (Tribovillard et al., 1994;
Potter et al., 2004; Tribovillard et al., 2006,). In this study, a cross-plot of %Si versus %Al
(Figure 36) was generated to evaluate detrital influence (as will be explained in detail in
Inorganic Chemistry Chapter). The “%Si-excess” parameter is calculated as the %Si
difference between the measured %Si of a sample and the %Si versus %Al regression line

(illite-silica line) for the argillaceous mudstone (Rowe, 2008).

Paleoredox: Molybdenum Content and DOPr

Molybdenum (Mo) is widely used as a paleoredox indicator owing to its abundance
in anoxic environment (e.g., Sternbeck, 2000; Rowe, 2008; Baldwin, 2014). In this study,
the Mo content in Mesquite No.1 (Figure 37) was compared with the average content of
Mo in gray shale (Wedepohl, 1971). However, authors of recent studies have re-evaluated
the use of Mo as a paleoredox proxy in restricted (silled) depositional environments and
have suggested that Mo should be used in association with other parameters (Algeo, 2004;
Algeo and Lyons, 2006).

Offering stability and abundance in marine anoxic conditions, pyrite-related
parameters have been widely used as a proxy to identify paleoredox conditions (Raiswell

etal., 1988; Lyons and Severmann, 2006). Among these parameters, degree of pyritization
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(DOP), developed by Berner (1970), is the most commonly used. DOP is defined by the
ratio of pyritized Fe (based on total sulfur) to the total amount of reactive Fe:

DOP = %Fe pyrite / (%Fe pyrite + %Fe reactive) 1)
DOP+ (Degree of Pyritization of Total Iron), proposed by Raiswell and Berner (1986), can
be used as an approximated and reliable proxy for DOP. It is defined as pyritic iron over
total iron (Raiswell and Berner, 1986), and the data are easier to obtain. Thus, DOP+ is
applied in this study to infer primary redox conditions (Figure 38). Raiswell et al. (1988)
have proposed that sediments with DOP of <0.46 indicate aerobic bottom water conditions;
dysoxic or restricted conditions are implied by a DOP value of between 0.46 and 0.75, and
a DOP of greater than 0.75 suggests euxinic conditions for the deposition of fine-grained
sediments. Rowe (2008) suggested the weakness of this proxy, which is that where
secondary pyrite exists in addition to primary pyrite, the combination of both may influence

the accuracy of DOPr.

ORGANIC GEOCHEMISTRY

Organic chemical analysis was also conducted on the two cores. In all, LECO TOC
was analyzed for 273 samples of Barnett mudrock from the Mesquite No.1 well. In
addition, existing hydrocarbon in the core (S1), hydrocarbon (mg per gram of rock)
generated by thermal cracking (mg per gram of rock) (S2) and carbon dioxide (mg per
gram of rock) (S3) as well as Tmax (°C) were obtained by pyrolysis. The hydrogen index
(HI) and oxygen index (OI) were calculated using the formulas (Peters 1986, 1994)

HI = S2 x 100/TOC )
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Ol =S3 x 100/TOC (3)

HI and Ol are used in the identification of kerogen types (Figure 41). Since only a few

samples have measured vitrinite reflectance, calculated vitrinite reflectance values were
obtained to observe maturity:

Cal. % Ro = 0.0180 x Tmax — 7.16 (Jarvie et al., 2001) 4)

Dembicki’s (2009) scheme was also applied to classify kerogen quality by plotting TOC

using S2 only, as well as with S1+S2 (Figure 43).

XRD Stubpy

Twenty-four samples were drilled from the Lake Davis No.1 well, and the collected
fine-powder (10-15um) samples were scanned with a Bruker AXS D4 Endeavor x-ray
diffractometer using copper K-alpha radiation at standard scanning parameters. All of the
cores were measured for approximately 7 minutes. Then the resulting patterns of each
sample were analyzed using XPowder software (A product of Bruker Corp.) by which
diffraction peaks can be detected and matched with the mineral based on the mineral

database PDF2.

SEM STuDY

Four samples with various porosities were selected from Lake Davis No.1 for SEM-
scale pore observation. The samples were prepared using broad beam Ar ion-milling
techniques (Reed and Loucks, 2007; Loucks et al., 2009). This method does well in
controlling topographic irregularities when the samples have differences in hardness

(Loucks et al., 2009, 2012). Artifacts related to this method during preparation are easily
25



discovered. Then the samples were observed under an FEI Nova NanoSEM 430 at the
University of Texas at Austin. The observed pores were classified using the classification

proposed by Loucks et al. (2012).

Ca Si/Ti Al
Ca SUTi Al
0 2 40 60 0 200 400 0 5 10

Figure 9:  Three end-members of matrix were identified using the XRF-based chemical
data. The yellow arrow points to argillaceous/clay-rich siliceous mudstone;
the blue arrow points to calcareous mudstone; and the green arrow points to
a siliceous peak indicating a siliceous mudstone.
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MINERALOGY

INTRODUCTION

The mineralogy of the Barnett Formation is diverse. A ternary diagram plotted
according to XRD analysis (Figure 10) shows relative proportion of carbonate minerals,
clay minerals, and other minerals (mainly quartz, feldspar, pyrite and phosphate). The
relative proportions of the three minerals have an influence on the Young’s Modulus and
Poisson’s ratio (Lowrie, 2007) and will affect the performance of hydraulic fracturing.
Generally, most of the samples have a clay content less than 30%; the skeletal-rich
mudstones and calcareous mudstones have the lowest clay content and highest carbonate
content. Most of the siliceous mudstones have a carbonate content of less than 20%. The
important signature of low clay and high quartz content is favorable for fracturing (e.g.
Matthews et al., 2007). An EDAX map displays the distribution of mineral components
and organic matter (Figure 11). Microscopically the mineralogy of Barnett can be divided

into extrabasinal and intrabasinal minerals.
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Figure 10: Compositional ternary plot showing mineralogy. Based on XRD data.
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Figure 11: Combination of SEM photomicrograph and EDAX map showing an example
of the grain types in the Barnett Formation. Lake Davis No. 1, 4189 ft.
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EXTRABASINAL PARTICLES

A common component of the Barnett Formation is detrital particles. Detrital quartz
is the most abundant extrabasinal particle in the Barnett (Papazis, 2005). These particles
can be recognized by optical microscopy as extrabasinal detritus by their angular
monocrystals (Milliken, 1994). They are mostly subangular to angular with fine-silt size
with small inclusions (Figure 12). Generally, the abundance of detritus does not affect the
classification of lithofacies because a similar amount of detritus occurs in all the studied
lithofacies. Bunting (2007) assumed that the detrital quartz was induced into the water
column by wind. Locally horizontal variation in abundance can be observed, which was
probably caused by bottom current reworking. It is difficult to differentiate feldspars and
quartz grains under the microscope because of their small size. Albite is recognized by its
high sodium content as noted using EDAX analysis (Figure 11). Other feldspar grains such
as K-feldspar and Ca-plagioclase are rare in the Barnett (Papazis, 2005).

Wood fragments, Type Il organics, (Figure 13) was observed in core and thin
section. It is commonly larger than 0.1 cm and is black. As seen under the microscope they

show a well-preserved cellular structure.
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Figure 12: Detrital quartz silt (red arrow) in a peloid-rich matrix (blue arrows). Lake
Davis No. 1, 4081.8 ft.
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Figure 13:  A) Wood fragments as seen in core (blue arrows). Mesquite No. 1, 3696.8
ft. Scale in centimeters. B) Woody material showing cellular structure. Lake
Davis No. 1, 4078.5 ft. C) Fragments of woody material. Lake Davis No. 1,
4095.2 ft.
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INTRABASINAL PARTICLES

Authigenic Quartz

Quartz is the most abundant authigenic mineral in the Barnett mudstones. In this
study, cathodoluminescence work was not performed, but authigenic phases can be
distinguished from detrital quartz by cathodoluminescence according to Papazis and
Milliken (2005). In the Barnett, the materials for authigenic quartz come from many
sources. Since the clay minerals in Barnett mudstones are dominated by illite and a small
amount smectite (Bowker 2002), the most important source is thought to have been the
transformation of smectite to illite, during which large amount of silica and pore water
were released with increasing temperature in diagenesis (e.g., Boles and Franks, 1979;
Lynch, 1997). The dissolution of the abundant silica-producing biota such as radiolarians
and sponge spicules also contributed to the authigenic quartz. In addition, the dissolution
of very fine quartz may also provide material for the formation of authigenic quartz. Unlike
the detrital quartz, authigenic quartz exists in matrix, and it is difficult to differentiate under
a microscope. SEM revealed authigenic quartz replacement within a shell fragment.

(Figure 14)
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Figure 14:

Authigenic Quartz. A) Bivalve fragment with rim replaced by authigenic
quartz and albite. Lake Davis No. 1, 4189 ft. B) Close-up of the bivalve
fragment produced by SEM microphotograph and EDAX map. The original
calcite shell (blue) is in part replaced by authigenic albite (red arrow) and
authigenic quartz (black arrow). Lake Davis No. 1, 4189 ft.
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Calcite

In the Barnett mudstones, calcite is also an important authigenic mineral as also
noted by Papazis (2005). Calcite occurs as concretions, fracture fills, and bivalves-related

calcite.

Calcite Concretion

Calcite concretions in mudstones and shales are thought to be form early just
beneath the sediment surface and lithify before compaction of the adjacent sediment (e.g.,
Weeks, 1957; Raiswell, 1971; Selles-Martinez; 1996; Loucks and Ruppel; 2007). Evidence
of compaction of adjacent sediment was noted around the concretions (Figure 15J) where
fine-grained materials are aligned. Toward the center of the concretion, the texture is
uncompacted because of early lithification. Pellets and peloids retain their original rounded
shapes. The evidence illustrates that 1) early lithification preserved the original texture and
fabric; and 2) cementation began at the center of the concretion and progressed outward.

Three types of concretions with different features were identified (Figure 15). The
first type of concretion is clay-rich. It is composed of calcite pseudospar (15-20
micrometers in diameter). Clay minerals and organic matters are abundant and account for
20-30% of the whole rock. The clays form thin seams that separate carbonate materials into
individual grains and clusters (Figure 15A). Calcite cements are patchy and disseminated
in the concretion. Radiolarians are abundant in these concretions. Most of the radiolarians

are replaced by equant calcite (Figure 15B). The internal structures are unrecognizable
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because medullary shells within the tests were dissolved. Bladed calcite cement
precipitated on some of the small skeletal fragments (Figure 15D).

The second type of concretion consists predominantly of calcite pseudospar that
ranges from 15 micrometers to more than 30 micrometers. Clay minerals are not abundant
enough to separate carbonate particles compared with the first type of concretion (Figure
15E). Calcite precipitation in this concretion type is much more apparent, showing larger,
euhedral sparry calcite crystals. Dark peloids are disseminated within the calcareous
matrix. Some of the peloids show a micritic texture. In some cases, clear boundaries can
be recognized between the first and second type because of the different level of
cementation in the two beds (Figure 15F). Fossils are extremely rare or indistinct; only a
few radiolarians were observed in the second type.

