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Abstract

The Barnett Shale, Northeast Texas, is a self-containeolgetr system (Jarvie, 2005).
The Newark East field (Barnett Shale, TX) is the second dargeoducing field of
natural gas in the U.S (EIA 2006 Annual Reserve Reports) and the Bahad¢, Fort
Worth Basin is projected for 374 bcf of annual production by 2010 (EIA, 200). T
depositional history and sequence stratigraphy of the Barnett Shade fully known.
This dissertation establishes Barnett Shale sequence stratigraglydmaobservations of
continuous cores and wireline logs, integrated with analytical data.

Four continuous long cores from Denton, Wise, and Parker counties, Texas ha
been studied to document the detailed internal stratigraphy anteatete of the Barnett
Shale. Visual, petrographic and mineralogic analysis revaals distinct lithofacies
within the Barnett Shale in the study area. The study indicatgsificance of
depositional processes which have constrained the vertical faomsessions and
cyclicity in the study area.

The identification of a systematic and cyclic stratal stagkpattern of the
lithofacies coupled with the gamma-ray log patterns led to ifdeiion of three
parasequence types: upward-increasing Gamma Ray Parasequeneed-decreasing
Gamma Ray Parasequence and intervals of constant GammarRsggance. A typical
upward-decreasing Gamma ray parasequence is composed of upward-ugemasints

of clay and phosphatic sediments accompanied by increasing allochthoaloite

XVi



grains, and capped with a reworked shelly deposit. This patterdicsitive of upward-
shoaling of the depositional environment during a very gradual fadllative sea level.
An upward-increasing Gamma Ray Parasequence consists of up@eaedsing amounts
of calcareous sediments and increasing amounts of clay and phosptatierds which
are indicative of a rise in relative sea level. These pquasees stack systematically to
form parasequence sets which constitute systems tracts.

The Lower Barnett Shale is composed of nine and the Upper Bairedd S
composed of five Gamma Ray parasequences and parasequencelsetsare area’.
Their comparison and correlation between different locations sughestateral facies
variability which has been explained as a function of sedimentesaumea distance and
accommodation space. Thickness maps of these Gamma Ray parasegametce
parasequence sets reveal changing thickness trends.

Thus, by integrating several attributes and scales of obsemafrom logs to
subsurface cores to thin sections and incorporating geochemieahgiars, this study
establishes the sequence stratigraphy of the Barnett Shalestldye also provides a
workflow for systematically constructing a sequence stigpigic framework for

mudstones of similar setting.
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Chapter 1

Introduction

1.1Geology of Gas Shale

Gas Shales are defined as continuous type of unit that commonlyhlgveorganic
richness and widespread gas saturation. They are geographiceaignsiee
accumulations, lack buoyancy related, well-defined oil/waterasfvgater contacts, and
hence the assessment methodology and production practices diffethiveenused in
conventional resources (USGS webpage). Due to their widespreadag@ogt
occurrence and organic richness, the total in-place gas volume isiccdynlarge.
However, the overall recovery factor is relatively low due to rtHew matrix
permeability. These low matrix permeability gas shaleskamvn to produce gas by

creation of flow paths by artificially fracturing the formation.

1.1.1 Lithology

Shale is defined as a fine-grained detrital sedimentary fooked by the consolidation

of clay, silt, or mud (O’Brien and Slatt, 1990). The term shalegklfidescriptive and is

used for the smallest grain size in the classification ohssaliary rocks. It is not based

on the mineralogy, but on particle size finer than 0.004mm. Shale is commonly composed



of a mixture of clay minerals, quartz, feldspars, carbonateclesitiorganic material and
small amounts of other minerals. Shale can vary in color fromaepeen to gray to
black depending upon the amount of organic carbon (Potter et al., 1980)*atfdFe

ratio (Tomlinson, 1916).

1.1.2 Organic geochemistry

The accumulation of organic matter in marine sediments has bedy stigdied (Potter,
1980; Demaison and Moore, 1980; Stein, 1991). It is found that the degree of
accumulation of organic matter in marine shales mainly dependshenrate of
productivity of the organic matter and the rate of preservatidheobrganic matter. The
increase in productivity of organic matter occurs due to an incrieasetrate and
phosphate (Shelley, 1998) e.g. during times of upwelling of deeger. Preservation of

the organic matter requires rapid burial, development of anoxic batnaitions and
reduced dilution by terrestrial sediments.

With the burial of the organic matter, the evolution of the organitembegins,
which transforms it into kerogen. Kerogen is a complex hydrocarbonetl at low
temperature by biogenic decay and abiogenic reactions of thriomgatter. During this
diagenetic phase methane, carbon dioxide and water are releasedbédeby Tissot,
1977). Three main types of kerogen: Type | (algal), Il (liptiaicdl 111 (humic) have been
identified by the workers at the French Petroleum Institupemiging on the different
organic chemical characteristics of the source material.egubsat work added Type IV
kerogen which includes oxidized and decomposed organic matter devoidiroféw;

and with virtually no petroleum potential.



Various studies have been done on the evolution of organic matter with burial into
kerogen and subsequently to oil and gas (Tissot, 1977; Tissot and \¥&Be The gas
can be generated as biogenic or thermogenic gas. The biogenic gadyaime action of
anaerobic micro-organisms during the early diagenetic phase iaf burduring recent
invasion of bacteria-laden meteoric water. The thermogenic gasateg by thermal
breakdown of kerogen and hydrocarbons at greater depths and temperangethaur
catagenesis phase of the evolution of organic matter (described by Tissot, 1977).

Rocks that are classified as gas shales have high ongamess with the TOC
values very commonly being over 20 wt.%. However, gas shalesawilibw as 2% are
economically viable (e.g. Lewis Shale, San Juan Basin). Theena@ittine organic matter
controls the type of kerogen and hence its hydrocarbon generapeeity. Type il
kerogen which is formed from terrestrial plant matter geasranainly gas. Thus, the
shale gas can be sourced from gas prone Type Il kerogen. §mles commonly
generated by cracking the oil sourced by other kerogen ty@sssi@rage in gas shales
may occur in three forms: as free gas in natural fractamesintergranular porosity, as
sorbed gas on kerogen and clay-particle surfaces, or asvedsg@s in bitumen (Curtis,

2002).



1.1.3 Petrophysics of gas shale
The unique petrophysical quality of these continuous type gas resasvthat they have
extremely low permeability and porosity. The permeabilitpy@as in nanodarcies. The
porosity of gas shales can be as low as 4.5% (e.g. Ohio Shas)high as 14% (e.qg.
New Albany Shale). Pore size distribution in shale gas is gdgnerathe order of 0.3-60
nm with unimodal size distribution (Best and Kastube, 1995). Some previalissson
shale to evaluate its potential as a good seal have illumitla¢eéactors that might
preserve better porosity and permeability in these rocks lDestvand Alpin, 1998;
Krushin, 1997; Sutton et al. 2004). The mineralogy and the textural chesticse
including the clay fabric orientation pattern, the ratio of finedarse grained particles
and so forth are a few factors which have been documented to thifepetrophysical
properties of shales. Dewhurst and Alpin (1998) in their experimentdy showed the
response of clay-rich and silt-rich samples to the effecbofpaction. The permeability
of silt rich samples was much higher than clay rich samplesippsiue to greater range
of pore throat size and presence of bottle-shaped pores (Hilderdirahd2003) around
silt grains. Gipson (1966) found from statistical analysis on Pérarsgn shales of
western Kentucky that there was a decrease in porosity ingtleasing depth, illite
content and preferred clay mineral orientation. With the increasepth of burial and
compaction pressures, the illite content in shales graduallgases and becomes
increasingly oriented resulting in a loss of porosity unleseetlee relatively coarse
guartz grains to withstand the compaction pressures.

Organic richness in shale has also been related to the pokdsishin (1997)

found that organic-rich shale has larger pore throats. Similadys Rnd Bustin (2007)



showed that thermally mature Devonian and Jurassic gas shalestefiiWW@anada have
greater micropore volumes associated with the organics, and hemeegas adsorbed
per wt% TOC.

Due to the low porosity and permeability of gas shales, it is ¢fteught that the
presence of natural fractures in the system will aid the fipag and hence the
producibility of the gas shale systems. However, the signdeanh pre-existing natural
fractures to production is questionable; some studies suggest #tenegi of natural
fractures in the gas shales impede fracture stimulation ambagood or does not affect
production (Gonzalez, 2004 and Borges, 2007), whereas other studies suggedtithh
fractures could be effective in enhancing and connecting theciaftifiacture network in
gas shale plays (Fisher, 2006 and Gale et al. 200¥® work of Davies and Vessel
(2003) suggest that the combination of fracture, pores, and organichaipaidentify

shales as gas reservoirs.

1.1.4 Paleoenvironment and Paleoecology

Shales vary significantly compositionally, texturally and in orgarmihness depending
on their continental, transitional or marine depositional settingeThafl show that most
of the gas shale plays in the US (Fig. 1.1) are marine and Devdinsarssippian in age

(Fig. 1.2). Thus, hereafter the sections deal mostly with discussions of nfaies. s



Table 1.1 Major gas shale formations of North America with their depodigettang.

o

Gas Shale Basin Age Setting

Ohio Shale Appalachian Late Devonian Marine —Devonian
Epicontinental sea (Provo
et al. 1978)

Antrim Shale Michigan Late Devonian Marine — Eastern Interio
seaway (Dorr et al. 1970)

New Albany lllinois Middle Devonian to | Marine — Broad Epeiric se

Shale Early Mississippian | (Cluff, 1980)

Floyd Shale Black Warrior | Mississippian Marginal marine (Pashin

1994)

Barnett Shale | Fort Worth Mississippian Marine — Mississippian
Interior sea (Craig and
Connor, 1979)

Fayetteville Arkoma Upper Mississippiary  Marine (Handford, 1984

Shale

Woodford Shale Anadarko Devonian Marine — Devonian
Epicontinental sea (Over,
1992)

Barnett and Delaware Devonian- Marine — Epicontinental

Woodford Shale Mississippian sea (Stucker, 2008)

Excello Shale | Cherokee Pennsylvanian Marine (Ece, 1987)

Cane Creek Paradox Pennsylvanian Marine (Morgan and
Chidsey, 1991)

Monterey Santa Maria Miocene Marine (Bramlette, 1946

Green River Uinta, Eocene Lacustrine (Dyni, 2005)

Piceance

Lewis and San Juan Cretaceous Marine — Western Inter

Mancos seaway (Lorenz, 1982)

Bakken Shale | Williston Devonian- Marine — Epicontinental

Mississippian sea (Halabura et al. 2007)

Marcellus Shale| Appalachian Devonian Marine Epicontinental se
(Ruedemann, 1935)

Haynesville Louisiana Upper Jurassic Shallow marine (Obid,

Shale 2008)

or

a
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Figurel.1 Major Gas Shale basins in the United States (After Frantz and,J2008)
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Figure 1.2. Distribution of Devonian-Mississippian black shales of INéunerica
deposited in the epicontinental sea (Modified after Ettensohn, 1998).

The first observation that is made on any rock is its color. HEmsple
characteristic can be an informative attribute for describlrajes. Like other rocks, the

color of marine shales depends on primary depositional process anddatadary



burial changesThe shelf to basin transitiocan bereflected by color transitn from
greenishgray to more widespread black shales. Potter (1888yestthat thecolors of
shales are significantly controlled organic mattewhich in turn is preserved dependi
upon the level of dissolved oxygen in the w.

Rhoads and Morse 971) made an immense contribution understandincof
oxygen deficient environmes. They proposed the lower limit of dissolved oxygerthe
aerobic water and the concept a dysaerobic zone (Fig. 1.3The reduction of th
oxygen level in the waterFig. 1.4 is generally a result of density stratificati
(Olausson, 1961)Density stratification could result from the difégice in temperatul

and salinity which inhibits aerated water circudat

0.1 0.2 IIII.B 0.5 1.0 mlfl Oz
Anaerohic Dysaerobic Transition Aerobic
fone
Exaerobic

Figure 1.3 shows the level of dissolved oxygen e&sltving rise to varying biofacie:
(After Rhoads et al. 199

The increase of water depth adecrease in bottom water oxygen levels aff
the faunal assemblage. As the oxygen levels araceg, the benthosbecome less
abundant, diversepsallel, less heavily calcified, and modeminated by infauna. The
is agradational loss of shelly fauna with a transititom aerobic to the dysaerobic zi,
although echinderms, protobranch brachiopods apleurotomariid gastropods c.
withstand rigorous conditio (Fig. 1.5. With the declining oxygen gradient, depc
feeders become dominant while suspension feedersni® rare (Edwards, 198!
Infaunal organisms are commonly more tolerarawide range of oxygen levels tt are

epifaunal organisms (Theede, 1).



" 0, (ml/) i
SL
AEROBIC
50
E
= 100 DYSAEROBIC
v
=
150
ANAEROBIC
200

Figure 1.4 Water stratification/layering due to dissolved oxygerent. (After Caspers,
1957)

In the anaerobic realm, though no macrofauna can survive, some foramaaife
survive. Due to high pH values commonly found in low oxygen environmeaitsyim
carbonate secretion by dysaerobic foraminifera becomesudliffidke other organisms,
foraminifera in this environment are thin shelled, poorly ornamerBednbard, 1986)
and very commonly agglutinated (Koutsoukos et al., 1990). Byers (1977) suthgests
such change of facies according to oxygenation conditions - aahydaerobic-
anaerobic - can be indicative of the basin slope direction (Byers, ¥& Also suggests
that in a deeper marine basin which is far from the coastahsatlisource supply, the
lithologic changes might not be very distinctive. However, the latehanges in
sedimentary fabric from dysaerobic to anaerobic could be siggedtthe basinward
direction. O’'Brien and Slatt (1990) suggest that well-developed |¢immes preserved
in a low energy, anaerobic depositional environment where bioturbattbe sediments

by benthic organisms does not occur due to poor bottom oxygenation conditions.
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Figurel.5 shows the shrinking diversity of the speciesxwger restricted environment
(After Byers, 1977)

1.1.5Sequence Stratigraph
Sequence stratigraphy is the interplay betweennsati supply and accommodati
space wherein the accommodation space is contrblladifferential tectonic subsiden
and eustatic sea level change. Establishing sequstrattigraphy in fine grainerocks is
challenging and certainly not as straightforward ias more energetic marir
environments and their coar-grained faciesHowever, the key to understanding
sequence framework in marine shale depositiondésysis to understand the charau
of the sediment supply. The mode of delivery, ratdegosition and the type of sedim:
(carbonates vs. clastic, coarse vs. fine, detvgabiogenic) can make a difference in
record of depositional sequences in these kinddepiositional systems (lhacs and
Schwalbach, 1992).

The various systes tracts within a sequencentain different shales which c
be identified by their predictable characteris{i8shutter, 1998). Schutter (1998) poi
out that thelowstand fan shalesare deposited duringhe waning period omore

proximal fan deposition and includes the allochthonous wariurbidite fine graine
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sediments and autochthonous hemipelagic sediments between turbiditetanidofes
shales can be rich or poor in organic content depending upon the bottom oxsgien le
These shales generally act as a seal because theymalyyinterbedded with coarse
siliciclastics or carbonates wherdawstand wedge shalese relatively high in mud and
terrestrial organic matter compared to lowstand fan shatdsitter, 1998). Bohacs and
Schwalbach (1992) suggest some critera to identify a sequence boumsiack a setting
includes higher bottom energy levels, micropaleontology data éfigicts maximum
numbers of shallower-water and reworked fauna.

Transgressive shalese deposited during rising sea level. The transgressive shale
can vary in thickness and facies depending upon the rate of relaéivev®l rise. If the
relative sea level rise is rapid, thin and discontinuous shale woulégmsited, while a
slow relative sea level rise promotes deposition of thicker, momneplete and well
developed transgressive shales (Schutter, 1998). Commonly trangrdsda® cverlie
shallow water sediments such as coals and shallow watestdinee (Coveney et al.,
1991) mantled by a thin layer of coarse material including phosptddezal pellets, and
glauconite often with reworked conodonts (Leckie et al., 1990). In tefigsneral large
scale variability, Macquaker et al. (1998) suggest that upwanugfisuccessions in
Kimmeridge Clay Formation can be interpreted as a transgressistems tract
candidate. They further state that the top of these upward-finiogessions indicate
many characteristics of condensed sections such as the preteaneretionsA similar
origin of concretionary carbonates is argued by Raiswell (1998) who said thagtoorecr
are precipitated early and close to the sediment-watafaogeduring periods of either

complete break in sedimentation or low sedimentation.
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Glauconite along with phosphate grains can be very commonly asdowiiie
condensed sections; however, Amorosi (1995) shows that glauconites aamren in
other system tracts and its usage in a sequence stratgrispimework should be
carefully backed and analyzed by its maturity, spatial digion and genetic attributes.
Bohacs and Schwalbach (1992) suggest that the flooding surface agotmchgoint of
litho-stratigraphic stacking patterns is characterized bydediment-accumulation rates
and can be recorded as a change of lithofacies from calcaslealesor siliceous shale to
phosphatic shale or clay shale with minimal levels of bottom grnewgditions and no
reworked fauna.

Highstand shalesre produced when highstand systems tract sediments aggrade
(early highstand deposition) and prograde. Schutter (1998) suggedisetieawvill be a
coarsening upward trend; noncalcareous shales will be asslogiitehigh siliciclastic
component, whereas calcareous shales will be associated witighaamount of
carbonates. The organic matter in highstand shales will be tuvdagraded with
terrestrial influxes. The clay minerals are variable arefuently very immature
(Schutter, 1998). Other detrital grains, e.g. muscovite, commonlk thar detritus
influx. Schutter (1998) points out that the interdigitation of shale witbrdithologies is
particularly significant in highstand shales. Shales interfingewith carbonates can be
very fossiliferous. In general the paleontological charactesisti these shales reflect the
process of shoaling and progradation (Schutter, 1998). However, they arg poorl
fossiliferous if diluted by high terrigenous influx. In the Shell Beaatcrop of Monterey
Shale studied by Bohacs and Schwalbach (1992), the highstand shalesarated by

phosphatic shale with slightly more silica than phosphatic shales todnsgressive
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deposit within the same section. They suggest two sources of: diliasiliceous

productivity and detrital silt. The internal geometry of a sequelereands proper and
complete identification of its smaller units called parasequereel their bounding
surfaces. Bohacs (1998) has summarized the characteristianpoftant bounding
surfaces in various environments of muddy basins (Table 1.2. modified Rdtter,

2005).

Bohacs and Schwalbach (1992) summarize the procedure for establegshing
sequence-stratigraphic framework with special reference toegfmiaed rocks as (I)
establish and familiarize with regional geology, (ll) record litteological and stratal
characteristics and (lll) locate the position of lithologic lstag patterns in depositional
sequences to establish the sequence stratigraphy. Fig. 1.6 shoexamaple of the

procedure for progression from lithologic characterization to systaats identification.

13



Table 1.2 Characteristics for recognition of sequence boundary and floodiacesunrf
marine muddy environments (Modified after Bohacs 1998).

Environment

Sequence boundaries (SB)

Flooding surface (FS)

Marine More hemipelagics and Minimal bottom energy and
Basins biogenic debrisand lower total | terrigenous input; high total
gamma-ray counts. gamma-ray counts, more deep
water microfossils at or just
above surfaceghosphatic
concretions and lowest
terrestrial organic matter
above surface
Marine shelf | Greater terrigenous input with | Minimal bottom energy and
more and coarser typically terrigenous input, more
resedimented sandstone, thickerconcretions, fine-grained
beds, wavy laminations, and pelagics and more marine
lower total gamma ray, more | organic matter at or just aboye
terrestrial organic matter. Beds | surface; possible concentrates
below boundary are regionally | of bones, fish scales at
moderately truncated and surface. Both total gamma-ray
onlapped; more shallow-water | and deepwater fossils are
fossilsabovethanbelow maximal; phosphatic,
boundary. siliceous or calcareous shalgs

at or above surface.
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Figure 1.6 Stratal stacking pattern and interpreted sequerateggraphy for a distal
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1.1.6 Application

Generation of a sequence stratigraphic framework for gas shaheperative not just to
comprehend the history of basin development, but also to predict the Gfoosganic
richness, mineralogical affinity, and fracture potential. Asculised previously, the
amount of organic matter and mineralogy plays an important rolentpin controlling
the porosity and permeability of gas shale, but also its captacitgtain gas in the
system. Accumulation of organic matter depends on the dilution dffechorganic
sediments. Thus organic carbon will be higher in condensed sectionsllaaekcvaase in
abundance as the system grades into a highstand systemsigratt/F However, if the
bottom oxygen level is not low, the condensed section will be cleawmed by

bioturbation and benthic activity, thus lowering the organic matter content.
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Figure 1.7 shows the distribution of organic carbon content and hydrodex values
for a set of samples from a North East Africa source rocke(ARobinson and Engel,
1992)
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It is well known that the quantity of petroleum generated dependseoquiantity
of hydrogen in the organic matter contained within the sedin@andra et al. (1993)
observed that the best organic-rich shales coupled with hydrogeshraent in the
Cauvery Basin of India were associated with early transgressineseafehe basin.

The style of depositional succession and stacking pattern can fiest e
production. Apart from other factors, the producibility of gas shddpends significantly
on the lithology. Quartz-rich strata, due to their brittleness aladive ease of fracture
stimulation, can be excellent reservoir intervals. Thus, knowledge qia$igoning of
the systems tracts within a sequence will provide a genatalis&ibution of the quartz
content in the section, which in turn can be helpful to decipher mmactufe-prone

intervals (Fig. 1.8).
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Figure 1.8 shows the varying lithology and biogenic component withirdifferent
systems tracts. (Modified after Almon et al. 2002)
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1.2Problem Statement

Shales constitute two-thirds of the sedimentary rock record latively continuous
successions. Ironically, shale sedimentology is one of the leasbreck aspects of
sedimentary geology. Schieber, et al. (1999) found that for the $68sto 1995 on
average there were 1332 papers per year on sandstone and carbdinaatelogy and
only 22 with shales being the focus of study. A major reason fggdbe understanding
and documentation of these rocks is their fine-grained naturestated by Bohacs
(1998), the perception “they all look the same” and the real challengtudying these
rocks - the subtle expressions of surfaces and not so easilyhseges in lithology - has
caused shale to be the least studied of sedimentary rocksnétygdined nature of shale
demands much beyond the macroscopic and mesoscopic hand sample texaniihes
fine grain size makes analysis difficult and creates a paatiknowledge compared to
conventional sandstone and carbonate rocks and reservoirs.

Shale is often considered to be very homogeneous and deposited ianchim
stagnant marine water under very low energy conditions. Howelxser examination
reveals a wide range of properties which indicate considerab&biidy in depositional
and diagenetic environments. Just like sandstones and carbonates, atb@leeveal
systematic vertical successions and cyclic sedimentatigarpstindicating systematic,
often predictable changes in depositional environment (Macquaker,et988). Very
little work has been done along these lines. However, there is no tiaibdetailed
studies, such as this dissertation, will reveal that cyclicessions and complex
sedimentation are equally common in gas shales such as the BarnetBShats (1998)

has shown that there can be contrasting variation of depositionahsegue mudrocks
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in settings varying from marine to non marine environments. Withirrinea
environments, depending upon the different settings for organic produ¢ietyaison
and Moore, 1980), the shale can vary in terms of facies building blotksorganic
content. Potter et al. (1980) devoted a whole bBedimentology of Shate questions
and unsolved problems related to these rocks. Several such topics relateddeabgle
are yet unsolved.

Being able to extend sequence stratigraphy to the marine shelronment can
be challenging, but a detailed sequence-set scale study aamybcritical. As shown by
Bohacs (1993) and Dawson (2000), systematic variations in source quadalitly iac
sequences and sequence sets of the source rocks of the Miocene Wieoreration. He
has extended the relation of the depositional sequences to variatittk iproperties
(Bohacs and Lazar, 2008). Bouma, (2005) states that we are not iti@gosndicate
what parameters are the most useful for these rocks to sesaah source rock and/or
reservoir rocks and that interested universities and companidsawd to work together

to be able to do so.

1.3 Objective and Scope

The Barnett Shale is considered to be one of the largest umtmmas resource plays
and the most prolific shale gas play in North America. Currettralagas production
from the Barnett Shale is estimated to be 2 Bcf/d from appraaiynd,500 wells with

more than 60 operators involved (Tubb, 2007). The United States Geologway,Snra

study, stated "the Barnett Shale play has total resource ipbtehtapproximately 26

trillion cubic feet of natural gas." As big as the play igyger is the gap in the
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understanding of various reservoir properties determined from desaitkchentological

study, facies analyses of the superficially homogenous mudstone successibgeneral

rock unit/facies behavior. This dissertation has been pursued in ordeldiess these
subjects.

This dissertation is intended to document the variation of depositionetgses
and environments of the Barnett Shale. This variation is investigar clues about
oxic/anoxic conditions, provenance area, cyclicity and relativelesed. The vertical
succession and lateral continuity are studied to document the tengmuraspatial
distribution of the internal components of the Barnett Shale.