The third type of concretion is also dominated by dark gray micritic material and
pseudospar, similar to the second type (Figure 15G). The difference is that small pyrite
framboids or crystals were uniformly distributed within the calcareous matrix. The most
remarkable feature in this concretion type is the occurrence of a pyritic zone containing
isolated pyrite crystals around the outer rim of the concretion (Figures 15H). Unlike the
isolated pyrite in the matrix, which are in a size range of less than 5 micrometers, the pyrite
within the rim are mixed with well-developed euhedral pyrite that vary in crystal size from
5 micrometers to 200 micrometers (Figure 151). Overgrowths may appear on both large
and small pyrite crystals. The similar zonation of pyrite was also recognized by Papazis
(2005) and Milliken et al. (2012). Closer to the rim of the concretion beyond the pyritic

zone, more clay minerals or organic material are present, and an increase of compaction
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appears gradually. The transition from the concretion to the overlying and underlying mud
was gradational and the amount of fine-grained material increases, which may result from

the gradual changes in composition of pore-water through time (Figure 15J).

__0.lmm

Figure 15: Calcite concretions. A-D: Type I A) Concretion with radiolarians and
pseudospar as well as abundant clay seams that separate grains into individual
grains or clusters. Lake Davis No. 1, 4104.1 ft. B) Calcified radiolarians (red
arrows) replaced by equant calcite. Lake Davis No. 1, 4104.1 ft.
Photomicrograph taken with polarized light. C) Calcified radiolarian with
medullary shells (red arrow). Lake Davis No. 1, 4104.1 ft. Photomicrograph
taken with polarized light. D) Thin-walled bivalve fragments with blading
cement (blue arrow). Lake Davis No. 1, 4104.1 ft.
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Figure 15:

(continued). Calcite Concretion Type II. E) Concretion containing
pseudospar cement (yellow arrows), uncompacted peloids (blue arrows),
radiolarian (red arrow), and bioclastic material. Lake Davis No. 1, 4104.2 ft.
F) Contact separating two types of concretion that have different amounts of
cement and clay. Lake Davis No. 1, 4140.2 ft.
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Figure 15:

(continued). Calcite Concretion Type III. G) Type III concretion with matrix
composed of pseudo spar (lighter color) and uncompacted peloids (darker
areas), small grains of pyrite (black dots) are disseminated in the matrix. Lake
Davis No. 1, 4134.8 ft. H) Pyrite (red arrows) in the outer rim of a concretion
under reflected light. Lake Davis No. 1, 4134.8 ft. I) Close-up of pyrite
showing is it is comprised of euhedral crystals (red arrows). Lake Davis No.
1,4134.8.J) The mud at the edge of the concretion shows compaction around
the concretion. Lake Davis No. 1, 4134.8 ft.
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Fracture Fills

Most fractures are filled with authigenic calcite. The size of calcite crystals in
fractures is much larger than that in the matrix. In fractures, different calcite patterns
appear. Calcite crystals were likely to grow from both sides of the fracture and meet in the
middle (Figure 16A). The fibrous calcite may indicate an aragonite origin. Sometimes, the
center parts of the fractures are filled with coarse-crystalline calcite (Figure 16B). In the
relatively narrow part, calcite tends to be single grains that can be as much as 250 um in

size (Figure 16C). Within the fracture, silica cement also exists (Figure 16D).

Bivalve-related calcite

Filibranch shell fragments are rimmed by bladed cement (Figure 17A, B). This type
of cement also nucleated on thin-walled shell fragments of bivalves in concretions, where
the calcite predominates. In addition, biogenic calcite is more abundant in the skeletal-rich
lithofacies. It forms the thick-walled shell fragments (Figure 17C), and square calcite is the
most common form of calcite within these shell fragments. The coarse shell fragments were
broken into silt- to sand-sized square pieces and some of these fragments were redeposited

(Figure 17D).
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Figure 16:

Calcite fracture fills. A) Fracture filled with calcite that initiated from both
walls. The fibrous structure of the calcite (red arrows) suggests that it was
originally aragonite and recrystallized to calcite. Lake Davis No. 1, 4164 .4 ft.
Photomicrograph taken with polarized light. B) A fracture filled with equant
calcite cement. Lake Davis No. 1, 4164.4 ft. Photomicrograph taken with
polarized light. C) Large crystals of calcite bridge the complete fracture. Lake
Davis No. 1, 4164.4 ft. Photomicrograph taken with polarized light. D)
Authigenic quartz (red arrow) and calcite fill the fracture. Lake Davis No. 1,
4164.4 ft. Photomicrograph taken with polarized light.
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Figure 17:

Bivalves diagenesis. A) Authigenic bladed calcite nucleated on thin-walled
bivalve fragment (red arrows). Lake Davis No. 1, 4095.2 ft.
Photomicrograph taken with polarized light. B) Authigenic bladed calcite
nucleated on thin-walled bivalve fragment (red arrows). Lake Davis No. 1,
4095.2 ft. C) Thick bivalve fragments with neomorphous replacement? (red
arrows) Lake Davis No. 1, 4197.8 ft. Photomicrograph taken with polarized
light. D) Collapsed bivalve fragments (red arrows). Lake Davis No. 1,
4217.5 ft. Photomicrograph taken with polarized light.
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Dolomite

Dolomite is considered to be an authigenic phase in the Barnett and was also
observed by Milliken et al. (2012). Dolomite exists mainly in calcareous facies, the greatest
amount of dolomitization occurring at 4175.1 ft (Figure 18). In other lithofacies, the small
dolomite crystals are difficult to differentiate from other silt-sized minerals. The size of
dolomite crystals ranges from 50 micrometers to 100 micronmeters. Generally, the grains
are partly euhedral with two or three straight sides. The grain surface is iron stained, and
XRD data show that most of the dolomite is ferroan dolomite. Commonly, some dolomite
particles are clumped (Figure 18B). Some seemingly isolated crystals are rounded and
larger than most of the associated particles. A few crystals are elongated (Figure 18C, D).

The irregular crystals of dolomite may suggest that they were reworked or corroded.

Pyrite

In the Barnett, pyrite (Figure 19) occurs in two forms: framboidal pyrite and
euhedral pyrite. Syngenetic framboidal pyrite (2-4 micrometers in diameter) can form in
the water column during the process of deposition, and it indicates anoxic and euxinic water
column during time of deposition (Wilkin et al., 1996; Wignall et al., 2005). Under optical
microscope, they are too small to be clearly observed. The diagenetic framboidal pyrites
formed during diagenesis within the sediment are 6-10 micrometers in diameter (Figure
19A). Under SEM, pyrite framboids are seen to be comprised of many single crystals with
pores in between (as will be discussed later). In the Barnett section, euhedral pyrite
commonly replaces other minerals and fossils such as agglutinated foraminiferas and shell
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fragments (Figure 19B, C). Large amounts of pyrite can occur as cement that occupies not
only the chamber of a fossil (Figure 19E), but also in the sheltered voids under the protected
area of the shells (Figure 19D). Additionally, pyrite forms cement within pyrite

hardgrounds (Figure 19F, G).
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Figure 18:  Authigenic dolomite as seen in the Lake Davis No. 1, 4175.1 ft. thin section.
A) Dolomite crystals in an organic-rich peloidal matrix. B) Dolomitic
aggregate (red arrow). C) An elongate dolomitic aggregate; the aggregates
(red arrow) may be reworked clasts. D) Elongate dolomitic aggregates (red
arrow).
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Figure 19:

Pyrite. A) SEM photomicrograph of pyrite framboid. According to the size of
the framboids, the smaller framboid may be syngenetic pyrite (red arrow) and
the larger framboid may be diagenetic pyrite (blue arrow). Lake Davis No. 1
4189 ft. B) Diagenetic pyrite crystal that replaced an agglutinated
foraminifera (red arrow). Lake Davis No. 1, 4158.4 ft. C) Pyrite that replaced
a shell fragment (red arrows). Lake Davis No. 1, 4181.3 ft. D) Local pyrite
cementation around deformed skeletal fragments (red arrow) under reflected
light. Lake Davis No. 1, 4181.2 ft. E) Pyrite in the interparticle pore space of
a bioclast (red arrow) under reflected light. Lake Davis No. 1, 4181.3 ft. F)
Core slab showing thick pyritized layer may be a pyrite hardground. Mesquite
No. 1 3699.5 ft. Scale in centimeters. G) Core showing several pyrite layers,
which may be hardground. Mesquite No. 1, 3756.2 ft. Scale in centimeters.
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Peloids

Peloids (Figure 20) are a comprehensive descriptive term for polygenetic grains
composed of micro- and cryptocrystalline carbonate (McKee and Gutschick, 1969). Under
the microscope, peloids commonly have no internal structures. Two types of peloid appear
in the Barnett cores: the predominant form is a fine-grained gray to black rounded peloid
(Figure 20A) having no internal structures. The other form is the flat and elongated grain
of unclear origin (Figure 20D). This flat peloid is bright yellow and ranges from

micrometer-scale to millimeter-scale in size.

Rounded Peloids

Rounded peloids (less than 50 microns) are probably biotic and clay associated
pellets. Characteristics were difficult to describe because of their black color and
structureless texture. This type of peloid is widely distributed in all of the lithofacies in
varying amounts. The dark shading viewed under the microscope may be caused by a large
amount of organic matter and clay minerals. Coarser peloids (0.2-0.3 mm) that are much
rarer mainly exist in debris deposits and concretions (Figure 20B). They may also come
from preexisting carbonate mud or micritic remnants that underwent post-depositional

reworking that allowed rounding of the peloid (Fliigel, 2004).
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Flat Peloids

The flat peloids are elongated, bent, and sometimes irregular in shape. They are
poorly sorted and have a great variety of sizes (0.2mm to 0.8mm), but generally they are
parallel to bedding (Figure 20C). Internally, this type of peloid contains inclusions of silt-
sized carbonate or terrigenous particles that are similar as the mud matrix. The dramatically
varied size and texture may indicate an intraclast origin. It is important to note that their
occurrence is in association with allochems such as phosphate, which also suggests a
transported origin. Besides, they may be associated with high-energy depositional events

that were able to scour and rip up the previously deposited mud.
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Figure 20:

Peloids. A) Black rounded peloid matrix (blue arrows) with detrital quartz.
Lake Davis No. 1, 4113.2 ft. B) Peloids from calcite concretion (red arrows).
Lake Davis No. 1, 4104.2 ft. C) The flat peloids (red arrows) show a large
contrast in size. Lake Davis No.1, 4137.7 ft. D) An elongated flat peloid (red
arrow) that is much coarser than surrounding rounded black peloids (blue
arrows). Lake Davis No. 1,4113.2 ft.
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Phosphate

In the Barnett, the phosphate accumulations are composed of pellets and cement
(Figure 21). Phosphatic pellets as first proposed by Prevot (1982) may appear as ooids,
coated grains, and structureless grains. They have a broad spectrum of various
morphologies, which differ slightly in the origin and internal texture, but mostly are
rounded and rarely irregular. Since the Barnett was deposited in deep-water conditions
below storm-wave base (as discussed in earlier), most of the phosphate accumulations are
considered to have been transported to the basin from the adjacent slope area (Loucks and
Ruppel, 2007).

The rim envelopes and apatite cement developed around a variety of different
grains. The coated grains are rounded or elongated. As seen in the microscope, the nucleus
within the coated grain appears diverse, including bioclasts, detrital grains, grain
aggregates, pre-existing phosphate grains, ooids, and organic matter (e.g. Figure 21A to
C). Some internal cavities within clasts such as the chambers of foraminifera are filled with
apatite cement (Figure 21F). According to Follmi et al. (1991), low-sedimentation rates
and repeated reworking of the substrate accelerate phosphogenesis by allowing high
concentrations of phosphate and fluoride to build up within pore waters, which provided
the materials for cementing and coating. As revealed from the cores and thin sections, most
of the grains are coated with more than one layer of phosphate, and the different colors
reveal their different formation times. Some of the coated grains may not form in situ, but
were transported. The coated phosphate grains and ooids (Figure 21D) confirm that there

were bottom currents strong enough to erode the muddy bottom and redposit the phosphate
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grains. Thus, most of the ooids and coated grains are formed by a composite action:

progressive rim cement, plus several episodes of scouring and reworking.