Objective of the dissertation is concisely represented in the following:

e The primary building block of a depositional system is ‘faciesici€s may be
defined as a body of rock characterized by a particular condmnatt lithology, physical
and biological structures that makes it different from the rock alvove and below it
(Walker and James, 1992). Facies identification is done based on #reatiosis made
on internal characteristics including lithology, mineralogy aediraentary and biologic
structures.

e Facies identification accompanied by the identification of prosesgs® controlled
their depositional geometries and cyclicity will lead to undeditey of the depositional
systems within the Barnett Shale.

e The interpretation of depositional environment, identification of vertfeaies
successions followed by lateral correlation of the geneticalbted facies successions

will provide a sequence stratigraphic framework for the Barnett Shale.
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The database/resources and funds required for the accomplishméssRif.D.
dissertation were provided by Devon Energy Corp. as part of the B@MoBarnett
Shale Project. The dataset provided includes several whole ocels@sd core measured
geochemical data and wireline log suites.

In an era when the world’s energy demand outstrips supply, the unconventiona
reservoirs have soaring prospects. Other active shale gasipldys U.S. include the
Fayetteville Shale of the Arkoma BasiBarnett and Woodford Shale of the Delaware
Basin, Floyd Shale of Black Warrior Basin, Haynesville Shal&éauisiana, Marcellus
Shale and the Utica Shale in the Appalachian basin. In additiocr®asingknowledge
of the Barnett Shale, this dissertation also provides a workftwwn¥estigating other

shale gas plays.
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Chapter 2

General Geology of the Fort Worth Basin

2.1 Study Area

Barnett Shale of the Fort Worth basin has been considered to be ‘‘oaoog,
undifferentiated black shale’. Our studies, in addition to othemtestedies in the area
(Loucks et al. 2007, Hickey et al. 2007, Bowker, 2007), show significaratiariexists

in the internal stratigraphy of the Barnett Shale. This vagidiihologic nature
underscores the need to better understand depositional conditions prevalagt duri
deposition of these fine grained rocks.

Barnett Shale is organic rich, marine shale which is theceaock for numerous
conventional clastic and carbonate reservoirs including the Pennsyl\Bemal, Strawn,
and Canyon groups of the Fort Worth basin (Pollastro et al, 2003 ndiv considered a
fully self-contained petroleum system, whereby it serves asahece, seal and the
reservoir rock (Jarvie, 2005). It is considered to be one of theslatgconventional
resource plays and the most prolific shale gas play in North idadt has produced
>2.6TCF of gas in recent years (Durham, 2007). Success withpldys has been
instrumental in initiating active pursuits of other Mississippiad Bevonian shales in

North America to find possible Barnett-like plays.
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This integrated core and wireline log study addresses gbdimentology, intern
geometry, and lateral, vertical and cyclical deposal patterns in the Newark East fi¢

and adjoining areas, Fort Worth Basin of Te>Fig. 2.1).
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Figure 2.1: Map showinthe study area. The dots are the approximate totatf the
study wells John Porter #3 (JP) in Denton Countl, Garpenter H#7 (SC) and Adal
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SW#7 (ASW) in Wise County and Sugar Tree #1 (ST) in Parker Cotlingyblack box
with dashed line represents the approximate limit of the weekell logs data used in
this study.

2.2 Previous Studies
Regional stratigraphic relationships for the Barnett Shale arky fwvell established
(Fig. 2.2A). Stratigraphic subdivisions within the Barnett Shale are leb®stablished
(Fig 2.2B). Plummer and Scott (1937) and Cheney (1940) were amongstheo f
discuss the Barnett Shale. Cloud and Barnes, (1948) suggestddetihatm “Barnett
Shale” be replaced by Barnett Formation. Cheney and Gloss (1952sg#idcthe
tectonics associated with the Llano Uplift and other relatedipahstructural features
in central Texas. Craig and Connor (1979) have discussed the MigEssieposits of
the United States. Kier et al. (1979) have summarized Carbonifezoleyg in central,
north-central and west-central Texas. The geosynclinal model baspheinto a plate
tectonic perspective by Walper (1982). Meckel et al. (1992) discublsetictonics,
paleogeography and facies of the foredeep basins associateth&i©uachita thrust
belt system.

Most of the previous works were largely concerned with surfacaps in the
Llano area of Central Texas. Henry (1982) attempted detailegisehaf Barnett Shale
subsurface stratigraphy in north-central Texas, especiallyeid¢éeper parts of the Fort
Worth basin. Henry’s comment on the stratigraphic studies ofulbgugface Barnett as
“modestly represented in the literature” (Henry, 1982) still seems torbect

Many studies have been more recently published as a result ofraiveng
interest in the Barnett Shale. Pollastro (2003) attemptedses@ashe Barnett-Paleozoic

Total Petroleum System resources. The regional thickness tretidsBarnett Shale and
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intermediate Forestburg limestone have been mapped by Gonzalez, (206®)omery
(2005) has compiled the basic reservoir characteristics inclutti@glithology, log
character and petrophysical properties and traditional informatioheoBdrnett Shale.
Most recent work by Loucks et al. (2007), Hickey et al. (2007) andkBgw2007) has
provided significant new knowledge of Barnett Shale lithologiesiedg2006) has
provided a significant contribution towards the characterization ofBdm@ett Shale
internal stratigraphy by cluster analysis method whereinBiéamett Shale lithofacies
were translated to electrofacies based on similar log resporisey were further

discriminated on high resolution seismic data.
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Figure 2.2 (A) Generalized stratigraphic column of the BendhAwrt Worth basin
Province. Modified after Pollastro (2003). (B) Stratigraphic subdiviswitisin Middle
Paleozoic units in Newark East Field and areas to the westWeoth Basin-Bend Arch.
Modified after Montgomery (2005).

2.3 Regional Geology

The Fort Worth basin is a north-south elongated basin in northatemtxas
encompassing roughly 15,000 square miles (24,140.2 sq. km). It is one oflatven
Paleozoic basins associated with the Ouachita fold and overthrugMeekel et. al.,

1992). The basin extends for approximately 200 miles (321.8 km) along this foldbelt. The
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basin is bounded on the northeast by the Muenster Arch, on the north RgdHeiver
Arch, on the west by the Bend Arch and on the south by the Llano {(ipgfire 2.3).
The presence of the basin is related to the formation of the hweash to the
northeast, the Ouachita system to the southeast (Bowker, 2007) aadudéft in the

south (Turner, 1957)

OKLAHOMA

',Matadnr.fR.ed River Arch

..Bend Arch

Llano Uplift

Figure 2.3. Regional setting of Fort Worth Basin. Modified after Bowker (2007).

2.3.1 Tectonic-Sedimentary Evolution

The complete history of the Fort Worth basin records the Wilsore ®fcthe opening
and subsequent closing of an ocean basin (Walper, 1982). The continental lofethleup
North American part of Laurentia in early Paleozoic timeegase to several aulocogens
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in nearby areas (Walper, 1977). As the margin of southern Northidargrbsided and
retreated from a spreading ridge, the Paleozoic sea, the |dpetas advanced. This
invasion of the warm tropical sea is marked by widespread caebshatf deposition
such as the Ellenburger Group of rocks. By Early Ordovician timeagmetus Oceanic
lithosphere began to subduct beneath the eastern margin of North Arteefiorm a

marginal ocean basin between them (Walper, 1982). Similar coatigurexisted along
the ancient southern margin of North America.

During the Middle Paleozoic, a period of tectonic activity resuih erosion or
non-deposition of sediments in the Fort Worth basin area. It isvbdli¢hat this
tectonism marks the onset of the closure of the marginal oceandal reversal of the
subduction polarity. With the onset of closure of the continents to fangaea, the
formation of the Ouachita fold belt began, which represents theesatme of the
collision of the North America and the Afro-South American platé® Ouachita fold-
thrust belt grew and evolved as the subduction complex - composed Guduhita
facies strata which were deposited in the marginal ocean bagas scraped from the
subducting oceanic crust.

As the North American plate continued to underthrust the subduction cqntplex
outer arch migrated westward so that the hinge line continuecktteatr into the
continental or cratonic interior. A widespread marine transgressismted with the
formation of younger strandlines towards the craton. Hoffman et@®4] suggests that
dormant aulacogens, which are zones of structural weaknessesyeaetigated by
subsequent collision of the North American and South American platesentually

subside and become inundated by the sea.
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By Late Paleozoic time, the Fort Worth foreland basin formettant of the
advancing Ouachita structural belt. The basin was submergeth@®hrnett Shale and
Comyn Limestone formations were deposited over the area of thheéWrmth basin
(Walper, 1982). The carbonates thickened westward towards the sitklEhales
thickened eastward toward a modest detrital source in the growing subduction complex.

As the Ouachita fold-thrust belt continued to grow and migratedamest, it
forced a similar shift of the shelf hinge line of the Pdforth basin. Thus the basin
matured more and more as a ramp dipping into and under the Ouachita Thiss
structural belt was not present as a significant source wariamiddle Atokan time.
Morrowan and Atokan times marked the greatest basin subsidencelasethigenous
clastics were shed from both the Ouachita belt on the east anthigdMichita mountain
system from the north. Figure 2.4 shows the paleogeographic recanstafcthe study

area in Late Mississippian period.
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Figure 2.4.Paleogeographic reconstruction of the study aremgllate Mississippia
period.(Modified after Blakey, 200¢http://jan.ucc.nau.edu/~rcb7/nam.ht

2.3.2 Stratigraphy
The @eneralized stratigraphy of the Fort Worth basinsi®own in Figure2.2. The
following section discusses the stratigraphy of thert Worth Basin from p-

Mississppian through Pennsylvanian a

Pre-Mississippian Systen: The Precambrian and Lower Paleozoic rocks exposede:
Llano Uplift area in Central Texas provide a unigqyoportunity in the south to study t

pre-Mississippian deposits. The Riley and Wilns Formation constitute the Middle a
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Upper Cambrian sedimentary rocks. The Ordovician System is eepeds by the
Ellenburger, Viola and Simpson Groups. The Ellenburger Group is believextand

over the entire Fort Worth basin. In Lower Ordovician time a brdaalosv, limestone-
depositing shelf sea extended from east Oklahoma to northern dViéxiandmass of

low relief existed to the northwest and the deep ocean was ptedéet southeast. The

El Paso-Ellenburger-Arbuckle dolomite-limestone wedge was deposn this shelf
(Adams, 1954). These widespread carbonate shelf deposits thickeneal frather edge

at the northwest to a massive limestone to more than 2000 ft. (60%%cknat the base

of continental shelf. Cloud and Barnes (1957) studied the lithic featdr&llenburger
Group of rocks of Central Texas and documented an increasing abundance of
disseminated quartz-sand grains, which is believed to be wind blown, toward the southern
and eastern parts of the Llano region indicating that lantblélye south and east of the
Ellenburger marine province.

An unconformity exists between the Ellenburger and younger strata. The
overlying Simpson and Viola Groups are generally crystallinesliome and dolomitic
limestone which occur only in the northeastern part of the basin. ifyes& Group
thickens from O ft. to 500 ft. in the northeast direction and theaVibickens to the

northeast from O ft. to over 200 feet (Souders, 1975).