Carbonate Intraclasts

Carbonate intraclasts (Figure 22) mainly exist in nonlaminated silty peloidal
calcareous mudstone, phosphatic packstone to grainstone, and in thin layers of debris flow
deposits. Most of the clasts are rounded and subrounded. Their shapes suggest that they
were eroded and then transported. Most of the intraclasts have a micritic texture, indicating

that they are reworked firm carbonate mud (Figure 22B).

Glauconite

Glauconite (Figure 23) commonly occurs with other materials. These diagenetic
glauconites are characterized by their particular green color. They were transported to the

basin with other biota lived on the slope.
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Figure 21:

Phosphatic grains. Lake Davis No. 1, 4140.2 ft. A) Nucleus is fish bone (red
arrows). B) Nucleus is compacted shell (red arrow). C) Phosphate grain
without nucleus (red arrow). D) Phosphatic ooid (red arrow) with several
layers indicating several stages of reworking. E) Phosphatic composite grain
comprised of three phosphatic grains (red arrows), which indicates
reworking and redepositional processes. F) Phosphatic cement filling the
chambers of a foraminifer (red arrows).
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Figure 22: Intraclasts. A) Core slab photograph showing carbonate mud intraclasts (red
arrows). Mesquite No. 1, 3782.9 ft. Scale in centimeters. B) A carbonate
intraclast (blue arrow) with bivalve fragments. Presence of bivalves suggest
the intraclast originated on a dysaerobic slope. Lake Davis No. 1, 4195.2 ft.
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Figure 23:  Glauconite (red arrows) appears as green grains. Lake Davis No. 1, 4185.9
ft.
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Fossils

Agglutinated Foraminifera

Agglutinated foraminifera (Figure 24) are benthic organisms that live in varying
environments from brackish coastal water to bathyal (Chekhovskaya, 1973; Scholle and
Ulmer-Scholle, 2003; Fliigel, 2004; Schieber, 2009). Under plane light, agglutinated
foraminifera form a test comprised of particles with the test having a predominantly
elongated morphology. Their central lenticular microporous structure resulted from
collapse of a formerly hollow spheroidal or tubular body during compaction (Milliken et
al., 2007). Highly compacted agglutinated foraminifera may lose the central structure
(Figure 24C). Under cross-polaized light, the Barnett agglutinated foraminifera show a
microcrystalline quartz fabric. The size of the quartz grains forming the wall is similar to
the size of the quartz grains in the adjacent mud, indicating that the quartz silt in the mud
is selected by the foraminifera for its wall. With the aid of bright CL intensity, Milliken et
al. (2007) also observed detrital feldspars within the agglutinated wall. Agglutinated
foraminifera are widely distributed in a variety of lithofacies within the Barnett Formation.
Among these lithofacies, siliceous mudstone has the most abundant and intact agglutinated
foraminiferal tests, which are aligned parallel to the bedding. Some of them are deformed
by differential compaction around more rigid particles (e.g., phosphatic grains) (Figure
24F). The agglutinated foraminifera are rare in calcareous-rich lithofacies, especially
where some shell fragments of mollusks and brachiopods are locally abundant, and this is

consistent with observations by Milliken et al. (2007). Foraminifera are dispersed in the
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phosphatic facies and are highly distorted, indicating compaction after transport (Figure

24A, D).

Radiolarians

Radiolarians (Figure 25) are marine plankton distributed around the thermocline
(e.g., Takahashi and Ling, 1980; Gowing, 1986). A study of 136 radiolarian taxa (Kling
and Boltovskoy, 1995) reported that radiolarians could live from shallow water to a depth
of 6000 ft. (2000 m). Generally, radiolarians have a siliceous skeleton that may transform
to chert and quartz (Scholle and Ulmer-Scholle, 2003) or be replaced by calcite. Their
living habitat and planktonic characterization indicate that they are generally deposited by
hemipelagic and pelagic settling. In the Barnett mudstone, the size of radiolarians ranges
between 0.1 and 0.2 mm. Almost all of the radiolarians are spumellarian skeletons, with
or without spines (Figure 25A, B). They are all replaced by calcite and quartz (Figure 25C).
Within the sphere framework, equant calcite is the dominant cementing form (Figure 25D).
Radiolarians were observed within each lithofacies, but they are only abundant in carbonate

concretions. Their abundance in concretions may be related to better preservation.
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Figure 24:

Agglutinated foraminifera. A) An uncompacted agglutinated foraminifera
(red arrow) comprised of silt-sized quartz. A compacted agglutinated
foraminifera (blue) is also present. Cross-polarized light. Lake Davis No. 1
4140.1 ft. B) Two agglutinated foraminifera with siliceous outer walls (red
arrows). Cross-polarized light. Lake Davis No. 1, 4140.2 ft. C) A cut
through an agglutinated foraminifera where the central chamber has
collapsed (red arrow). Cross-polarized light. Lake Davis No. 1, 4113.2 ft. D)
Highly deformed agglutinated foraminifera compacted around rigid
phosphate grains (red arrows). Cross-polarized light. Lake Davis No. 1,
4140.1 ft. E) Agglutinated foraminifera comprised of carbonate grains (red
arrows). The agglutinated foraminifera utilized grains that were available.
Lake Davis No. 1, 4226.2 ft. F) Multiple parallel aligned agglutinated
foraminifera and phosphatic grain. The concentration of agglutinated
foraminifera may be the result of transport. Lake Davis No. 1, 4164.4 ft.
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Figure 25:

Radiolarians. A) Possibility a Nyfrieslandia with the inner wall and spines
preserved. Lake Davis No. 1, 4104.1 ft. B) Calcite replaced radiolarian. Lake
Davis No. 1, 4104.1 ft. C) A radiolarian replaced by calcite and quartz.
Photomicrograph taken with cross-polarized light. Lake Davis No. 1, 4103.9
ft. D) Radiolarian replaced by equant calcite cement. Photomicrograph taken
with cross-polarized light. Lake Davis No. 1,4103.9 ft.
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Sponge Spicules

Sponge spicules (Figure 26) are one of the most important silica-producing animals
in the Barnett Formation. Most of them lived on deeper water shelf and slopes shallower
than 1000 m (Scholle and Ulmer-Scholle, 2003). The accumulations of sponge spicules
were thought to have originated from the Chappel Platform, the site of spiculite-bearing
sponge reefs (Abouelresh and Slatt, 2011). They are most common in the siliceous
mudstone of the Barnett Formation. Many sponge spicules were not preserved as they were
dissolved and assimilated in the siliceous matrix. Microscleres as seen with the microscope
are generally 1 micrometer or less in transverse section, which appears as a ring (Figure
26C). In the two cores, the smaller-sized sponge spicules can be monaxons or multi-axoned
(Figure 26A), and they commonly have a central canal (Figure 26B). As noted by the thin

section analysis, nearly all of the sponge spicules were replaced by quartz (Figure 26D).

Bivalves, Ostracods, and Brachiopods

The occurrence of bivalves, ostracods, and brachiopods is evidence of gravity flows
transporting allochems deposited on the dysaerobic slope into the anoxic basin. In the core,
except for some thick-shelled bivalves and ostracods (Figure 27B), most fossils are broken

and extensively compacted (Figure 27C).
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Figure 26:

Examples of sponge spicules from the Lake Davis No. 1, 41159 ft. A) A
longitudinal section of a sponge spicule with its holdfast (red arrow). B)
Longitudinal section of a sponge spicule (red arrows). C) Transverse section
of a sponge spicule. D) A sponge spicule under cross-polarized light showing
it is comprised of silica.
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Figure 27:

Bivalves, brachiopods, and ostracods. A) Broken and compacted thin-walled
bivalves. Lake Davis No. 1, 4095.2 ft. B) Ostracod in center of
photomicrograph (red arrow). To the right is a bivalve fragment with bladed
cement. Lake Davis No. 1, 4095.2 ft. C) Debris flow deposit containing
bivalves (red arrows), brachiopods (blue arrow), and carbonate intraclasts.
Lake Davis No. 1, 4168.2 ft. D) Platystropha cypha (brachiopod) with
impunctate wall. Lake Davis No. 1, 4168.2 ft.
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Other Fossils

Cephalopods and echinoderms (probably crinoids) are present (Figure 28D).
Cephalopods are common in the Barnett, and most of them are ammonoids. They are whole
cephalopods to fragments that range from 0.3 mm or less to more than 1 cm (Figure 28A).
In the whole cephalopods, the internal chambers are filled with calcite or saddle dolomite.
The saddle dolomite is a late diagenetic feature and indicates higher temperature
precipitation (Radke and Mathis, 1980) (Figure 28B). Echinoderms account for only a
small fraction of the fossils. In the core, large crinoid spines commonly occur along with

shell fragments transported by gravity flow (Figure 28C).
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Figure 28:

Cephalopods and crinoids. A) Cephalopods of several sizes (red arrows).
Lake Davis No. 1, 4095.2 ft. B) Large, intact cephalopod filled with saddle
dolomite. Cross-polarized light. Lake Davis No. 1, 4095.2 ft. C) Crinoid
fragments (red arrow). Lake Davis No. 1, 4177.6 ft. D) Cross section of
echinoderm spine (red arrow). Lake Davis No. 1, 4145.2 ft.
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LITHOFACIES

INTRODUCTION

Classification of lithofacies within a mudrock succession is of great importance for
the recognition of sweet spots and for future reservoir development. Mudrock lithofacies
are difficult to identify by utilizing core description alone because of the fine-grain size of
the particles in each lithofacies. Thin section analysis greatly aided in the description and
designation of the lithofacies. Therefore, in this study a combination of conventional core
observation, thin sections, and XRF-based elemental logs was used to derive a
classification of lithofacies.