Middle Paleozoic:The top of Ordovician strata is an erosional surface upon which sit the
younger Mississippian Chappel Formation, Barnett Shale and lowablé/ Falls
Formation (Montgomery et al. 2005). Along the margins of the LlanoftUpghe

Ellenburger Group is overlain by transitional strata across tiveridEn—Mississippian
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boundary, the Houy Formation (Kier et al., 1979) which includes Ivesdgr and the
Doublehorn Shale, and several unnamed members. The Ives Brecciautraps the
eastern, western and northern sides of the Llano uplift as angusabangular chert
breccia. The offshore equivalent of lves may be the Doublehorn $hate 1972). Kier
(1972) suggests that at least part of the Ives Breccia naag been deposited
contemporaneously with the Chappel Limestone. The Chappel Formatioprises
several isolated carbonate buildups and associated debris (Ruppel, 1989)19E0)
gave the age of the Chappel as late Kinderhookian to early Osdgealower Chappel
is bedded and forms the base upon which crinoidal bioherms developed (Peppard-
Souders, 1975). The overlying Barnett Shale documents major Migsssimarine
transgressions (Zackry, 1969; Kier, 1972). The Barnett mostly teredi®rganic rich,
black shale. The interval of the Barnett Formation and its equivédemations in
western Oklahoma, north-central and western Texas and southddsteiexico were
marked by a rapid sinking of a structural and topographic trough,Otinchita
Geosyncline or Llanoria trough (Mapel et al.,, 1979) (Fig. 2.5). Mapeadl., (1979)
suggest that during the early depositional period, as the axiabfpgéwt trough sank, the
flanking cratonic margin, which included the areas of the preseh\Warth, Kerr, Val
Verde and Marfa basins, was also carried down below seadenkthe sediments began
to accumulate. He also suggests that the increase in thiakntbesBarnett Formation in
the easterly direction indicates that the source of the mudstotigese formations
remained to the east or northeast and that the muds vests/ meposited in the east and
were intermittently and broadly deposited in shallower flankingsparthe westward or

southwestward directions.
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Provenance area of the terrigenous material that constitut@athett Shale are
the Ouachita thrust sheets and the reactivation of the older Muénste(Pollastro et al.
2003) in the northeast. The Muenster Arch, which comprises a zoneepfdifes and
faults, is believed to be a positive area throughout most of thezéaldime (Clark and
Bybee, 1951). The depositional patterns of the Barnett Shale - whisldeposited on
the southwestern flank of the Southern Oklahoma aulacogen - refiecgeneral
northwest-southeast trend of the aulacogen axis, whereas the datteahs reflect the
subsequent depositional and structural influence of the present dayvbdit basin
(Schmoker et al., 1996). The Barnett Shale is about 1000 ft. (300ak ntmr the south-
west fault of the aulacogen. However, it thins to 30 -50 ft. (9 mt52 m.) to the
southwest (Fig. 2.6) where it crops out over the Chappel formation élerndano Uplift

(Henry, 1982).
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Figure 2.6. Isopach map of the Barnett Shale. (ffediafter Montgomery et al., 200

This thinning or absence of the Chappel and Bailpettlly in the Marble Falls distric
and generally over the Concho arch region is réladeuplift and local tectonic featur
trending north to northwest in the Lle-Concho arch region (Cheney and (s, 1952).
Mapel et al. (1979) suggest that a low broad acelied by Adams (1952) the Tex
Peninsula or Texas Arch, which extended from cénimxas northwestward in
northwestern New Mexico, as the dominant structdedture at the beginning

Mississippian time (Fig2.7).
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Fig. 2.7: Map showing the location of the Texas Arch in the SauthMidcontinent
region during Mississippian age (modified after Mapel et al., 1979).

In Newark East field, the Barnett Shale is divided into lower ancrupypervals by a
carbonate unit called the Forestburg limestone. This limestone 11260efeet thick in

the north, close to the Muenster Arch. However, it thins to extinatitime southern and
western part of the basin. The Barnett Shale becomes undifééeentwhere the
Forestburg Limestone is absent (Fig. 2.2B). The Barnett Shalenfsrmable with the
overlying Mississippian age Lower Marble Falls Formation. TheblMaFalls records
reestablishment of a carbonate platform, normal marine conditions alespread

limestone environments of deposition (Kier et al., 1979). Marble Bals$a in Central
Texas were deposited on a southeast-sloping shelf as piwt dexas craton (Namy,

1982) and range from platform to open marine to shelf-edge carbonate deposits.
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Pennsylvanian: The Pennsylvanian system consists of the Upper part of the Marble
Falls, Atoka etc (Montgomery, et. al., 2005). The Upper part of thaeblkel Falls is
Morrowan in age. Various names and stratigraphic ranks havepoepased for the
Marble Falls of central, north-central and west-central Tefasexample the Comyn
Limestone and Big Saline Limestone (Cheney, 1940). The Ouachitduséal belt was a
major source for the thick terrigenous clastics of the Atoka d@raw® Groups which

forms several conventional oil and gas reservoirs in the Fort Worth basin.
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Chapter 3

Lithofacies

3.1Lithofacies characterization

Continuous, long cores of Barnett Shale have been studied from four(kiglls8.1) to
understand the depositional processes and environment, style of \&gaahg pattern
and lateral continuity. Visual core description, extensive petrograpld mineralogy,
integrated with wire-line log data analysis, has led to thetifitsation of nine lithofacies
within the Barnett Shale which takes into account their 1) physbatacteristics,
including mineralogy, grain size, texture and sedimentary tstes; 2) chemical
features, including diagenetic alteration, and 3) some biogenic featumauding
ichnofabrics and fossil assemblages. Lithofacies are describbed béong with their
systematic stacking patterns. The format follows such tHiastitdiscusses muddy facies
deposited for the most part under low energy conditionssliceous non-calcareous
mudstone, siliceous calcareous mudstame micritic/ limy mudstoneThe next three
facies discussed represent relatively high energy fateedottom current calcareous
laminae deposit, reworked shelly depaaiid silty-shaly (wavy) interbedded mudstpne
next the two diagenetic facies are discussed aoncretions and dolomitic mudstgne
followed by phosphatic lithofaciesvhich was deposited in both low energy and high

energy environments.
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Siliceous nonealcareous mudston: The siliceous norealcareous mudsto facies is
black, massive mudstone, which does not reactahitite hydrochloric acid. Petrograpl
and mineralogic measurement indicates quartz aan @re the most dominant mine
components. Pyrite, phosphate pelc calcite, dolomite, and ferroan dolomite are
minor componentsThe silica content is of both biogenic and detritature. Detrita
quartz grains are of silt and finer si (Fig. 3.1A) Detrital quartz grains are often bor
organically as agglutined arenaceous forams (Papazis, 2005, Milliken e2@0.) (Fig.
3.1B). The commoibiogenic components are agglutinated forams andggpspicules
which occur in variable abundancThe small sized, flattened shaped and large -
bearing forms of foramare indicative of deposition in oxygemeor habitats (Kamins}

et al., 1995).

005 mym

——

Figure 3.1.Photomicrograpl showing A) he high amount of detrital quartz often fot
in siliceous norcalcareous rudstone B) Agglutinated forams insiliceous non-
calcareous mudston&cale bar is 0.05 m

Analysis of the samples in the Scanning Electrorcrbpscope (Fig. 3.2) shov

horizontal alignment of the minerals, suggestingnpaction. The lack of an)
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bioturbation and micro-sedimentary structures suggests a quiet emironment of
deposition, dominated for the most part by suspension settling of thgicpalad

hemipelagic grains. This unique association of phosphatic fedatgpednd calcareous
laminae deposits indicates that this lithofacies could be indirettjgestive of an

oxygen depleted paleoenvironment.

18pn

Figure 3.2. SEM image dfiliceous non-calcareous mudstosection which reveals the
fabric, parallel orientation of the clays. The arrow points to an agglutinarzah f

Siliceous calcareous mudstoneThe siliceous calcareous mudstone facissblack,
massive mudstone which effervesences with dilute hydrochloric @bl calcareous
mudstonefacies has a composition very closethat of thesiliceous non-calcareous
mudstonge except that calcite occurs in a sufficient proportion (Fig. 3a83@ B) to
produce effervescence with dilute HCI acid. The calcite contergsvirom 4% to 40%
of the total composition. Based on the amount of calcite presenfa¢hgs can be further
subdivided intosiliceous calcareous mudstone with low calditess than 10%) and
siliceous calcareous mudstone with high cal¢it@%-40%). Thesiliceous calcareous
mudstone with high calciteccurs associated witeworked shelly depositepwever, not

all depths ofreworked shelly depositse accompanied kgiliceous calcareous mudstone
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with high calcite.Calcite very often occurs as sparry cadcftllings in probable burrow

(Fig. 3.3B), or as tiny brokeiskeletal fragments.

Figure 3.3. A Relative abundance of calcite (pink color stairggdins) in Siliceous
calcareous mudstond) Calcite (pink stained grains) fill the probablertows (yelow
arrow) insiliceous alcareous mudsto..

Micritic/Limy mudstone: The micritic/limy mudstone facies is composed
autocthonous calcite mud (I. 3.4A and B with low abundance of microfossils a
small amounts of scattered invertebrate fauna) stagiments and detrital silt size gral
(Table 3.1).There are several secondary diagenetic featurdading compactione
stylolites. This facies represents ¢hange of depositional environment to relativ
shallow water conditions. The widespread micritevimg the matrix suggests that 1
depositing water was relatively warm to provideogtthonou chemical precipitate ¢
calcite and skeletal calcite sedints. The horizontal lamination and lack of signifit
bioturbation suggests that the lime was being deggben a quiet water setting, thou

shallower than the preceeding two muddy fa
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Figure 3.4. Photomicrograph of (sMicritic/Limy Mudstone (B) Close up showing th
high detrital quartz (white grains) in micritic,|cie matrix stained pink. The scale ba
0.1 mm.

Bottom current calcareous laminae deposi This facies iscomposed o-calcite rich
laminae, which are horizontal and parallel edding. Very often they exhil ripples and
cross lamination (Fig3.5), suggesting bottom current activity. Often, sticke-grained
sedimentsthat were primarily deposited by hemipelagic acclation can become
subjected to reworkin¢fFig. 3.6A) by bottan currents which are expressions of oce:
thermohaline circulation (Stow et al. 1996, Stowakt2001). These features every
commonly lenticular in shape which could eithertbe actual form of the deposit i
thick where currents allow sedimen settle and thin where currents winnow it away
it could be a result ofliagenesi, hence forming secondary lensaidape (Fig. 3.6B).
This facies is bioturbated and contaithe trace fossilChondrites, Teichichnu
Phycosiphon, Cosmoraphe, Asteros and Planolites, indicating low oxygenatior
Possibly the shotived, oxygenation prevalent during deposition bfstfacies wa:
conducive for organisms to dwell only for a shame and to be restricted only with
this facies. Petrography reveals ah amount of calcite, pyrite, marcasite, minor qu

and clay minerals (Tabl3.1). Amrishaw (1999) suggests that high sea level
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diminished sediment supply and strong bottom currectivity can lead to th
development of such depositshe analysis othe vertical succession of the lithofac
and the anoxic/oxic conditions associated withéHeasies (discussed in the next chag

support this suggestion.

Figure 3.5Core photo oBottom current calcareous laminae depogihite arrow show:
Teichichnudrace fossil, red arrows shows the curremination and ripple structure

Figure 3.6. Photomicrograph Bottom current calcareous laminae dep showing: A)
concentration of forams possibly by winnowing,Reworked spiculeand the lenticlar
shape of the calcareous lamit

Reworked shelly ceposit: The reworked shelly deposiefers to thin laminae of broke

macrofossil shell fragmer (Fig. 3.7A), often in imbricatednd coalesced forr, perhaps
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as a result of post-depositional compaction. Laminae are finely intexthyathsiliceous
calcareous mudstondFig 3.8). The thin-walled, shell fragments, which include
brachiopods, filiboranch mollusks and echinoderms, are commonly accomparied wi
surficially coated phosphatic grains/ooids (Fig. 3.7B) and insteleOverall, shelly
material consists of fragments and disarticulated shells. tRisated shells lay parallel
to the bedding mostly in concave down and a few with concave up positioedipp
upper surfaces are often present on individual shelly laminae (FigSh&rply defined
top and basal surfaces are noted. The mixing and sorting of theeulifigrains and
rippled surfaces suggest that they have been deposited undeselelatgh energy
conditions. The concave down orientation of the shells also suggeshtcaction
(Embry 1968, Clifton, 1971). Winnowing currents could possibly have reworkdd a

deposited these shelly fragments. These intervals are typiaddlely traceable as

stratigraphic units. Calcite is the dominant mineral (Table 3.1).

Figure 3.7. (A) Photomicrograph showing the macrofossil shell fragmgalcite is
stained pink) and (B) Surficially coated phosphatic ooids mixedeworked shelly
deposit
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Figure 3.8. Core photo showing the shell fragments in coquina int§Ajalsom Sol
Carpenter H#7 well. (B) 8454.8 feet (2577 m) and (C) 8455.9 ft (2577.4 nohim J
Porter #3 well shows close up of few of these laminae highliglitie ripples. Also note
there is no graded bedding.
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Silty-shaly (wavy) interlaminated deposit The silty-shaly (wavy) interlaminate
depositis not a common facies of the Barnett Shale, armlirsimostly in the Upper
Barnett andn the Lower Barnett at depticlose to the Forestbutgnestone. Internally
this facies consistsf alternateand continuous lamina# silt and mud (Fig3.9A and B)
which indicates frequent alternation of energy c¢bois. The oscillatory or repetitiv
nature ofthese interbeds indica periodic high-energy vents that resulted in tt
deposition of detrital silt siz« layers followed by periods of loenergy deposition. Tt
silts are composed of detrital quartz, calcite gladiconite grains. The average grain :
is 0.05mm. Boken shell fragments and few arenaceous, agglutinated fori are
prevalent. Ripples andross laminations are common sedimentary struc (Fig. 3.9A
and 10).The relatively larger burrows associated with tfasies, the subrounded

angula nature of the detrital grains ancpple cross laminatiorsuggests a clos
proximity to a source/marginal basin setting arldtneely shallow water conditior and

high current activity.

Figure 3.9 Siltyshaly (wavy) interlaminated depo:. (A) Photomicrograph showing tt
high amount ofdetritus and the cross laminae nature of detritasinae. (B
Photomicrograph showing tlabundant silt size quartz and calcite gs (pink stained
grains) interlaminated with cle
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Figure 3.10. Core photograph sifty-shaly (wavy) interlaminated depostibom in view
shows a large vertical burrow (circled).

Concretion: Concretionswithin the Barnett Shale are calcareous in nature. They range
from < 2 inches (5.08 cm) to 1.5 ft (0.46 m) in thickness. They are fourdjual
abundance in both the Upper and Lower Barnett. Concretions are common d@agenet
products and generally are thought to be syngenetic (early ndiage as well as

epigenetic (late diagenetic) in origin. Carbonate concretionscamemon in shales
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(Weeks, 1953). When developed in their early stages and when thepgmyetaud was
still unlithified, the concretions tend to preserve full bodied, uncomgdesscrofossils
(Fig. 3.11) within them and the enveloping shales are bent and compacted! the
nodular form. Well preserved burrows are also present (Fig. 12). Howeten

developed in later stages (epigenetic), concretions generdlilgitegontinuous bedding
through them (Fig.13). This lithofacies uniquely contains most oh#taral fractures

present in the core sections studied.

Odmm* 7

Figure 3.11. Photomicrograph of well preserved microgastropods and peifoids
concretion
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Figure 3.12. Core photographadncretionwhich has preserved internal burrows (arrow)
at 8380 ft (2554.2 m) in John Porter #3 well.

Figure 3.13. Core photographadncretionsat (A) 7490.5 ft (2283.1 m) in Sol Carpenter
H#7 well showing nodular shape and preserving fossils within and (B) 7662.2317.2
m) in Sol Carpenter H#7 well showing continuous bedding and parallel doinge

outline.
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Dolomitic mudstone: Dolomitic mudstoneis composed mostly of rhombohedral
dolomite crystals. In core view, this lithofacies appears light greglor.cThis facies can
be subdivided into two subtypes depending upon the proportion of dolomite in tite mat
i.e. about 20 - 25 % and >40 % (Fig. 3.14). Tdwomitic mudstonewith 20-25%
dolomite commonly contains finely disseminated dolomite with higloumt of calcite
shell fragments, suggesting secondary, diagenetic dolomitizatianitiadly reworked
shelly depositThedolomitic mudstoneontaining over 40% dolomite commonly occurs
with dolomite as the most dominant mineral phase, embedded iney ctatrix. Land
(1985) suggests that a large amount of magnesium required for aendalsimitization

is sourced by sea water. Baker and Kastner (1981) demonstrateottifiting sea water
chemistry by reducing the dissolved sulfate concentration assw@at rof microbial

sulphate reduction can speed dolomitization in anoxic environments. dtlesgtes are

hence, thought to be a result of direct precipitation in the early depositionay histor

Figure 3.14: Photomicrograph afolomitic mudstonewith (A) less than 20 - 25 %
dolomite and (B) 40 % or greater dolomite in the matrix.
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Phosphatic deposit:The phosphatidntervals occur as thin lamina of less than about 0.5
inch (1.27 cm) each. However, very often several laminae stackaligrtor a foot or so

in siliceous non-calcareous mudstaiireg. 3.15) The phosphatic deposit mostly consists
of pellets and less commonly of ooid forms. The phosphatic pellets atcseveral
forms and shapes ranging from subrounded to elongate to irregiga3(E6A). Very
commonly the elongated pellets incorporate terrigenous grains of guektmica flakes,
as well as microfossils. Wignall (1994) suggested that phosphea#t gellets are good
agents for removal of both terrigenous and biogenic material throughatiee column
(Fig. 3.16B). He noted that they are commonly preserved in low eeerggonments.
Other common forms include poorly developed pelloid-like structuregn ofvith
surficial concentric ring. Sometimes, these are accompantacclumped aggregates of
three to four pelloids to form irregular shaped intraclasts. (Bij7A). These forms
suggest minor reworking. Other reworked phosphatic deposit forms adecgacentric
cortex ooids (Fig. 3.17B). Phosphatic nodules are not very common featutbe
studied cored wells in the north (Adams SW #7, Sol Carpenter H#7 and daan#3)
however, the southern well (Sugar Tree #1) has several nodules wéicbhnaposed of
phosphatic cement concurrently occurring with other authigenic nsneraignificant
proportions e.g. very commonly Fe-dolomite, pyrite and sometimes mystaltine
silica. This phosphatic nodule type ranges in shape from circulaegular to parallel to

bedding.
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Figure 3.15. Core photograph of eral phosphatic laminae (few marked by yell
arrow) stacked together at 770— 7702.6 ft (2347.6 m 2347.7 m) in Sol Carpent
H#7 well.

Figure 3.16. Photomicrograph of (/Phosphaticpellets at 7709 ft (2349.7) in S
Carpenter H#7 and (BYlose p of fecal pellets with large amounts of detritabgz at
8465.7 ft (2580 m) in John Porter #3 w
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in John Porter #3 well. The scale bar is 0.05 minwell-developedhosphati ooids at
7252.8 ft (2210.6 m) in Sol Carpenter #7 well. Boale bar is 0.1m

The phosphatic deposits provide important Gamma |IBgyesponse because
their highly radioactive nature. This section dss®s its origin and cause forgh
radioactivity. All phosphate in phosphorites occuas Flourin-carbonat-apatite
although chemical variations occur (Deer et al82)9 The origin and environment
deposition of phosphorite has long been investijaléhe ocean water contains
avaage 70 ppb phosphorous. However, near the seacsughosphorous is mos
depleted to a few ppb due to biological uptake.the zone of organic matt
regeneration, the concentration of dissolved phatgphises to £-100 ppb at a depth
about 200-40 m in the ocean column. From here down to the rodkr, dissolvec
oceanic phosphate remains constant or des very slightly (Bentor, 1980)The
solubility of phosphate is higher at low pH. Ben{@®80) made observations whi
indicate that interdiial water in reducing sediments is the ideal tahbior phosphorits
formation in the present ocean. The common associatf phosphorite deposits wi
chert or porcellanite and organic matter suggestoibphile nature of phosphorous. 1

central ideaof upwelling put forth by Kazakov (1934) still haldrue. High productivit'
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of phosphorous is caused by enhanced biological activity whiclygeted by the steady
replenishing supply of nutrient rich water during upwelling. The haghoactivity of
phosphate deposits occurs because of the common association and conceotrati
uranium with calcium phosphate. The reduced uranium species have dbuility than
the oxidized ones. Thus, reducing conditions, rich organic matter ahdsbitption
ability of phosphates plays a significant role in concentrating uranium.

An important hurdle for apatite crystallization from open-seaemwiat Md¢f* ion.
Birch (1980) suggests that this could be happening because ffigoktgcompete for the
Cd" sites in the apatite structure. Mg depletion can occur through ii@ation or
diagenetic reactions e.g. Kgreplacing F€*in clays. Gulbrandsen (1960) pointed out
the frequent association of dolomite with apatite, but rarely gatcite in the Phosphoria

Formation.
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It is clear that the lithofacies variation depicts a changaepositional
environment. Thus, the several lithofacies, on the basis of theiratiffelepositional
environments, will have varying organic richness due to differeimcpsoductivity and
preservation in different depositional environments. Table 3.2 shows thegramounts
of total organic carbon for the various lithofacies. Total orgamisaracontent of a rock
is a direct measure of its organic richness. As discussed ifirshechapter in this
dissertation, accumulation of organic matter will depend on the baitymen levels.
Oxygenated strata will be characterized by bioturbation and beanittivity, thus
lowering the organic matter content. On the basis of this and notefficsfithofacies
association, the lithofacies can be plotted against expected bottaiar wxygen
conditions (Table 3.3), which controls organic matter preservation.

Other geochemical parameters were also analyzed to detehmirtkepositional
environment (Rodriguez, 2007). Samples from two lithofacies — Silicenas-
calcareous mudstone and siliceous, calcareous mudstone - wetk teestetermine
depositional environments based on the characterization of their kEnsiaBiomarkers
are controlled by variations of facies and depositional environmeatae independent
of burial modifications including maturityFigure 3.18 compares the biomarkers:
Pristane/Phytane (Pr/Ph) ratio for the two samples (Rodri@0€z). The siliceous, non-
calcareous mudstone sample which, apart from other differemcestent, was richer in
agglutinated forams than the siliceous, calcareous mudstone sameldiffErence in
Pr/Ph ratio between the two samples suggests different depakgnvironments for the

two samples in that the siliceous non-calcareous mudstone sampldeposited in a
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more reducing environment than the siliceous catmas mudstone sample (RodrigL
2007).

Table 3.2. TOC (wt%) distribution for the variouthbfacies in the four cored wel Avg
— average; Std.D. Standard deviatic

_ _ Sol Carpenter John Porter
Lithofacies Sugar Tree #1 ~ Adams SW#7 H#7 #3

Avg. Std.D. Avg. Std.D. Avg. Std.D. Avg. Std.D.

Phosphatic deposit 6.2 2 6.08 0.9 6.8 1.6 6 0.7
Siliceous non-

calcareous mudstone 6.4 - 5 0.8 5.6 1.3 4.5 0.7
Siliceous calcareous

mudstone - - 3.7 0.9 4.2 1.3 3.5 0.7
Calcareous laminae 3.7 - - - 4.2 1.1 3.5 0.5
Reworked shelly deposit 3.1 0.5 3.9 0.3 2.9 0.9 2.6 0.7
Micritic/Limy mudstone - - 1.3 0.1 15 0.3 1.2 0.5
Silty-shaly (wavy)

interlaminated - - - - 1.8 0.5 - -
Concretion - - 0.7 - 3.9 0.3 - -
Dolomitic mudstone - - - - 2.3 1.2 1.9 -

Table 3.3. Position of the lithofacies (excludin@qgenetic lithofacies) in relation
interpreted relative bottom oxygenation and orgaicitcness

Lithofacies Characteristics

o sitw Phosphatic deposit & &
Siliceous, non calcareous mudstane

Siliceous, calcareous mudstone Decréase in

_ Increase in
Calcareous larminae (bottom current reworked) . bottopn water
| organic
deposit . QXY Qen
richpess

Micritic/ Limy mudstone

Fewarked shelly deposit

silty shaly fwawy) interlaminated deposit
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(a) Barmett Shabe sample rich in agglutinated forams (b) Barnett Shale sample poor in agglutinated forams

Figure 3.18:Gas chromatograms of the Barnett Shale samplesistdie difference i
the PristangPr) and Phytane (Ph) content in the two sampledrg¢an Siliceous no-
calcareous mudstone rich in agglutinated foram37&X0 feet (2353.05 m) (b) fro
Siliceous calcareous mudstone poor in agglutindbeam at 7742.4 feet (2359.8 n
Modified after Rodiguez (2007

3.2 Gamma Ray responsof lithofacies

Some lithofacies have verystinctive log signatures (Fig. 3.19phosphatic depos
exhibit a characteristinigh gamma ray value, due ahigh amount of Uranium (detect
on a spectral gamma ray log). The association ahlum with phosphates is commor
many other marine shales (Kochenov and Baturin2P(The reworked shell deposits
like dolomitic mudston if sufficiently thick, resul in low gamma ray valu. A sharp
contact between a less calcitic facies, suchsiliceous calcareous mudst¢, and
overlyingmore calcitic facies, such micritic/limy mudstongis represented by an abr
upwarddecrease in the log response. Caredentification of the corresponding c-log
response is imperative for identification of regbtrends of vertical and lateral faci

change and correlations in uncored we
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Tofsceritic Lirmiy
mudstone

Calcareous
mudstons

"Hl"l"ﬂ INI¥d ALiTvine

Figure 3.19 Log responses of some lithofacies. Phosphatic ooid at 728 ft (2210.6
m) in Sol Carpenter #7 well giving rise to remaikabigh Gamma Ray response,

Abrupt change in Gamma Ray values owing to shamtact betwee Micritic/limy

mudstoneandSiliceous calcareous mudstc at 7346.5 ft (2239.2 mgnd C)Dolomitic
mudstonat 7503 ft (2286.9 m) and 7539 ft (2297.8 m) in Gatpenter H#7 wegiving
rise to low Gamma Ray valu
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Chapter 4

Sequence Stratigraphy

4.1Introduction

Sequence stratigraphy involves recognition and correlation ofdiraggraphic surfaces
that represent changes in the depositional record preservedratkisg Embry, 2007). It
can be used in combination with facies analysis to provide a frarkdaromterpreting
depositional history and paleogeographic evolution (Embry, 2007).