The workflow was to 1) make a general classification of the three dominant matrix
types (siliceous, argillaceous/clay-rich siliceous, and calcareous-dominated) in the cored
mudrock succession based on XRF (Figure 7) and XRD chemical data (Figure 10); 2)
describe the texture of the rock with a binocular microscope; 3) use thin sections to
determine the texture, fabric, dominant mineralogy, and biota; and 4) integrate all the
information to designate the lithofacies. In this classification, five dominant lithofacies
were identified: 1) laminated clay-rich silty and skeletal peloidal siliceous mudstone; 2)
laminated skeletal silty peloidal siliceous mudstone; 3) nonlaminated silty peloidal
calcareous mudstone; 4) laminated and nonlaminated skeletal calcareous mudstone; and 5)

skeletal phosphatic packstone to grainstone.
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LAMINATED CLAY-RICH SILTY PELOIDAL SILICEOUS MUDSTONE

Laminated clay-rich silty peloidal siliceous mudstone is the dominant lithofacies in cores
(Figure 29), and composes 40 percent of the total lithofacies. This lithofacies is generally
organic rich; statistical data on TOC content is presented in Organic Geochemistry Chpater.
This lithofacies is poorly to well laminated, as can be seen in thin section and core. With
organic matter and abundant flat peloids, it becomes laminated because flat peloids tend to
be horizontally aligned (Figure 29B). No bioturbation occurred as evidenced by the
undisturbed laminations, probably related to a deep-water anoxic environment (as will be
discussed in Inorganic Geochemistry Chapter). The rock is composed predominantly of
clay-sized minerals, as well as varying amounts of silt-sized to coarser allochems. Clay to
silt-sized peloid and detrital silts such as quartz and feldspar are the dominant grains in this
lithofacies (Figure 29C). Other coarser grains include rounded phosphate grains, isolated
fossils such as agglutinated foraminifera, and fragments of bivalves. Variations in the
amount of organic matter, peloids, silt-sized grains, and bioclasts have created very
dissimilar lithofacies appearances (Figure 29B, D). Early lithified phosphatic grains are
locally concentrated and ductile grains have compacted around the rigid phosphate grains.
Well-developed laminations are observed from the interbedding of peloid layers and

agglutinated foraminifera-rich layers (Figure 29D).
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Figure 29:

Starved

Laminated clay-rich silty and skeletal peloidal siliceous mudstone. A) Core
slab showing starved ripples. Lake Davis No. 1, 4154.7 ft. Scale in
centimeters. B) Well-laminated fabric caused by the large amount of flat
peloids (blue arrows); some peloids are compacted around phosphate grains
(red arrows). Lake Davis No. 1, 4076.4 ft. C) Fish bone fragment (red
arrow) in the silt-rich peloidal matrix. Lake Davis No. 1, 4198.9 ft. D)
Lamination produced by peloid-rich layer and agglutinated foraminifera-rich
layer. Red arrows indicate agglutinated foraminifera. Lake Davis No. 1,
4164.4 ft.
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LAMINATED SKELETAL SILTY PELOIDAL SILICEOUS MUDSTONE

Skeletal silty peloidal siliceous mudstone accounts for 20 percent of the section in
the two cores (Figure 30). It is the predominant lithofacies in the upper section of both
cores, and thin intervals of this lithofacies are also interbedded with other lithofacies in the
lowest part of the core. The facies is generally well laminated, and bioturbation is absent.
Loucks and Ruppel (2007) noticed rare trace fossils from the same lithofacies to the north
of the study area, including Helminthopsis, Cosmoraphe, Chondrites, and Nereites. Two
of the most important components of the lithofacies are silt grains and peloids. Black
rounded peloids that may be composed of organic matter and clay minerals are uniformly
and extensively distributed in the siliceous matrix. Silts are predominantly detrital quartz
and fragments of sponge spicules (Figure 30C) as well as some feldspars and micas.
Bioclasts are mostly compacted agglutinated foraminifera (Figure 30D). Rounded
carbonate grains with unknown origin are present (Figure 30B, D). Various skeletal
fragments also contribute to the texture of the lithofacies, including sponge spicules,
radiolarians, agglutinated foraminifera, and a small amount of fragmented mollusks. Of
these, sponge spicules are the most abundant in this lithofacies. Compared with other
lithofacies, the amounts of quartz silt present in this lithofacies are similar to the lithofacies
described above (as evidenced by thin section observations). The large amount of siliceous
material in this lithofacies is considered not to be related to detrital quartz silt, but to
authigenic microcrystalline quartz within the rock. Starved ripples (e.g., Papazis, 2005;
Loucks and Ruppel, 2007) were identified in this lithofacies and throughout the core

(Figure 30A). Bunting and Breyer (2012) also reported that the mudstone lithofacies has
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experienced prevalent silicification so that it contains large amounts of cherty matrix or

cement in some areas.

Figure 30: Laminated skeletal silty peloidal siliceous mudstone. A) Core slab with
starved ripples (blue arrows). Lake Davis No. 1, 4107.6 ft. Scale in
centimeters. B) Well-laminated fabric with rounded carbonate grains (red
arrows) and peloids. Lake Davis No. 1, 4081.8 ft. C) Silt-sized mineral
disseminated in the peloidal matrix. Blue arrow indicates detrital quartz; red
arrow indicates sponge spicules. Lake Davis, No. 1, 4081.8 ft. D) Black,
rounded peloidal matrix with rounded carbonate grain (red arrow) and
collapsed agglutinated foraminifera (blue arrow). Lake Davis No. 1, 4081.8
ft. E) Thin section showing different slices through sponge spicules. Lake
Davis No. 1, 4098.8 ft.
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NONLAMINATED SILTY PELOIDAL CALCAREOUS MUDSTONE

In the Mesquite No.1, this lithofacies occurs in the middle and lower part of the
core; in the Lake Davis No.1, this lithofacies is concentrated in the upper and lower section
but is particularly thin in the middle section of the core as compared to the Mesquite No.1.
This lithofacies appears light gray in the core (Figure 31A) because of greater carbonate
content. This lithofacies and skeletal calcareous mudstone are both carbonate rich and
appear similar on XRF-based elemental logs, but the difference is based on the amount of
skeletal fragments that are present. Overall, this facies also has a peloidal texture and
nonlaminated fabric with abundant silt-sized particles (Figure 31C). Relatively intact
skeletal grains and quartz silt are scarce. Milliken et al. (2012) reported finding
agglutinated tests that incorporated dolomite crystals instead of quartz as their outer wall,
and this same agglutinated pattern appeared in this lithofacies (Figure 31B). Localized
dolomitization was observed at 4175.1 ft in this lithofacies (Figure 31D). These dolomite
crystals have a semieuhedral shape that may be related to abrasion or corrosion. The
abundant calcareous material in this lithofacies may be related to more frequent gravity
flow deposits. The calcareous material is interpreted to have been deposited by dilute
turbidity flows or by debris flows that originated from the slope. These deposits led to the

accumulation of fine-grained carbonate material in a mudstone matrix.
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Figure 31:

Laminated and nonlaminated skeletal calcareous mudstone. A) Core slab
photo showing calcareous mudstone. Lake Davis No. 1, 4211 ft. Scale in
centimeters. B) Black peloidal matrix with quartz silt; agglutinated
foraminifera with outer wall comprised of carbonate grains (blue arrow). Lake
Davis No. 1, 4217.4 ft. C) Carbonate silt (red arrows) and quartz silt (blue
arrows) in peloidal matrix. Lake Davis No. 1, 4217.4 ft. D) Dolomitic thombs
disseminated in peloidal matrix. Lake Davis No. 1, 4175.1 ft.
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NONLAMINATED SILTY PELOIDAL CALCAREOUS MUDSTONE

Nonlaminated silty peloidal calcareous mudstone composes only a small fraction
of the core and occurs as thin layers intercalated in other lithofacies (Figures 32, 33). A
comparison between the two cores indicated that these skeletal layers do not correlate. The
main components of the lithofacies are skeletal fragments, especially bivalves and
brachiopods. This skeletal calcareous lithofacies can be subdivided into laminated or
nonlaminated types. In the cores it was commonly noted that the nonlaminated and

laminated skeletal calcareous lithofacies are interbedded.

Nonlaminated Skeletal Calcareous Mudstone

Nonlaminated skeletal calcareous mudstone may be the most obvious lithofacies
identifiable without a microscope. It is conspicuously white and the fossils are highly
compacted. Thickness of this lithofacies ranges from 0.1 to 1.6 inches (0.2 to 4 cm), and
the contacts between the skeletal layer and the overlying and underlying layers are very
sharp (Figure 32A). In most cases, the contact between the skeletal layer and the mud layer
is horizontal, but with more random arrangement and size variations of the skeleton clasts,
the contact becomes irregular. Microscopically, this lithofacies is characterized by
nonlaminated fabric composed predominantly of transported skeletal fragments of
different sizes. Most of the fragments are elongated, deformed or broken (Figure 32B).
Fragments of diverse fauna were recognized, including bivalves, brachiopods, ostracods,
cephalopods (Figure 32C), and crinoids (Figure 32D). Coarse-grained shell fragments are

the most abundant and they are relatively well preserved. The rigidity of the coarser shell
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fragments protected the interstitial peloids from compaction (Figure 32E). Commonly, the
deposition of coarse-grained skeletal fragments was accompanied by abundant sand-sized,
rounded, phosphatic intraclasts (Figure 32F), which in turn dilute the skeletal fragment
accumulations. Shell fragments compacted around rigid phosphated grains (Figure 32G).
The dominant process that deposited this lithofacies is considered to be debris flows,

because the coarse grains comprising this lithofacies were derived from areas on the slope.

Laminated Skeletal Calcareous Mudstone

This type of skeletal calcareous mudstone is much thicker than the last type. Similar
biota were recognized from this laminated type, but most of the fragments are silt size,
rarely reaching sand-size or coarser. Well-developed laminae are present. The grains are
commonly square and elongated, which are biogenic calcite remnants from shell fragments
(Figure 33B). Glauconite is common in this lithofacies (Figure 33C). The laminations are
a result of skeletal-rich layers interbedded with mud-rich layers (Figure 33D). For the more
rigid skeletal-rich layer, the thicknesses are generally from 2 to 2.8 inches (5 to 7 mm); for
the soft-mud-rich layer, thicknesses range from 0.8 to 2 inches (2 to 5 mm), which could
be related to differential compaction. The fine-grained sediments are considered to be
transported by turbidity flows, as indicated by the lamination and grain size. However, they

may have also formed by weak bottom currents.
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Figure 32:

Nonlaminated skeletal calcareous mudstone. A) Core slab displaying several
layers of nonlaminated skeletal calcareous mudstone. Lake Davis No. 1,
4077.8 ft. Scale in centimeters. B) Skeletal layer with elongated and deformed
bivalve fragments. Lake Davis No. 1, 4188.4 ft. Photomicrograph taken with
polarized light. C) Skeletal fragments and whole cephalopods (blue arrows).
Lake Davis No. 1, 4095.2 ft. D) Compacted, thin-walled bivalves around of
crinoid ossicle fragments (red arrow). Lake Davis No. 1, 4177.6 ft. E)
Uncompacted peloids within articulated bivalve; the rigid shell protected the
peloids from compaction. Lake Davis No. 1, 4095.2 ft. F) Shell layer of
flattened bivalves and phosphate grains comingled during transport. Lake
Davis No. 1, 4188.4 ft. G) Compacted bivalve fragments around phosphate
grain. Lake Davis No. 1, 4130.6 ft. \
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Figure 33:
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Laminated skeletal calcareous mudstone. A) Core slab showing well-
developed laminations. Lake Davis No. 1, 4170.5 ft. Scale in centimeters. B)
Rectangular fragment of bivalves. Lake Davis No.1, 4170.5 ft. C) Mixture of
glauconite (red arrow) and bivalve fragments. Lake Davis No. 1, 4170.5 ft.
D) Interlaminated peloidal layers and bivalve fragment layers. Lake Davis
No. 1,4170.5 ft.
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SKELETAL PHOSPHATIC PACKSTONE TO GRAINSTONE

The skeletal phosphatic packstone to grainstone (Figure 34) lithofacies composes
only a small fraction of the two cores, but they have a wide distribution in the Barnett
section. They commonly exist in the form of thin layers intercalated within the other
lithofacies. The layers are generally at the millimeter scale, but they can be as much as
several centimeters in thickness. Phosphatic facies are predominantly composed of
different types of phosphatic grains (pellets, ooids, coated grains, and intraclasts) (Figure
34A). They have a size range from 0.1 mm to 1 mm, but most are between 100 to 250
micrometers. The varying hues, from light brown to dark brown, may suggest that they
formed at different times or underwent different levels of diagenesis. Within these
phosphatic layers, subrounded to rounded phosphate grains are dominant and irregular
phosphate intraclasts are rare. Large amounts of the phosphatic grains are coated by apatite
or pyrite (Figure 34B). Transported accumulations of phosphate grains are common in the
two cores. Generally they are interbedded with thick layers of other lithofacies and have
sharp contacts with the underlying layers (Figure 34C). Transported phosphatic particles
were deposited with bioclasts (e.g. shell fragments and fish bones) and detrital grains (e.g.
glauconite). Since most of the phosphatic grain layers are of millimeter scale, they are too
thin to show obvious grading. According to the classification of phosphate stratification
proposed by Follmi and other researchers (Follmi et al., 1991; Follmi and Garrison, 1991;
Glennetal., 1994), these transported deposits can be classified as allochthonous phosphate.
In some cases, a sharp boundary exists between phosphatic ooids layer and an uncemented

phosphate layer above (Figure 34D). They are not contemporaneous sediments. The layer
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above was transported after the layer below was lithified, because no apparent erosional

surface was identified and no gradual change occurred between the two layers.