Establishing sequence stratigraphy in fine grained rocks ienbmg and
certainly not as straightforward as in more energetic mamwromments and their
coarser-grained facies. The key to understanding the sequenggagitat framework in
marine shale depositional systems is to understand that the ehavhd¢he sediment
supply, the mode of delivery, rate of deposition and the type of sed{oeghbnates vs.
clastics, coarse vs. fine, detrital vs. biogenic) can make arafiffe in the record of
depositional sequences in these kinds of depositional systems (BollaSstravalbach,
1992). The association of the mudstones with water depths and bottom tewyegjens
also significant. The deposition of fine grained sediment sigrgfigst water conditions
which in turn are indicative of higher accommodation. An increase donamodation

would usually mean deeper water (muddy tidal flats are agpérn), hence reduction in
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oxygen levels at the sea bottom, reduction in fossil abundance and diversity armbdnhan
organic matter preservation. A study of all these factors atdédy brings out the
genetic relations of these rocks, thus helping to generate thensegstratigraphic model
for the mudstone deposits.

It is important to bear in mind that in the depositional environment epate
water Barnett strata (Loucks and Ruppel, 2007) and other simitarside no single
unique feature in a stratigraphic section can be used to makeeapretdtion. The
interpretation is based on several features and characteristickiding the
sedimentologic criteria, spectral gamma ray elemental catigpgsidentification of
repeated, recognizable patterns in vertically stacked suonessind identification of
parasequences and their lateral continuity. Spectral gamnmeaiges the total gamma
ray radiation and the relative amounts contributed by potassium, nramd thorium.
These data indicating major lithologic changes in marine shatesmicorporated into this
interpretation.

The recognition of the cyclical stacking pattern of the litbefs, coupled with
identification of Gamma Ray Parasequences (GRP) from thengamay log patterns was

the key to establishing a sequence stratigraphic framework for thetB&hale.

4.2 Barnett Shale Parasequences

The gamma ray profile of the cored wells provided identificationpafard-increasing
Gamma Ray APl (American Petroleum Institute) intervalsward-decreasing API
intervalsandintervals of constant ARFig. 4.1). These intervals are bounded by gamma

ray kicks i.e. log based flooding surfaces and hence they caerrhed Gamma Ray
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Parasequences where a parasequence is defined as alyatativermable succession of
genetically related beds or bedsets bounded by marine-floodingesi(fdan Wagoner
et al. 1990). A parasequence boundary records an increase in accoiom @ahat
separates strata deposited in deeper water, low energy ooaditom those deposited in
relatively shallow water, higher energy conditions (Bohacs, 1998). @oigmmost
siliciclastic parasequences are progradational and most cabpaedsequences are
aggradational (Van Wagoner et al. 1990). Deepening-upward (retedgnraal)
parasequences which are assumed to be rare in the rock recdesh Wagoner et al.

(1990) are common, along with the other types of parasequences Barthett Shale
marine setting.

Gamma Ray(aPh
Gamma Fay(APh
(1] 150 ] fet=1) Gamnma Ray (.»"—\P” 100 150 200
= 50 100 150 200 250
72885 ; . . A
7305
1350 S — __pV 750D A
\? 7325 -Eﬁ -
750
\ 7345
7540
L N = =

Figure 4.1. Example of (A) upward- decreasing Gamma Ray-API, (B) upwaredasing
Gamma Ray-API, and (C) Constant Gamma Ray-API| parasequetteenpeof the
Barnett Shale from the Sol Carpenter H#7 well.

These log parasequences were analyzed in detail in all the. chney are
discussed further in this chapter, but provided below is a synopsis géreeal trend of
the Barnett rock record with respect to these three kinds of GRP:

1) Upward-decreasing intervals of APIA typical upward-decreasing Gamma Ray
Parasequence (Fig. 4.1A) is mineralogically represented by dyeareasing amounts
of clay and phosphatic sediments accompanied by increasing caotent (Fig. 4.2).

Lithologically, the lower part of the GRP package is composedsilafeous non
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calcareous mudstone faciesth a large amount of compacted phosphatic pellets in the
matrix. The lower middle part of this GRP also contains sevieotiom current
calcareous laminaaleposits suggesting relatively deeper water conditions. Upsection,
this GRP is generally capped bgworked shelly deposiithofacies. This GRP pattern
could be indicative of either upward-shoaling of the depositional envimnoh&ing

gradual fall in relative sea level or progradation during late stage highstan

Gamma Fay (Cpm)
o0 ap0 1200 it Baminerals

750 L 0 10 20 1] 40 a0
THA0 1

1600 - TBO0 n ] I ED—.E‘ »

E 7610 A = -

7610 26an B - u':' o - - . s |
TE30

720 4 | o Quatz m Tota Clay aCalcte |

1630

Figure 4.2. The Gamma Ray and mineralogical profile of an igvaecreasing Gamma
Ray-API Parasequence. (Also refer to Appendix A.1)

2) Upward-increasing intervals of APIA typical upward-increasing Gamma Ray
Parasequence (Fig. 4.1B) is mineralogically composed of upwareasing amounts of
clay and upward-decreasing calcite content (Fig. 4.3). Lithologigaosition consists of
silty shaly wavy bedndmicritic/limy mudstoneleposit in the lower part of the package
which is followed upward bysiliceous, calcareous mudstorend siliceous, non
calcareous mudstone deposds the top. This GRP pattern could be indicative of a

deepening-upward depositional environment during gradual rise in relativeveéa |
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Figure 4.3.The Gamma Ray and mineralogical ple of an upwardincreasing Gamm
Ray-APlparasequence. (Also referAppendix A.2)

3) Intervals of constant APA typical constant-Gamma Rayrsequence (Fi4.1C) is
mineralogically represented by upw-increasing amounts of clay and quartz
uniformly low calcite content. Lithologically, theRP generally varies from siliceot

non calcareous mudstone to siliceous, calcareoustione

Garmma Ray [cpm)
0 W 800 1200 16 Wt Sarninerds
240
u} 10 20 20 40 a0 [=70]
7250 4 F240
F2E0 I7 B
men iy [n]
= R — i
L 7270 4 = a1 » =
7270 7ZE0 i i ! - m
F2a0
20 4 -
| o Guartz m Total Clay & Calcite |
260

Figure 4.4 The Gamma Ray and mineralogical profile of an wdepf constant Gamnr
Ray API. (Also refer tdAppendix A.)

4.3 Barnett Shale Sequence Framewo
This section discusséilse vertical succession of the lithofacies witeach parasequen
in the Sol Carpenter H#7 well. This is followed d&ylocumentatioof lateral correlatior

of the parasequences in the John Porter #3, AdamhgtBand Sugar Tree #1 cores

64



order to evaluate regional parasequence trends. The complete seciar? ft (2362.8

m) to 7236 ft (2205.5 m) of the Sol Carpenter H#7 - which includes ther Bapaett
Shale, Forestburg Limestone and the Lower Barnett Shale - prameginuous core to
document the evolution of depositional environments, depositional sequences,
parasequences and parasequence sets, their bounding surfaces, arsigoficant
stratal surfaces within the Barnett Shale. Figure 4.5 dispheysdre gamma-ray data,
lithostratigraphy and interpreted sequence stratigraphy of &pleGter H #7 which will

be discussed in this chapter.
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Figure 4.5.Sequence stratigraphic interpretationthe Barnett Shale in Sol Carpen
H#7 well [7752.2 ft (2362.8 m) to 7236 ft (2205.5]. Track | shows the core gamr
ray profile, track Il is the litholog and core deption, track Ill illustrates the interprete
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parasequences, relative sea level fluctuations; however, thatatkgof fluctuations is
not known, so is not shown to scale, and positions of systems tracts.

Note: Each GRP/GRPS description is summarized in the following format:
- Vertical succession of lithofacies within GRP/GRPS in Sol Carpentémtei,

- Lateral Correlation in other wells.

- Interpretation

4.3.1 Lower Barnett Shale

GRPS 1: 7752.2 ft (2362.8 m) — 7695.5 ft (2345.5m)

Vertical succession in Sol Carpenter H#7 wellThis Gamma Ray Parasequence Set
(GRPS) mostly has remarkably high gamma ray values (>1000 quemtsinute in core
gamma ray log) (Fig. 4.5). This interval is a Gamma Ragdeguence Set because it is
composed of three parasequences (GRP la, c, d) based on the wactieakisn of
lithofacies (Figures. 4.5 and 4.6). The lowermost parasequence [@RBisplays a
typical upward-decreasing gamma ray pattern wibh calcareous siliceous mudstone
and phosphatic deposits the lower part and capped bgworkedshelly deposi{Fig.
4.6).

This is followed upward by two parasequences (GRP 1c and d) which ar
separated by a horizon marked by TOC maxima around 7710 ft (2350gnd.(H. The
onset of parasequence 1c is marked by a high gamma ray, hoivkicids a correlative
conformity equivalent to transgressive surface of erosion. Thespdvasequences are
composed osiliceous non calcareous mudstamedphosphatic deposit$n addition, the

upper parasequence contains few bottom current rewoctkémireous laminae deposits
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and aconcretion.The TOC maxima horizon indicates low sedimentation and bea

high organic matter preservation. It iscondensed section, whickas a regionally

significant surfacand identifed in all other cored wells (Fig. 4.7).

GR epm|
fo

GRPS 1

130

T

7oz

10

JEDERCNNER

Key

Siliczeous non-calcareous
mudstone

Siliceous caleareous
mudstens with low al cite

Siliceous caleareous
mudstane with high calcte

Caleareou s laminas mudstens
hferiticAimy mudstone
Phosphatic deposit

Dalamitic mudst ane
Coneretion

Reworked shelly deposit
Different foszil assemblage

ity zhahy (wawy’) bed
deposit

Figure 4.6. GRPS1 Gamma Ray anlithology profiles of Sol Carpenter H#7. The k
provides the lithofacies color cc.

Detailed descriptionThe base of the lower parasequence is marked bgnagressiv:

lag at 7752.2 ft (2362.8 m). It marks the onsetrafnsgression by the Mississian sea.

The surface immediately underlying the lag is glossifungitis surface (burrow

assemblage) which suggests that the horizon unalermeas firm and consolidated at 1

onset of transgression (F4.8).

The phosphatic deposits of the lowermostasequence occur in the form

phosphatic pellets which are often irregularly esakd in several distinct lamini

Agglutinated forams and detrital quartz are vergnown within this interval. A simile
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pattern is observed in the correlative intervals of the JohnrRt8teAdams SW#7 and
Sugar Tree #1 wells. This interval has high amounts of potassium hamigint,
suggestive of terrigenous input (Fig. 4.9). The capping interval &f ldwermost
parasequence reworked shelly deposiFig. 4.10) [from 7735 ft (2357.6 m) to 7722 ft

(2353.6 m)] (Fig. 6).
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Figure 4.7. Core measured Total Organic Carbon (TOC) for thee eB#irnett Shale

section in the four wells: Sugar Tree #1 (ST), Adams SW &WA Sol Carpenter H#7
(SC) and John Porter #3 (JP). The star marks the position of logahanaf TOC (see

text for details) in the Sol Carpenter H#7 well and the asrowark the correlative depth
for this maxima in all cored wells.
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Figure 4.8. Core photograph showing the glossifungitis surface at 7752.3 ft — 7752.4 ft. in
Sol Carpenter H#7 well.
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Figure 4.9. Display of the core Gamma Ray scan thedabundances of Potassit
Uranium and Thorium for Sol Carpenter H#7 w- 7752.2 ft (2362.8 m) to 7236
(2205.5 m).
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Figure 4.10. Core photo of the reworked shelly deposit at 7730 ft. (2356.1 m). The arrows
point to the rippled top surfaces of the shelly deposits.

Lateral Correlation in other wells: Lateral correlation of this GRPS in all the cored
wells shows that this GRPS thins in the northeast direction dswkhn Porter #3 well
(Fig. 4.11). The three parasequences that were identified Balh€arpenter H#7 were
traced to the John Porter #3 well in the northeast. However, towaedsvest and
southwest direction i.e., in Adams SW#7 and Sugar Tree #1 wellsdditional
parasequence (GRP 1b) was noted in the vertical succession eduals at depths
corresponding to those between the lowermost and middle parasequertbesSal
Carpenter H#7 and John Porter #3 wells (Fig. 4.11). Overall, the lowepaasequence
(GRP 1a) with cappingeworked shelly deposs present in all the wells (Fig. 4.11). The
detrital quartz grains present in this parasequence of Adanis/ S@éttion are much
larger compared to those in the John Porter #3 section (Fig. 4.12). démesASW#7
section also contains detrital calcite grains - these areamimon in the Sol Carpenter
H#7 and John Porter #3 sections. Strange burrow-like features aeargfied in the

Adams SW#7 within this quartz rich interval. The increasing abundainsand to the
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west and southwest indicates that the land/soue® lay towards the wesouthwest.
The reworked shelly deposcapping the lowermost parasequence is present itihe
wells; however, it is condensed to a thin intervalha gohn Porter #3 well. The ne
parasequencéGRP 1b)has a similar vertical succession of lithofaciesywéver, it is
present only in the Adams SW#7 and Sugar Tree #& wedthins out before reachir
the Sol Carpenter H#7 and John Porter #3 well®énriortheast (Fi 4.11). The two
uppermost parasequels (GRP 1c and d)n all four wells represent deer water
deposits composed mainly non calcareous mudstorand phosphatic depos (Fig.