Figure 34:  Skeletal phosphatic packstone to grainstone. A) Rounded phosphatic coated
grains mixed with peloids and skeletal fragments. Lake Davis No. 1, 4145.5
ft. B) Phosphatic grains showing poorly developed concentric coatings. Lake
Davis No. 1, 4145.5 ft. C) Phosphate-rich layer in sharp contact with
underlying mudstone layer suggesting an erosional contact. Lake Davis No.
1, 4145.6 ft. D) Sharp boundary between a phosphatic ooids layer and an
overlying layer of transported phosphate grains. Lake Davis No. 1, 4140.3 ft.
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LITHOSTRATIGRAPHY

Wireline-log correlations (Figure 35) between the two cored wells, which are 12.6
miles apart, have good lateral continuity of lithofacies. Both wells can be divided into four
intervals based on wireline gamma-ray curves and core description. In the lowest sections
of the cores (Interval 1), which represents the time when Barnett deposition began, several
cycles of argillaceous/clay-rich siliceous, calcareous, and purer siliceous mudstone are
observed. In both cores, Interval | is similar. Upward, the cores display two relatively
thicker calcareous beds separated by argillaceous layers (Interval 11). These calcareous
layers of the two cores were both bounded by thick argillaceous beds that have high API
values on wireline logs. However, the difference is that the calcareous beds of Lake Davis
No.1 are much thicker than those of Mesquite No.1. These calcareous beds are very distinct
and can be considered as marker beds in the middle of the Barnett section. Except for their
calcareous matrix, no evidence indicates that this interval is an extension of the Forestburgh
Limestone.

As the deposition continued, the sediments became more argillaceous; Interval 111
is 20 to 30 ft (7 to 10 m) thick and has an increased API value. Within this interval,
phosphatic layers can be correlated between the two cores. The identification of abundant
phosphatic materials as well as hardgrounds probably indicates a hiatus during this period
of time. Overlying Interval Il is a much purer siliceous mudstone interbedded with
calcareous mudstone (Interval IV). In addition, more carbonate concretions appear in

Interval 1V.
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Between the four intervals, their transitions are easily recognized and correlated,
and each interval reflects a similar depositional setting and processes between the two
areas. Although the major intervals and wireline-log curves correlate well at the larger
scale, the continuity of lithofacies becomes poor at the higher frequency scale of
deposition. In addition, the coarser grained skeletal beds, which are interpreted as debris
flows, show little correlation, indicating a random triggering mechanism.

As stated before, the Barnett was deposited in a second-order highstand with a
depositional depth of more than 450 ft (150 m) throughout its depositional history (Ross
and Ross, 1987; Loucks and Ruppel, 2007). The depth of the water was so great that minor
sea-level changes did not affect bottom sedimentation. As discussed before, there were
several source areas for the Barnett sediments that consisted of different compositions. As
a result, any excessive supply from one source correspondingly dilutes the sediments from
other sources. Thus, the three transitions of the four intervals probably resulted from the
changes in the dominance of the difference sources. As illustrated from the core description
(Figure 8), the nonskeletal and skeletal calcareous facies were concentrated in Interval 11
of the core, which is Early Mississippian. During that time the distance between the
southern Fort Worth Basin and the probable clastic source---the Caballos-Arkansas Islands
chain---was still too great for that clastic source to dominate. The Chappel platform slope
may have dominated sediment input by supplying carbonate sediments, resulting in the
calcareous matrix. Transitioning from Interval 11 to Interval Il, Interval 111 reveals a more
terrigenous facies. During this period, the collision between the plates increased rapidly,

causing more input of siliciclastic sediments; in the Late Mississippian (Interval IV), purer
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siliceous matrix existed because more clastics were transported into the basin because of
the closer proximity of the island chain.

Overall, argillaceous/clay-rich siliceous mudstone is the dominant facies in the two
cores. Purer siliceous mudstone is concentrated in only the upper interval of the two cores
and is less common in the other part of the cores. In the Mesquite No.1, the siliceous brittle
zone (clay-rich siliceous and siliceous mudstone) is approximately 70 ft (24 m) thick, but
the continuous interval is only 55 ft (18 m) thick. The siliceous zone in the Lake Davis
No.1 totals about 90 ft (30 m), but it is also compartmentalized by calcareous mudstones,

which made the effective thickness much thinner.
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INORGANIC GEOCHEMISTRY

More silica residing in the siliceous mineral phase means greater brittleness, which
is better for fracturing (Matthews et al., 2007). Therefore, it is useful to analyze the Barnett
section to look for the best lithofacies for hydraulic fracturing through examining the
amount of silica (as explained below) in each lithofacies.

Ninety-six XRF samples were selected from the Mesquite No.1 core to represent
the argillaceous/clay-rich, siliceous, and calcareous facies. Minor lithofacies (skeletal
calcareous mudstone and phosphatic grainstone) were excluded. A cross plot of %Si versus
%Al distinguishes the three facies in terms of silica excess facies (excessive silica resides
in siliceous material), clay-rich facies (normal silica resides in siliceous material), and the
diluted-silica facies (insufficient silica in both siliceous material) (Figure 36). According
to Rowe (2008), the regression line of argillaceous/clay-rich mudstone defines the trend of
aluminosilicates in clay minerals, mostly in illite in this case, so it is termed the illite-silica
line. This line represents a standard silica level in the siliceous material. Samples plotting
above the illite-silica line suggest silica excess, which means greater brittleness. Samples
that fall below the line indicate silica dilution, which in this case is caused by calcareous
material.

Figure 36 reveals that the purer siliceous mudstones plot much higher above the
illite-silica line. Though both purer siliceous mudstone and clay-rich siliceous mudstone
are good for developing fractures according to their high siliceous content shown in XRD

data, the former is much better because it has more silica in siliceous material such as
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quartz. Significantly, samples from calcareous mudstone plot below the illite-silica line,

which indicates their lack of silica.
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Figure 36: Cross plot of Si% and Al% Samples from argillaceous/clay-rich and
calcareous and siliceous mudstone (excluded skeletal-rich facies and
phosphatic grainstone) were plotted. This figure displays which lithofacies
may be more brittle and better for fracking by comparing the silica content.
Data from Mesquite No. 1.
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In a mudrock reservoir, TOC is essential for the generation of oil and gas. The
relationship between the value of TOC and depositional environment is important because
the relationship will provide useful information for exploring new areas with high TOC.
Thus, this study also examined the general depositional environments by separating them
into aerobic, anoxic, and euxinic conditions and determining the relationships between the
three conditions and the preservation of TOC.

A plot of Mo content with depth was generated, accompanied by the normal Mo
content in gray shale (Wedepohl, 1971) for comparison (Figure 37). As indicated in the
figure, the amount of Mo in Mesquite No.1 is much higher than the average Mo content in
normal gray shale, which indicates a general anoxic condition during the deposition of the
Barnett.

The DOP+ plot was generated together with the Mo plot for testing the anoxic
conditions of the depositional environment (Figure 38). This DOP+ plot also indicates an
anoxic condition during most of Barnett time. Under this anoxic environment, the TOC
value is persistently high, which may prove that an anoxic condition is favorable for the
preservation of TOC. There were only a few periods when the sea water was aerobic (DOP+
< 0.46) or euxinic (DOPt > 0.75) with some peaks to the left or right, respectively. For the
aerobic periods, they are represented at depths such as 3696-3697 ft. To understand why
the peaks occur, the values of DOPt have been correlated with cores and TOC value. The
TOC at the depths between 3696 to 3697 ft. drops from more than 4% to less than 0.5%.
In core, this interval corresponds to the nonlaminated skeletal facies, which contains large

amount of cephalopods and other shell fragments. The same thing occurs at the depth
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interval of 3760.8 ft, where the TOC value drops from 4.1% to less than 0.5%, because of
the presence of another debris flow layer. Other values lower than 0.46 also appear along
with carbonate-rich layers as well as concretions. The evidence from the core reveals that
the input of more calcareous material (much more than the content in calcareous
mudstones) will decrease the TOC content rapidly. The excess calcareous material can
rapidly change the depositional environment by bringing in a certain amount of oxygen,
which accelerated the degradation of TOC. The debris flow is also organic poor because it
may have originated from upper slope where is a more anaerobic setting. So generally
aerobic environment is adverse for TOC preservation. Noticeably, the presence of
concretions cannot be considered as a fact of carbonate material diluting TOC because
concretions just prevent the compaction of sediments, and therefore they prevent the TOC
from concentrating.

The main interval of DOP+ greater than 0.75 (the euxinic condition) appears from
3755 to 3770 ft, and the lowermost part from 3793 to 3826 ft. The TOC values of the two
intervals are approximately 4.5% and 3.5%, respectively. This preliminary test reveals that
an euxinic condition is also good for TOC preservation.

Correlations of DOP+ values, and TOC reveals a strong relationship between the
two curves, including some of the low values that are caused by large amounts of carbonate
input (Figure 39). Overall, the geochemical data show that the Barnett mudstones were
deposited in anoxic and euxinic conditions. The TOC curve and its strong correlation with
DOP+ values indicate that organic TOC material was well preserved under both anoxic and

euxinic conditions, and the TOC value is high throughout the core. The relatively good
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preservation of TOC better enables the formation to have the potential to become a shale

reservoir. Further organic geochemistry analysis will be presented in next chapter.
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Figure 37: Comparison of Mo content in normal gray shale (Wedepohl, 1971) and Mo
content in Hamilton County, data from Mesquite No.1
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ORGANIC GEOCHEMISTRY

TOTAL ORGANIC CARBON (TOC)

This chapter presents the organic geochemistry of this area using pyrolysis analysis
of the Mesquite No. 1 core; there is no organic geochemical data from the Lake Davis No.
1, but the difference of geochemical condition between the two cores is probably similar
because of the very close distance. The following analysis of organic geochemistry focuses
on TOC values and distribution, kerogen type, thermal maturity, and hydrocarbon
generation potential.

The Mesquite No.1 core has a mean TOC of 4.05% and a distribution of from 2%
to 9% (Figure 40), both of which are similar to the values in the Barnett Formation in the
main producing area (Loucks and Ruppel, 2007). The most concentrated interval is from
3.0% to 4.5%. The TOC varies according to the dominant matrix. The argillaceous/clay-
rich siliceous mudstone has the highest mean TOC value of the three matrix types, at
4.85%, and TOC values are relatively even and more widely distributed, from 2% to 7%.
In siliceous mudstone, the mean TOC is 3.81% (Figure 40). This lithofacies displays a
narrower distribution, and most of the values were limited, from 3% to 4.5%. In calcareous
mudstone, the mean TOC is 3.85%, and TOC is mostly distributed from 2.5% to 5.5%. The
TOC analysis indicates that the three dominant lithofacies all have a high TOC content,
which suggests that all the lithofacies can be considered as potential targets for production.

However, high TOC alone does not indicate a good shale reservoir, because different
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kerogen types generate different hydrocarbons or even no hydrocarbon (Type 1V). Thus,

an examination of kerogen type is necessary.
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1. B) Histogram of TOC data from argillaceous dominated matrix. C)
Histogram of TOC data from siliceous dominated matrix. D) Histogram of
TOC data from calcareous dominated matrix.
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KEROGEN TYPE

In order to distinguish kerogen types, the cross plot of the calculated hydrogen
index (HI) and oxygen index (Ol) was generated on a Pseudo Van Krevelen plot (Van
Krevelen, 1950) to analyze the kerogen types in this area. The results indicate that a mixture
of Type Il and Type IIS kerogen existed in the core (Figure 41A), both of which are oil-
prone. The Type Il and Type IIS kerogen has the same kerogen structure, and the only
difference is the sulfur content. The special Type IIS kerogen is characterized by high
initial H/C and low initial O/C ratios (Orr, 1986). Their low oxygen index is caused by the
substitution of oxygen by large amount of sulfur. According to Dinur et al. (1981) and Orr
(1986), Type Il and Type IS have a similar depositional environment, but Type IS can be
only formed in environments where clastic sediments are poor and sulfate reduction
activity is extremely strong near the sediment/water interface. In the Barnett section, the
active iron in abundant clastic material can remove the sulfur in the form of iron sulfides
(e.g., Gransch and Posthuma, 1974; Dinur et al., 1981). It is also important to note that
none of the published geochemical papers have supported the hypothesis that there was
abundant Type IIS kerogen in the Barnett (e.g., Jarvie et al., 2005; Zhang et al., 2014). In
addition, the cross plot of the hydrogen index versus Tmax Was also generated to aid the
geochemical interpretation (41B). The plot shows that the samples were adjacent to the
Type 11 kerogen curve. Incorporating the information above, and also in consideration of
the fact that for high maturity material, it is difficult to differentiate the kerogen type in
such a narrow area on the hydrogen index versus oxygen index plot, thus a Type 1l Kerogen

is suggested. Given that this was a marine depositional environment, Type Il kerogen
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appears in the form of marine snow or organic aggregates that migrated downward by
pelagic settling, and this is consistent with the depositional model proposed by Loucks and
Ruppel (2007). Type 111 kerogen also is present, though it does not appear on this plot, as
identified under the microscope and in core. In thin section, organic matter appears as
organic flakes because of compaction, and it is difficult to differentiate Type Il from Type

I11 except in the uncompacted fabric.
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Figure 41: Kerogen type. A) Pseudo Van Krevelen plot, modified from Dembicki
(2009). 1t is important to note that the samples have a mean R, range of 0.94%
indicating that samples have undergone thermal maturation and their original
composition as evolved. Data from Mesquite No. 1. B) Plot of hydrgen index
versus Tmax, modified from Zhang et al. (2014). The combination of two
figures shows Type Il kerogen is dominant. Data from Mesquite No.1.
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THERMAL MATURITY

Vitrinite reflectance (Ro) was calculated according to the method of Jarvie et al.
(2001), who used a series of coefficients to derive R, from Tmax. The distribution of R,
shows a mean value of approximately 0.94%, which is within the oil window. The total
distribution of R, is from 0.7 % to slightly more than 1.1% (Figure 42), all of which is still
within the oil window. It can be concluded that this thermal maturity meets the requirement

for oil generation.
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Figure 42: Histogram of thermal maturity (calculated R, from RockEval). Data from
Mesquite No. 1.
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HYDROCARBON GENERATION POTENTIAL

In addition, a Dembicki plot (Dembicki, 2009) was created to examine the potential
of hydrocarbon generation (Figure 43). This plot considered both TOC and pyrolysis
results. Both S2 (generated hydrocarbon in the pyrolysis experiment) and S1+S2 (pre-
existing and generated hydrocarbons) are considered in this plot. The plot reveals that the
Barnett rocks in this area have an excellent potential for generating hydrocarbons,
regardless of whether results are plotted with S2 alone or with S1+S2.

Results of organic geochemistry analysis clearly show that the Barnett Formation
in Hamilton County is a good source rock for generating hydrocarbons, having a mixture
of large amounts of Type Il kerogen and very small amounts of Type 111 kerogen. The TOC
content, which is approximately 4%, is similar to that in the main producing area. Within
the different lithofacies, the mean TOC contents are also very similar, which indicates that
all intervals of the Barnett Formation are organic rich. They show an average thermal
maturity of 0.94 %, which puts the section within the oil window. Thermal maturity may
also have a significant impact on pore types (as will be discussed in next chapter), and

overall reservoir quality.
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PORE TYPES

The study of pore types and associated pore networks are important to
understanding the reservoir quality of mudrock reservoirs, as well as the relationship
between the storage of the oil and gas and the pore networks .

In the Barnett Formation, the pores are largely nanometer- to micrometer-size pores
that cannot be observed using a standard petrographicmicroscope (Loucks et al. 2009,
2012); therefore, the use of Ar-ion milling preparation and an field scanning electron
microscope was required in this study. Compared with other polishing methods, Ar-ion
milling generates a smoother surface with fewer artifacts that allows the observations of
nano- and micropores (Loucks et al., 2009).

The classification used in this study is based on the work by Loucks et al. (2012),
who proposed a classification of mudrock pores including two mineral-related pores, which
are interparticle pores and intraparticle pores, and one organic-matter-related pore type, for

the pores within organic matter.

INTERPARTICLE PORES

Interparticle pores are the pores that occur between particles and crystals (Loucks
et al., 2012). They are very uncommon in the Barnett mudstones in the study area. In the
samples, interparticle pores are generally angular to subangular, and they are commonly
much larger than other pore types. The subangular interparticle pores, which range from
<1 micrometer to 2 micrometers in size, were observed dispersed within the matrix (Figure

44A). Other interparticle pores (grain-edge pores) are more elongated and are largely
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formed around the rim of rounded rigid minerals such as quartz and pyrite (Figure 44B).
Most of the original interparticle pores were destroyed by early compaction (Rieke and

Chilingarian, 1974).

det. HV spot g W ) 50 pm ——
Mix 15.0 kV 3.5

Figure 44: Example of interparticle pores. A) Interparticle pores highlighted by red
arrows. Blue arrow shows dissolution pores. Lake Davis No. 1, 4204 ft. B)
Interparticle pores highlighted by red arrows. The blue arrows indicate
intraparticle pores. Lake Davis No. 1, 4188 ft. det = detector; HV = high
voltage (accelerating voltage); spot = spot size; mag = magnification; HFW
= horizontal frame width; WD = working distance.
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INTRAPARTICLE PORES

Intraparticle pores are very common in this Barnett section. They commonly occur
within clays and large mineral grains such as albite and calcite. According to Loucks et al.
(2012), many intraparticle pores are destroyed by compaction or have been filled with
cement, but some were formed by corrosive fluid dissolution. They are generally angular
to subrounded and have no preferential orientation. The intraparticle pores associated with
albite and calcite are commonly produced by partial dissolution (Figure 45A) or by fluid
inclusions (Figure 45B). Fluids trapped in crystal during growth will produce bubbles in
the crystal. These inclusions will form isolated intraparticle pores that can be as small as
hundreds of nanometers.

Clay-associated intraparticle pores are abundant. The pores are generally elongated
and parallel to the direction of the clay palettes. These are interpreted as cleavage-related
pores, which are generally controlled by the internal sheet structure within clay minerals,
and they can be opened by compaction (Figure 45C).

Intercrystalline pores are also common within pyrite framboids, and they are
considered as intraparticle pores (Figure 45D). These pores occupied the space between
crystals that composed the pyrite framboid. In the study area; the extensive occurrence of
pyrite makes this type of pore one of the dominant pore types in these mudrocks.

In the samples studied in this work, there are other intraparticle pores. Fossils that
were composed of calcite show minor amounts of dissolution intraparticle pores within the
tests (Figure 46C). Also, micas with cleavage-related intraparticle pores were also observed

in the samples (Figure 46D). These pores are elongate and developed along the cleavage
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of micas. The intraparticle pores are enhanced by dissolution of the mica and some of the

pores are filled by crystals of other minerals.

Figure 45:

Example of intraparticle pores. A) Intraparticle pores that formed by partial
dissolution around the rims (red arrows). Blue arrows indicate artifacts.
Yellow arrows indicate pores within the albite crystal caused by dissolution.
Lake Davis No. 1, 4204 ft. B) Fluid inclusion intraparticle pores (red arrows)
within a calcite grain. Lake Davis No. 1, 4204 ft. C) Cleavage-related
intraparticle pores (yellow arrows) within a clay mineral. Blue arrows indicate
intraparticle pores in mica caused by dissolution. Red arrows indicate organic
pores. Lake Davis No. 1, 4204 ft. D) Abundant intraparticle pores (yellow
arrows) within a pyrite framboid. Red arrows show organic matter pores.
Lake Davis No. 1, 4204 ft. det = detector; HV = high voltage (accelerating
voltage); spot = spot size; mag = magnification; HFW = horizontal frame
width; WD = working distance.
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Figure 46:

——————5pm

Lake Davis 4204

Examples of intraparticle pores and organic matter pores. A) Large organic
matter pores that may be bubbles resulting from a two-phase inclusion
(indicated by red arrows); blue arrows point to artifacts; yellow arrows show
OM pores. Lake Davis No. 1, 4204 ft. B) Organic matter pores of various
sizes (red arrows). Blue arrows indicate clay minerals undergoing dissolution.
Lake Davis No. 1, 4204 ft. C) Intraparticle pores within a shell fossil
(indicated by blue arrows). Lake Davis No. 1, 4189 ft. D) Dissolution
intraparticle pores probably within a mica grain with crystals growth in them
(red arrow). Lake Davis No. 1, 4204 ft. det = detector; HV = high voltage
(accelerating voltage); spot = spot size; mag = magnification; HFW =
horizontal frame width; WD = working distance.
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ORGANIC MATTER PORES

Organic matter pores (OM) are the most abundant pore type in this Barnett section,
and they are also the most common pore type in the Barnett Formation (e.g., Loucks et al.
2009). As the organic matter was buried and thermally matured, OM pores were generated
(Loucks et al., 2009). Because the mean R, is 0.94 %, OM pores are expected. As seen in
the samples, the OM pores are very small, ranging from 20 to 60 nm in diameter. Their
shapes can be angular (triangular or polygonal), rounded, or elliptical (Figure 47D). Some
samples show connected organic matter pores within a single type of organic matter, as
reflected by their various pore depths and tortuosities (Figure 47A). The porosity in
different organic matter varies significantly from zero percent (Figure 47C) to more than
20 percent. Larger organic matter pores can have consumed much of the organic matter
particle (Figure 46A). Loucks and Reed (2014) suggested that this type of pore was formed
by two-phase hydrocarbon inclusions. They explained that the bitumen first migrated into
the pore; then the fluid or gas in the bitumen bubble escaped and left a large pore (Loucks
and Reed, 2014).