4.11).

ASW

|  GR
C 1010
i

1 5dd9

50625

Figure 4.11. Lateral correlation of the GRPS 1ha four cored wells: Sugar Tree
(ST), Adams SW #7 (ASW), Sol Carpenter Heirs #7)(8a John Porter #3 (JP). F
color index see Figure 4
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Figure 4.12. The high abundance of detrital quartz in the lowermossqupuence of
GRPS 1 is shown in these thin sections. The petrographic image tefahlbkin sections
shows the decrease in quartz grain size from the correlatdteal in the Adams SW#7

and John Porter #3 wells. (A) 6782.2 ft. (2067.2 m) of Adams SW#7 and (B) 8464 ft.
(2579.8 m) of John Porter #3. The scale bar is equal to 0.05 mm.

Detailed descriptionThis section gives further details on few aspects of thisSsRRe

basal transgressive lag (BTL) is present in all the wdllge glossifungitis surface
beneath the transgressive lag, as discussed above, was@sairtrall the wells. Figure
4.13 shows the photomicrograph of the basal transgressive lag intefsagjar Tree #1
and Sol Carpenter #7 wells. The dominant components of BTL are phogphatenite
and conodont grains. However, there is remarkable variation in theafwinproportion
of these grains. The BTL in Sugar Tree #1 is rich in detrieal@nite grains, phosphatic
grains, also grains that are partially phosphatic and pargkllyconitic, and conodonts.
The phosphatic grains in Sugar Tree #1 are more elongated ws#r legidence of
reworking than at the Sol Carpenter H#7 transgressive surface, which iy pgatized,
rich in reworked phosphatic grains and relatively low in glaucomtecanodont grains.
The phosphate grains are more circular in shape with frequent phosipiactast

grains, suggesting more reworking during transgression.
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Figure 4.13. Shows the basal transgressive lag at (A) 5226L&32.8 m) in Sugar Tree
#1 well which is rich in detrital and in situ glauconite, phosphatejtaletjuartz and
glauconite grains. The grains have undergone phosphatization and the (B) fée52.3
(2362.9 m) in Sol Carpenter Heirs #7 well is heavily pyritized éapp black in optical
microscopy), is rich in reworked, subrounded phosphatic grains and cora&idgtrital
quartz grains. Note: Compare the grain size of detrital gaatte two sites. The detrital
guartz grains in Sugar Tree #1 well are relatively abundantaagdr] The scale bar is
equal to 0.05 mm.

A large proportion of grains that are partially phosphatic andatisrglauconitic
in the Sugar Tree #1 core were studied to determine the paragehegiauconite-
phosphorite in these grains. However, no distinct order was identifiesdlikely that in
some cases glauconitization (glauconitic alteration of phosphaasspccurred and in
other cases phosphatization (phosphatic alteration of glauconites) loasredc
Glauconitization, on one hand, is suggested by the presence of phosphelstrgrains
which are partially glauconized, indicating that phosphate is the mrirgeain.
Phosphatization, on the other hand, is supported by the presence pofacrigilar
boundaries of some of the partially altered glauconite grains (Fig. 4. TBABTL in the
Sugar Tree #1 section is unusually rich in detrital quartz and #nesgare larger in size
as compared to the Sol Carpenter H#7 detrital quartz, suggestingT3egatl well lay

closer to the land source area. The high amount of pyrite, lesg®rrtion and smaller
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size of detrital quartz and the subrounded, reworked phosphatic graiok @arpenter
H#7 suggests that at the time of deposition, the Sol Carpenter ité#Was more

reducing and farther basinward than the Sugar Tree #1 site.

Interpretation: This GRPS begins with the basal transgressive surface obrriosall
the cored wells, and high amount of clastics trapped in the lowesyggesting initial
stages of transgression. This GRPS consists of stacked shoalilagdugepositional
parasequences which appear to be retrograding (Plate 5). The land seamestrlikely
lay to the west or southwest during this period of deposition, whichtaspreted by
relatively high amounts of clastics in this interval in the twaesd southwest wells i.e.
Adams SW #7 and Sugar Tree #1. On a sequence scale, the lowargshpavard
parasequences (GRP la and b) of this GRPS are interpreted ttutmrmsthighstand
systems tract. The onset of the third parasequence, 1c is marletigph gamma ray,
hot shale in all the wells which is interpreted as a corvelatonformity equivalent to
transgressive surface of erosion. The parasequences 1c and diteotistitransgressive

systems tract (Fig. 4.5; Plate 5). The later interpretationaged on the presence of

phosphate ricmon calcareous mudstorie these parasequences and the presence of the

condensed section (Fig. 4.5, Plate 5).

GRPS 2: 7695.5 ft (2345.5 m) - 7625 ft (2324.1 m)

Vertical succession in Sol Carpenter H#7 wellThis GRPS is composed of an upward-
decreasing gamma ray pattern (Fig. 4.14). It is considered asGanana Ray

Parasequence set for mapping purposes because it is divistblsvonhigh resolution
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depositional parasequences in the northeasterrfC&penter H#7 (Figd.14) and John
Porter #3 well®n the basis of lithofacies stacking pat. They were indistinguishable
the Adams SW#7 well. The two depositional parasege® in Sol Carpnter H#7 section
are: GRP 2a7695.5 ft (2345.5 m— 7650 ft (2331.7 m) and GRP ZI850 ft (2331.7 m
- 7625 ft (2324.1 m) (Fic4.14).

The lower parasequeni2a: 7695.5 ft (2345.5 m) #650 ft (2331.7 m) contair
siliceous non calcareous mudstcwith few calcareous laminae deposit, concreti and
dolomitic mudstonéFig. 4.14) It has arelatively high amount of thorium and potassi
and areduced amount of uranium (F4.9). The upper parasequergte 7650 ft (2331.7
m) - 7625 ft (2324.1 m) (lg. 4.14) recordson calcareous mudstc with abundant
bottom current reworkecalcareous laminae deposit$he calcareous laminae depo:
has intensifiethigh frequenc in this interval and several of these laminae insf

pyritic lensoids.
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Figure 4.14. GRPS 2 - Gamma Ray and lithology profiles of Sabebéer H#7. For
color index see Figure 4.6.

Lateral Correlation in other wells: The laterally corresponding interval of the lower
parasequence (GRP 2a) in John Porter #3 well consists of a highrtiompof
concretionsand almost nalolomitic mudstondacies compared to Sol Carpenter H#7
section (Fig 4.15). Theoncretionsin the John Porter #3 well are rich in calcareous
(replaced?) spicules — which could act as nuclei for the developmeohatetions(Fig
4.16). The upper depositional parasequence of GRPS 2 (GRP 2b) in the Johr#Borter
and Sol Carpenter H#7 and the upper part of this GRPS in the Ada®is 88\l record
high frequency and most intensified/frequency bottom current re@ockéareous
laminae depositén the entire vertical section of all the wells (Fig. 4.15). Tihtsrval
suggests a highstand period of sea level characterized by miseaiahent input and
strong bottom currents (Armishaw et al., 2000, Masson et al., 2002). /AA\h# well
contains no concretions in the corresponding interval. Rather, it ignriphosphatic

deposits and calcareous laminae suggesting deeper water conditions.
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Figure 4.15. Lateral correlation of the GRPS 2 hre¢ cored wells: Adams SW7
(ASW), Sol Carpenter Heirs #7 (SC) and John Pét3e(JP) For color index see FigL
4.6.

Figure 4.16. Photomicrographs of concretion- (A) 8380 ft (2554.4 m) in John Porl
#3 well and (B) 8413.8 ft. (2564.5 m) in John Por@ wel - which hié a high
abundance of calcareous (replaced?) spicules cethbgtcalcitic spar. Calcite is stain
pink in the photo. The scale bar is 0.1r

The corresponding interval in Sugar Tree #1 wels wat distinguishable froi

the overlying parasequenc
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Interpretation: GRPS 2 was deposited at a highstand of sea level. All the naeve
most intensified (abundant) bottom current reworkaltareous laminae deposits this
GRPS. Additionally, all the wells excluding John Porter #3 have hlgindance of
phosphatic depositsconfirming the highstand period of sea level with strong bottom
currents. The easternmost John Porter #3 well consists of ses@maftetionary
carbonates in the lower part of this GRPS, which are rich lcameus (replaced?)
spicules, possibly acting as nuclei for the development afdheretions On a sequence

scale, this GRPS is part of the highstand systems tract (Fig. 4.5, Plate 5).

GRP 3: 7625 ft (2324.1 m) - 7595 ft (2314.9 m)

Vertical succession in Sol Carpenter H#7 wellThis interval represents an upward-
decreasing gamma ray pattern (Fig 4.17). The basal part GRReconsists dfiliceous,
non calcareous mudstoneéhich is rich inphosphatic depositsence the high gamma ray
values at the base (Fig 4.17). Biota content is dominated by agtgdtiftaams and a
few siliceous spicules. Upsection, this GRP is capped by trandpesesrked shelly

depositandconcretionlithofacies.
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Figure 4.17. GRP3 Gamma Ray and lithology profiles of Sol Carpent#i7| For color
index see Figure 4.6.

Lateral Correlation in other wells: This GRP is traceable in all the cored wells. Ak

wells contain siliceous non calcareous mudstone, calcareous laenidepos and

phosphatic depositJohn Porter #3 has very minimal phosphatic depasithe lower

part of this GRP; however, the cappireworked shelly deposis absent in Adam

SW+#7. Dolomitic mudston caps this parasequence in Adams SW#7 (4.18). The
corresponding interval ithe Sugar Tree #1 well contaigencretion close to the top
(details aradiscussed late!

Detailed descriptionin Adams SW#7, the lower intervicontainshigher amount of

phosphatic deposithan inthe Sol Carpenter H#7. John Porter #3 sectcontains
calcareous laminaan the lower part with almost nphosphatic depos (Fig. 4.18).
Dolomitic mudstongowards the top of the parasequence in Sol Carpét#& and
Adams SW#7 can be easily distinguishede individual dolomite grains in t Sol

Carpenter H# are relatively small in size arabundanceas compared tthose in the
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Adams SW#7. The top interval of the John Portemsl consists f a different fossi
assemblagewhich includescalcareousspicules and echinoderm fragments (f4.19).
This fossilassemblage is unique the John Porter #3 and is not found in other w

suggesting that théohn Porter #3 well is close to the source
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Figure 4.18. Lateral correlation of the GRP 3 irethcored wells: Adams SW #7 (ASV
Sol Carpenter Heir87 (SC) and John Porter #3 (. For color index see Fure 4.6.

Figure 4.19. Petrographic images of the spicule acdkdinoderm, fossrich interval
unique to John Porter #3 in GRP 3 at (A) 8310’ @Byl 8315.3’. The scale bar i
0.05mm.
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In Sugar Treétl well GRP 2 and 3 were indistinguishable by eithe gamm:
ray log profile or lithofacies stacking patterndF4.20. The gamma ray profile genera
follows an upward decreasing pattern. The intecaaisists oisiliceous, non calcareot

mudstonephosphatic depos andconcretiontowards the top.
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Figure 4.20. Lateral correlation of the GRP 2 anoh 3he cored wells: Sugar Tree
(ST), Adams SW #7 (ASW), Sol Carpenter Heirs #7)(8&d John Porter #3 (J For
color index see Figure@.

Interpretation: The upwarc-decreasing gamma ray pattern of this GRP is indieaif
either upwardshoaling of the depositional environment duringdgia fall in relative se
level or progradation during late stage highstakdtitionally, the several interls rich
in fragments of echinoderms and spicules are pt only in the John Porter #3 w
(Plate 5), indicating that the John Porter # more proximal tahe source areduring
this period of depositiorAlso there are a femeworked shelly deposijtsn John Porter #
well and in Sol Carpenter H#7 well whiwere not recorded in Adams SW #7 and Si
Tree #1 wellsagain suggestg that the eastern wells, i.e. Sol Carpenter H&Y Joii
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Porter #3 are more proximal to the source area. The abundapkesphatic deposits
the lower part of the GRP in the Adams SW #7 well suggesigi@anvater mass.
Phosphatic deposits, though less abundant, are recorded in Sol Carpénterely
however, they are not so common in the John Porter #3 well, indi¢htih¢he Adams
SW #7 and Sol Carpenter H#7 wells are in the realm of upwellingnts and hence are
deeper relative to the easternmost John Porter #3 well. On a seggate; this upward-

shoaling GRP is part of the highstand systems tract (Fig. 4.5, Plate 5).