The size of the OM pores varies significantly but the controlling factors have not
been well studied, however, it is known to be associated with the thermal maturity. As the
temperature and thermal maturity increases, pores begin to form in the organic matter.
When large amounts of pores form, they begin to coalesce with each other and form larger
pores. Aligned organic matter pores which were thought to be controlled by inherited

structure in the organic matter (Loucks et al., 2009) were not seen in these samples.
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However, as observed in these Barnett samples, the thermal maturity in this area is high

enough to generate large amounts of organic pores.

det HV spot
Mix 15.0 kV 3.5

Figure 47:

det A spot| mag HFW

Mix 15.0 kV 3.5 |60 892 x|4.90 ym|5.

HFW WD - det HV spot W WD 3 pm
90 um 5.0 mm TLD 10.0 kV 3.5 4¢ 3 um 4.7 Bureau of Economic Geology

Examples of organic matter pores. A) Organic matter pores of various sizes.
Red arrows point to organic matter pores that appear to show three
dimensional connectivity. Lake Davis No. 1, 4204 ft. B) Organic matter with
numerous small rounded OM pores. Lake Davis No. 1, 4204 ft. C) Some
organic matter (red arrows) do not display pores. Blue arrow indicates a
dissolution intraparticle pore. Lake Davis No. 1, 4188 ft. D) Organic matter
with many pores. Lake Davis No. 1, 4204 ft. det = detector; HV = high voltage
(accelerating voltage); spot = spot size; mag = magnification; HFW =
horizontal frame width; WD = working distance.

100



DISCUSSION

LITHOFACIES AND DEPOSITIONAL PROCESSES

According to Loucks and Ruppel (2007), based on their study of four cores in
northern Fort Worth Basin, the dominant depositional processes were pelagic and
hemipelagic settling, turbidity currents, debris flows, and bottom-current reworking. Based
on this study in Hamilton County, the same dominant depositional processes occurred in
southern Fort Worth Basin.

Hemipelagic settling processes are characterized by both vertical settling and low
lateral advection caused by river plumes and other water currents (Stow and Tabrez, 1998;
Stow et al., 2001). In the Barnett, sediments deposited by hemipelagic settling contain a
mixture of biogenic and terrigenous material that involves the presence of silt-sized detritus
such as quartz silts and clay-sized minerals. These terrigenous materials that were
deposited by hemipelagic settling may come from aeolian dust and nepheloid flows
(Wignall, 1994), and this is also inferred by Bunting (2007) based on his study of the
Barnett Formation in Johnson County.

Unlike the two forces (vertical and lateral forces) that acted on hemipelagic settling
in different directions, pelagic settling is a process of only vertical settling, by which very
fine-grained sediments in the water column such as clay minerals and marine snows settle
to the seafloor (Stow et al., 2001) without the effect of lateral water plumes. In the Barnett,
fecal pellets of zooplanktons and marine snow were probably the most important sediments
deposited by pelagic settling. Marine snow is characterized by those suspended aggregates
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that are larger than 500 microns and are composed of organic detritus, microorganisms,
and clay minerals (Alldredge and Silver, 1988). Algal-secreted mucus-producing marine
organisms and biologically enhanced aggregation of smaller component particles (peloids)
of pelagic biota are the two most important contributors to the origin of marine snow
(Alldredge and Youngbluth, 1985; Alldredge and Silver, 1988). Boggs (1987) also
indicated that the flocculation of clay minerals could form peloids in the water column.
Except for the marine snow related peloids, zooplankton fecal pellets could also sink
rapidly from the water column (Turner, 2002).

The above types of peloids as well as those peloids transported from the slope all
contribute to the peloidal texture of the Barnett mudstones. More evidence for pelagic
settling is the large amount of Type II marine kerogen. This algal-rich kerogen is
considered to be derived from basin upwelling (Gutschick and Sandberg, 1983), which
caused algal blooms. As discussed earlier, algal bloom is one of the main contributors to
marine snow. The abundant Type II organic flakes can be interpreted as compacted marine
snow.

Long-duration and persistent hemipelagic and pelagic settling of mud throughout
the deposition of the Barnett is evidenced by fine-grained sediments including detrital
quartz and clay minerals occurring in all of the lithofacies, laminations as seen in the
siliceous mudstone, and the large amounts of TOC and peloids that are abundant
throughout the mudstones.

Turbidity currents are recorded as dilute turbidites. In many cases, no complete

Bouma sequences can be identified, and only the fine-grained D and E units are deposited
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This is consistent with the conclusions of Loucks and Ruppel (2007), who interpreted that
the lack of a complete Bouma sequence is the result of long-distance transportation from
the sediment source, during which coarser material was deposited first and the finer
material was deposited in the distal part of the basin.

Debris flow is described as a gravity-driven process with poorly sorted sediments
coming down to the basin from the slope (Iverson, 1997). In core, although the sediments
might have been reworked after deposition, the direct evidence of debris flows is
nonlaminated skeletal calcareous mudstone and part of the phosphatic grainstone, because
transported bioclasts such as mollusks and brachiopods, phosphate, and carbonate
intraclasts as well as fine-grained material are commonly mixed. Loucks and Ruppel
(2007) suggested that the mollusks and brachiopods originated from the dysaerobic slope.
Though the nonlaminated shell layers were interpreted as the results of debris flow, in
several cases in the Hamilton County area, these debris layers are all simply composed of
coarse materials. (Figure 32B). Only rare carbonate mud and other finer skeletal materials
are present. This phenomenon can also be interpreted by the model of long-distance
transportation that was mentioned above. The coarse shell fragments presented here are
equivalent to those coarse materials that deposited first during the transportation; the absent
of silt-sized or finer materials in these coarse shell layers were transported further down
into the basin. Several researchers described the process as a transition process from a
debris flow to a low-density turbidity flow (Hampton, 1972; Mulder and Alexander, 2001).
Combining this theory (Hampton, 1972; Mulder and Alexander, 2001) with evidence seen

in core, the process can be described as:
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1) Debris flows that involved bivalves, brachiopods, crinoids, and other intraclasts were
triggered on the slope;

2) As the flows travelled into the basin, the lack of confinement and reduced velocity
caused coarse shell fragments to be deposited first;

3) Finer materials stayed suspended and was further transported as water-suspended load;
4) Finer materials were finally deposited in the distal part of the Fort Worth Basin as low-
density turbidites as incomplete Bouma sequences.

In some cases, the interbeddings of nonlaminated skeletal layers (coarse skeletal
debris) and a series of well-sorted silt-sized skeletal layers (finer debris of skeletal and
peloids) indicate that the turbidity currents and debris flows alternated. In normal
situations, they should have been deposited in different places laterally. The presence of
interbedding suggests that the source that triggered the debris flow events migrated and
those sources had different relative distances to the site of deposition.

Within the Barnett, bottom current reworking is also a significant depositional
process (Hickey and Henk, 2007; Loucks and Ruppel, 2007; Abouelresh and Slatt, 2011).
Unlike the other depositional processes, bottom-current reworking involves sediments that
were already deposited and later resedimented. Aided by the Coriolis force that acted on
the western margins of the basin, bottom currents can move relatively fast, at 10-20 cm/s,
and sometimes they can locally exceed 100 cm/s and 200m/s (Stow, 2002). With such a
high speed, Stow et al. (2002) think it is possible for these strong currents to transport a

wide range of grains, from clay to fine-sand. In Hamilton County area, the bottom-current
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reworking created the widely extended low-angle starved ripples that formed on the
seafloor. The ripples are mostly composed of silt-sized to sand-sized carbonate materials.
In phosphatic facies, the coated phosphatic grains and ooids formed with the aid of bottom-
current reworking, which scoured, reworked, and reburied the grains (Pufahl and Grimm,
2003), so that new rims of phosphate could form on the grains. Commonly the contacts
between silt-rich and mud-rich layers are not sharp. These phenomena may imply the
occurrence of bottom-current reworking, which obscured the contacts between low-density
turbidites and made them gradational. On the other hand, winnowing processes induced by
bottom currents (Stow et al., 1998) can winnow out mud and other small uncemented
allochems because of their low lithification rate as compared to the lithification rate of
phosphate (Trappe, 1998). This process gave rise to the formation and accumulation of

well-sorted phosphatic grains.

DEPOSITIONAL ENVIRONMENT

According to the inorganic geochemistry presented in this thesis, the Barnett was
deposited in an anoxic to euxinic condition with high enrichment of Mo in the study area.
However, as we have stated above, agglutinated foraminifera are widely observed in almost
all the lithofacies in the Barnett Formation. On the basis of this fact, some researchers
indicate that the sea water during deposition was not totally out of oxygen because
agglutinated foraminifera require at least some oxygen to live in generally oxygen-deficient
environments (Bernhard and Reimers, 1991; Bernhard et al., 2003; Schieber, 2009).

However, based on the study in this thesis, most of the agglutinated foraminifera were

105



concentrated and parallel to the bedding indicating that they have been transported from
the dysaerobic slope environment. Wiggins (1982) also suggests that most of the calcareous
material on the seafloor of Barnett is transported allochems since no in-situ biota exists.
Both of these lines of evidence indicate that most of the agglutinated foraminifera were
transported to the basin from a dysaerobic slope setting by debris flow.

Although most of the agglutinated foraminifera were transported to the basin, some
may have lived for a short time in the anoxic/euxinic area under some certain conditions.
As discussed above, the sediment gravity-flow is a short-lived, relatively high-energy event
deposit. It is possible that the oxygen associated with the current could have allowed for a
bloom of short-lived foraminifera. The transported biota that may have lived in such a
severe condition for a short time are termed doomed pioneers (Follmi and Grimm, 1990).
However, no burrowing developed in association with these oxygenated waters (or strong

bottom currents later destroyed them).

RESERVOIR QUALITY

The TOC distribution (Figure 40) and the Dembicki plot (Figure 43) suggest that
all three dominant facies have high TOC and offer excellent hydrocarbon generation
potential. And the excellent potential can be translated to oil, for the reasons given below.
The pseudo Van Krevelen plot and core data show that there is much more Type Il than
Type 111 kerogen, which indicates an oil-prone source rock. Vitrinite reflectance shows that
the thermal maturity is within the oil window, with an average of 0.94%. Both data reveal

that this area is a highly potential shale reservoir.
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According to the study conducted by Papazis and Milliken (2005), biogenic quartz
is the dominant mineral in the Barnett that caused its high brittleness. The results from the
Si% versus Al% plot (Figure 36) can also prove the great abundance of biogenic silica in
siliceous mudstone in the southern Fort Worth Basin. In addition, XRD analysis shows a
pattern of mineral distribution in a ternary plot that is similar to Loucks and Ruppel’s
(2007) study of the main producing area of the Barnett (their figure 10).

Concentrating on the siliceous mudstone, the Barnett section in the southern area
has a slightly higher content of carbonate material and a similar content of clay with the
northern area. In terms of the TOC of two types of siliceous mudstones, though there is a
1% difference in TOC, they are all high enough for producing. A major problem is that the
siliceous interval may be too thin to be commercially produced.

This study also suggests that organic matter pores are the most abundant pore type.
Intraparticle pores are also abundant in the core, but this type of pore does not contribute
to the effective porosity. Interparticle pores, which is another effective pore type, are rare
in the Barnett samples. Just as the organic matter pores predominate in the main producing
area (Loucks et al., 2009), these organic matter pores in the southern Fort Worth Basin can
serve the same function, which is to supply storage space for oil and gas and provide

pathways for production.
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CONCLUSIONS

The conclusions of this study are that five dominant lithofacies were identified from
the two cores in the Barnett Formation, in the southern Fort Worth Basin. They are 1)
laminated silty clay-rich peloidal siliceous mudstone; 2) laminated skeletal silty peloidal
siliceous mudstone; 3) nonlaminated silty peloidal calcareous mudstone; 4) laminated and
nonlaminated skeletal calcareous mudstone; and 5) skeletal phosphatic packstone to
grainstone. Pelagic and hemipelagic settling, debris and turbidity flows, and bottom-
current reworking are the dominant depositional processes, and their interaction along with
biota production defined the lithofacies of the Barnett Formation. The deposition
environment of Barnett in the southern Fort Worth Basin was anoxic and euxinic with
periods of overtuning.

Although these two wells were not productive, the area has several good parameters
that would favor production, such as 1) high TOC that has excellent potential to generate
oil and gas (mainly Type Il organics); 2) brittle siliceous mudstone that is favorable for
hydraulic fracturing; 3) thermal maturity values suitable for generation of oil; and 4)
development of abundant organic matter pores. The sole limitation to economical oil

production in this area is the thinness of the Barnett mudstone.
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APPENDIX A

Table Al: Thin-sections used in this study

Thin Section Core Depth (ft) Orientation Formation
LDTS-001 Lake Davis No.1 4073.5 | Vertical Penn Detrital
LDTS-002 Lake Davis No.1 4076.4 | Vertical Barnett
LDTS-003 Lake Davis No.1 4076.5 | Vertical Barnett
LDTS-004 Lake Davis No.1 4078.2 | Vertical Barnett
LDTS-005 Lake Davis No.1 4081.8 | Vertical Barnett
LDTS-006 Lake Davis No.1 4087.0 | Vertical Barnett
LDTS-007 Lake Davis No.1 4095.2 | Vertical Barnett
LDTS-008 Lake Davis No.1 4098.8 | Vertical Barnett
LDTS-009 Lake Davis No.1 4104.1 | Vertical Barnett
LDTS-010 Lake Davis No.1 4113.2 | Vertical Barnett
LDTS-011 Lake Davis No.1 4115.9 | Vertical Barnett
LDTS-012 Lake Davis No.1 4116.6 | Vertical Barnett
LDTS-013 Lake Davis No.1 4128.4 | Vertical Barnett
LDTS-014 Lake Davis No.1 4129.5 | Vertical Barnett
LDTS-015 Lake Davis No.1 4134.2 | Vertical Barnett
LDTS-016 Lake Davis No.1 4137.7 | Vertical Barnett
LDTS-017 Lake Davis No.1 4139.9 | Vertical Barnett
LDTS-018 Lake Davis No.1 4140.1 | Vertical Barnett
LDTS-019 Lake Davis No.1 4141.2 | Vertical Barnett
LDTS-020 Lake Davis No.1 41415 | Vertical Barnett
LDTS-021 Lake Davis No.1 4143.7 | Vertical Barnett
LDTS-022 Lake Davis No.1 4145.7 | Vertical Barnett
LDTS-023 Lake Davis No.1 4151.7 | Vertical Barnett
LDTS-024 Lake Davis No.1 4154.5 | Vertical Barnett
LDTS-025 Lake Davis No.1 4158.4 | Vertical Barnett
LDTS-026 Lake Davis No.1 4164.4 | Vertical Barnett
LDTS-027 Lake Davis No.1 4168.2 | Vertical Barnett
LDTS-028 Lake Davis No.1 4175.1 | Vertical Barnett
LDTS-029 Lake Davis No.1 4177.6 | Vertical Barnett
LDTS-030 Lake Davis No.1 4181.3 | Vertical Barnett
LDTS-031 Lake Davis No.1 4183.3 | Vertical Barnett
LDTS-032 Lake Davis No.1 4184.3 | Vertical Barnett
LDTS-033 Lake Davis No.1 4188.4 | Vertical Barnett
LDTS-034 Lake Davis No.1 4195.9 | Vertical Barnett
LDTS-035 Lake Davis No.1 4196.3 | Vertical Barnett
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Table Al; continued

LDTS-036 Lake Davis No.1 4197.8 | Vertical Barnett
LDTS-037 Lake Davis No.1 4198.9 | Vertical Barnett
LDTS-038 Lake Davis No.1 4206.6 | Vertical Barnett
LDTS-039 Lake Davis No.1 4207.6 | Vertical Barnett
LDTS-040 Lake Davis No.1 4209.0 | Vertical Barnett
LDTS-041 Lake Davis No.1 4210.5 | Vertical Barnett
LDTS-042 Lake Davis No.1 4215.0 | Vertical Barnett
LDTS-043 Lake Davis No.1 4217.5 | Vertical Barnett
LDTS-044 Lake Davis No.1 4218.5 | Vertical Barnett
LDTS-045 Lake Davis No.1 4226.2 | Vertical Barnett
LDTS-046 Lake Davis No.1 4229.6 | Vertical Barnett
LDTS-047 Lake Davis No.1 4230.6 | Vertical Barnett
LDTS-048 Lake Davis No.1 4232.4 | Vertical Barnett
LDTS-049 Lake Davis No.1 4233.4 | Vertical Barnett
LDTS-050 Lake Davis No.1 4237.4 | Vertical Barnett
LDTS-051 Lake Davis No.1 4239.0 | Vertical Barnett
LDTS-052 Lake Davis No.1 4239.9 | Vertical Barnett
LDTS-053 Lake Davis No.1 4240.5 | Vertical Barnett
LDTS-054 Lake Davis No.1 4240.8 | Vertical Ives Breccia
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Table A2: XRF sampling intervals on Hamilton cores.

Core Location Depth Interval (ft) Resolution
Mesquite No.1 Hamilton, Texas 3639.3 to 3828.8 6 inches
Lake Davis No.1 Hamilton, Texas 4024.2 t0 4243.5 6 inches
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Table A3: SEM samples used in this study

Sample Core Depth (ft.)
LDSEM-001 Lake Davis No.1 4167.5
LDSEM-002 Lake Davis No.1 4188
LDSEM-003 Lake Davis No,1 4189
LDSEM-004 Lake Davis No.1 4204
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Table A4:

Organic chemical data used in this study.

Core Sample Depth (ft) | LECO TOC S1 S2 S3 Tmax ('C) | Cal. R,% | HI Ol
Mesquite No.1 | Mesg-001 3696 3.35 2.86 5.90 0.24 440 0.76 176 | 7
Mesquite No.1 | Mesg-002 3699 4.27 4.93 8.97 0.14 452 0.98 210 | 3
Mesquite No.1 | Mesg-003 3712 4.10 5.31 8.31 0.13 449 0.92 203 | 3
Mesquite No.1 | Mesg-004 3723 3.95 5.59 8.20 0.15 453 0.99 208 | 4
Mesquite No.1 | Mesg-005 3737 4.62 5.05 9.74 0.20 451 0.96 211 | 4
Mesquite No.1 | Mesq-006 3740 4.86 3.02 8.43 0.11 457 1.07 173 | 2
Mesquite No.1 | Mesg-007 3752 7.33 4.20 14.26 0.11 460 1.12 195 | 2
Mesquite No.1 | Mesq-008 3759 5.97 2.83 11.31 0.09 459 1.10 189 | 2
Mesquite No.1 | Mesg-009 3759 4.67 291 8.69 0.15 458 1.08 186 | 3
Mesquite No.1 | Mesg-010 3771 5.29 3.28 10.01 0.18 458 1.08 189 | 3
Mesquite No.1 | Mesg-011 3783 8.05 3.81 16.44 0.20 458 1.08 204 | 2
Mesquite No.1 | Mesg-012 3802 5.62 3.69 11.07 0.16 459 1.10 197 | 3
Mesquite No.1 | Mesg-013 3819 3.25 2.32 6.64 0.07 449 0.92 204 | 2
Mesquite No.1 | Mesg-014 3819 3.67 2.07 6.60 0.11 455 1.03 180 | 3
Mesquite No.1 | Mesg-015 3822 291 2.25 5.73 0.12 446 0.87 197 | 4
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Table A5:

XRD data used in this study.

Quartz | Albite Fluorapatite Dolomite Calcite Ilite Pyrite Total

Core Sample | Depth | (%) (%) (%) (%) (%) (%) (%) (%)

Lake Davis 4078.

No.1 LD-001 4 18.6 12.0 7.7 7.6 32.4 16.8 4.9 100.0
Lake Davis 4087.

No.1 LD-002 1 6.7 8.4 8.7 9.8 47.2 10.4 8.8 100.0
Lake Davis 4113.

No.1 LD-003 3 41.9 14.2 4.3 4.4 8.2 20.5 3.5 100.0
Lake Davis 4137,

No.1 LD-004 7 31.9 11.9 5.6 10.1 18.6 14.7 7.2 100.0
Lake Davis 4140.

No.1 LD-005 1 16.1 8.7 23.3 7.6 5.9 20.2 18.2 100.0
Lake Davis 4158.

No.1 LD-006 4 29.4 7.2 8.2 7.1 8.4 26.2 13.5 100.0
Lake Davis 4164,

No.1 LD-007 4 28.7 12.3 7.3 8.1 6.9 25.9 10.8 100.0
Lake Davis 4181.

No.1 LD-008 5 13.6 9.7 11.1 8.6 18.6 19.3 19.1 100.0
Lake Davis 4184,

No.1 LD-009 4 14.5 12.8 10.4 12.4 27.9 12.7 9.3 100.0
Lake Davis 4195,

No.1 LD-010 9 17.0 9.3 7.6 11.7 32.1 15.2 7.1 100.0
Lake Davis 4206.

No.1 LD-011 6 19.5 9.9 8.1 8.3 29.1 14.9 10.2 100.0
Lake Davis 4226.

No.1 LD-012 2 18.0 9.7 9.8 14.0 24.2 16.5 7.8 100.0
Lake Davis 4110.

No.1 LD-013 1 37.0 135 8.5 8.4 6.6 18.3 5.4 100.0
Lake Davis 4117,

No.1 LD-014 4 475 8.9 4.7 8.6 6.6 18.3 5.4 100.0
Lake Davis LD-015 4123 31.5 15.5 6.8 7.8 8.2 22.8 7.4 100.0
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Table A5: continued

No.1

Lake Davis 4155.

No.1 LD-016 7 29.3 15.9 5.3 7.3 7.7 24.5 10.0 100.0
Lake Davis 4175.

No.1 LD-017 5 16.2 8.2 6.3 28.9 18.6 14.5 7.3 100.0
Lake Davis 4200.

No.1 LD-018 8 33.7 11.9 5.4 8.4 8.0 23.5 9.1 100.0
Mesquite Mes-

No.1 001 3734 34.0 13.0 0.0 9.0 7.0 33.0 4.0 100.0
Mesquite Mes- 3756.

No.1 002 5 18.0 12.0 1.0 9.0 23.0 30.0 8.0 100.0
Mesquite Mes-

No.1 003 3768 23.0 11.0 4.0 11.0 20.0 25.0 6.0 100.0
Mesquite Mes-

No.1 004 3780 30.0 14.0 2.0 3.0 11.0 34.0 6.0 100.0
Mesquite Mes-

No.1 005 3811 39.0 12.0 1.0 7.0 7.0 30.0 4.0 100.0
Mesquite Mes- 3824.

No.1 006 4 41.0 13.0 0.0 6.0 1.0 36.0 3.0 100.0
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