GRPS 4: 7595 ft (2314.9 m) — 7559.6 ft (2304.2 m)

Vertical succession in Sol Carpenter H#7 wellThe GRPS is an overall upward-
increasing gamma ray interval. There are several laagemg ray excursions associated
with this pattern (Fig. 4.21). It is composed of four depositional paraseqs which are
labeled as GRP 4a, b, c and d (Fig. 4.21). The lowermost parasequ&itd&lhas a
remarkably high gamma ray value at the base. The basal Het(fi@ 4.21) can be
traced in all the cored wells as well as throughout most dbdka. The hot gamma ray
value is due to the presence of abungdrdsphatic deposiwhich occurs in the form of
concentrated phosphatic pelloids and matrix-hosted compacted, elofegatiepellets or
lenses. It contains maxima of uranium (7595 ft (2314.9 m) -7593 ft (2314 (Fiap)%.9)
and is a condensed section. The interval above this hot shale to 757830918 m)
consists ofsiliceous, non calcareous mudstongth phosphate rich matrix and few
calcareous laminae depositdpsection, there idolomitic mudston&vith a high amount
of calcite in the form of microfossils such as spicules. ThiP&Rexhibits cyclic

sedimentation.
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Figure 4.21 GRPS 4Gamma Ray and lithology profiles of Sol Center H#7 For color
index see Fig. . Note the igh gamma ray kick (over 1600 countsrpinute in core
gamma ray scarat the very base. For color index Figure 4.6.

Lateral Correlation in other wells: All the cored wells studied exhibit an upwz
increasing gamma ray pattern with a hot gamma mtgrval at the basof this GRPS.
The basal hot shale,andensed sectic is dominated byhosphatic deposiin all the
coredwells except Sugar Tree (Fig. 4.23. In Sugar Tree #1 well this intervconsists
of abundant phosphatic os with few shelly fragments. This interval represea
proximal depositionalequivalent toa basinal condensed sectiodpsection, cyclic
sedimentatiorexhibited by GRP 4b, c, and is noted in all theored well, and can be
laterally correlated. In the lower part, this GF containssiliceous non calcareot
mudstoneoverlain bysiliceous, calcareous mudstofacies in all the wells (Fig4.22).
The basakiliceous non calcareous mudstcconsists ofcalcareous lamine depositin

all the wells. There is a thick overlyirsiliceous calcareous mudstoligofacies in Johi
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Porter #3 (Fig. 4.22 John Porter #contains aeworked shelly deposit 8275.9’ which

is not present in any other cored wi
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Figure 4.22. Lateftacorrelation of the GRPS 4 in three cored wellslaks SW #
(ASW), Sol Carpenter Heirs #7 (SC) and John Pét3e(JP).For color index see FigL
4.6.

The onset of GRP 4b is marked a debris flomdeposit in John Porter #3 w. Detailed
comparison othis GRPS was completdbetween thelohn Porter #3 and Sol Carper
H#7 wells (Fig. 4.23)This debris flow deposit in John Porter #3 watlafked as ‘a’ ir
figure 4.23) occurs athree flow events which arelifferentiated basedn the distinct
type and distribution of sediments (F4.24). The lowermost bed labeled * event bed
(Fig 4.24). 1t isenrichedwith phosphatic ooids, fragments of echinodermscusgs,
shelly fragments and few intact brachiopods. Tlgrains areandomly oriented and tt
fabric is preserved from overburden flattening byly calcite and dolomiti cement. The
calcitic spar ement is very often replaci resulting in ghost images of the origit
fabric. This bechas a sharp base (F4.24). It can beorrelated laterally using gamr

ray to thedolomitic mudstor in Sol Carpenter H#7 well (Figurds24 and 425) which is
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marked as ‘b’ in Figure 4.23. Thdolomitic mudstonés rich in calcite and calcareous
grains, suggesting it is a diagenetically altered deposit.

The 29 event bed is a matrix supported clast flow deposit which fines dpwar
The top is rich in fine grained sediments with well developed ripple cross kmina

The 3% event bed contains reworked shelly deposit. This bed is subtyseev
graded with a sharp top. The debris flow in the John Porter #3 walerpreted to be
due to shelf instability, probably associated with a fallingleeal. Thus, the base of this
deposit may be a sequence boundary.

In John Porter #3 well, above the debris flow, a fining upward parasequence
(GRP 4c) occurs which is composedreiorked shelly deposét the base, overlain by
calcareous mudstoneThis reworked shelly depositorresponds to thedolomitic
mudstonan Sol Carpenter H#7 well (Figure 4.23fus, thedolomitic mudstonén the
Sol Carpenter H#7 well may be a diagenetic product ofrélerked shelly deposit
Event beds 1 and 2 thins out before reaching the Sol Carpenter H#{Figeld.23).
Further upsection towards the top, another deepening upward parase(&ieRcéd) is
noted in John Porter #3 and Sol Carpenter H#7 wells (Fig. 4.23) thus exhaityclic

sedimentation pattern.
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Figure 4.23. Gamma Ray and lithology profiles congmam of Sol Carpenter H#7 (St
and John Porter #3KJ wells For color index see Figure 4.6. See fextdetails
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Figure 4.24. Core photograph of the debris flovhie John Porter #3 well in GRF See
text for details.



Figure 4.25. Core photograph showing the dolomitic mudstone in Sol Carpeatevell
which is correlative to the debris flow deposit in John Porter #8 Whis interval is
marked as ‘b’ in Figure 4.23.

Further to the west similar deepening upward parasequences4igRP and d)
are present in the Adams SW#7 and Sugar Tree #1 wells (Fig. #@®&gver, the
lowermost parasequence in Adams SW #7 and Sugar Tree #1 wellsxsoateorked
shelly depositwith abundant phosphatic pelloids, which is not present in the Sol
Carpenter H#7 well. This suggests the presence of a palebtshible west during

deposition of this deposit.

Interpretation: The GRPS consists of a condensed section at the base of the loivermos
GRP 4a. The overlying parasequences GRP 4b was deposited oreacseljoundary
which marks the onset of the lowstand systems tract. The seqbencelary is

interpreted on the basis of the significantly thick debris flowhe John Porter #3 well.
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This debris flow deposit suggests tectonic instability of the soarea, which is thought
to be in the east as this debris flow is recorded only in theraasost John Porter #3
well. It is interpreted that at this time, falling stagese# level prevailed at least the study
area wide and perhaps basin wide on the basis of enhanced infliiroéisenot only
from east/northeast direction but also west/southwest. Influx tremwest/southwest
direction is documented by the presence of thieorked shelly depositsr the
corresponding intervals in the western, Sugar Tree #1 and Adams SW #7 wellseHowe
the Sol Carpenter H#7 well records only dolomitic mudstone at dheesponding
interval. It is interpreted that simultaneous source area® lne east and west and that a
falling stage of sea level prevailed at this time of depositiam a sequence scale, the
lowermost GRP 4a, which consists of the condensed section, is itedrpas a
transgressive systems tract and the rest of the upper panmsesidd, c, and d, which
exhibits a deepening upward pattern and a basal sequence boundi@npisted to be a

lowstand systems tract (Fig. 4.5, Plate 5).

GRP 5: 7559.6 ft (2304.2 m) - 7534 ft (2296.3 m)

Vertical succession in Sol Carpenter H#7 wellThis interval exhibits an upward-
decreasing gamma ray pattern capped by a sharp drop in gaymalues (Fig. 4.26).
The lower part of the parasequence is composelioéous,non calcareous mudstone
andcalcareous laminae depositghich are rich in compacted phosphatic fecal pellets and
agglutinated forams (Fig. 4.26). The top part consistbootdmitic mudstoneverlain by
reworked shelly depogiFig. 4.26). This capping interval is rich in potassium and poor in

uranium content, underscoring the detrital influx (Fig. 4.9).
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Figure 4.26. GRP5 Gamma Ray and lithology profiles of Sol CarpeiH#7. For color
index see Figure 4.6.

Lateral Correlation in other wells: This GRP is mostly composed siliceous non
calcareous mudstonand calcareous laminae deposits all the cored wells (Fic4.27)
However, there is noore available for the rest of tBarnett Shalesectior in the Sugar
Tree #1 well. Close to the tothe John Porter #3 well consists of a debris flohich is
composedof thin platy class overlain by calcitspar cemented phosphatic oc
echinoderm andshelly fragment (figure 4.28). This is overlain byeworked shelly
depositto its top. This interval correlatelaterally with dolomitic mudstondn the Sol
Carpenter H#7 well and perhaps alscthe Adams SW #7 well (Figt.27). The top of
this GRP consists akeworked shelly depo: in the John Porter #3, Sol Carpenter
and Adams SW #7 wells. However, tlshelly deposithins in the east towarcthe

Adams SW #7 well (Fic4.27).
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Figure 4.27 Lateral correlation of the GRP 5 in three coredlsvéddams SW #7 (ASW
Sol Carpenter Heirs #7 (SC) and John Porter #3 E?)coor index see Figu 4.6.
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Figure 4.28. Core photograph displaying the deftmis deposit in John Porter #3 well
8225ft. (2506.9 m) to 8226 ft. (2507.3 r The arrow marks the platy clast at the bas
the deposit.

Interpretation: The upwarc-decreasing gamma ray patterhthis GRF is indicative of

either upwardshoaling of the depositional environment duringdgifall in relative se¢
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level or progradation during late stage highstand. Additionally,imtéspreted that at the
time of deposition of this GRP, a tectonically active areddahe east closer to the John
Porter #3 well. The Adams SW #7 is located in the quieter parheotbaisin. This
interpretation is based on the presence of a debris flow depokisierly in the John
Porter #3 well and theeworked shelly deposity all the wells which thins to the west in
the Adams SW #7 well. On a sequence scale, the GRP is partgbistalinid systems tract
which constitutes most of the rest of the Lower Barnett that stsnsi vertically stacked
cycles of non calcareous mudstone and calcareous mudstone richorke@vehelly

deposits (Fig. 4.5, Plate 5).

GRP 6: 7534 ft (2296.3 m) - 7522 ft (2292.7 m)

Vertical succession in Sol Carpenter H#7 wellThis GRP displays a constant Gamma
Ray pattern. The lower part of the parasequence, up to 7528.2 ft (22946nsists of
calcareous mudstonéch in reworked shelly deposind the upper part consists of
calcareous mudstonghich is capped bglolomitic mudstonéFig. 4.29) The calcareous
mudstonecontains calcareous spicules (Wendt, 1980) or calcite-replaced®espand
calcite-replaced radiolarians with abundant smaller broken slgingnts scattered in

the matrix.
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Figure 4.29. GRP6 Gamma Ray and lithology profiles of Sol Carpent#7HFor colol
index see Figure 4.6.

Lateral Correlation in other wells: This interval is composed of varying amounts
reworked shellgepositandsiliceous, calcareous mudstofaeies in the three wells (Fi
4.30. The base of the parasequence has a few reworked shell depositsin the
Adams SW#7 and Sol Carpenter H#7 wellswever, theJohn Porter #3 hea relatively
thicker reworked shelly deposat the base. Towards the middle of this parasea,
Adams SW #7 containeworked shelly deposiwhich were absent ithe Sol Carpenter
H#7 and John Porter #3 wells. Towards the top ef®RP inthe John Porter #3, the
are high amounts aktworked shelly depo: and echinoderms and spiculThus, there
was a high influx ofreworked shelly depo: at the top in theJohn Prter #3 well,
whereassiliceous calcareous mudstc anddolomitic mudston@are common in the Si
Carpenter H#7 weknd onlysiliceous calcareous mudstonecurstowards the tojin the
Adams SW#7 wellThe lateral and vertical stacking style of thidfecies in this GRP
suggests that while there is an active sourced®@#i, there was a fse source towards

the west.
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Figure 4.30. Lateral correlation of the GRP 6 ireéhcored wells: Adams SW #7 (ASV
Sol Carpenter Heirs #7 (SC) and John Port (JP).For color index se Figure 4.6.

Interpretation: This GRP suggests that at about midsection, Adams SW #7isvelbse
to the source area that provii reworked shelly deposithis deposit is absetin the
eastern,Sol Carpenter H#7 and John Pc #3 wells indicatingthat periodicallythe
Adams SW #7 well is close to a source in the westre periodic tectonic upliftmel
occurred Towards the top of this GRIlan echinoderm rich interval ana few shelly
deposits occum John Porter #3, which anot present in th&ol Carpenter H#and
Adams SW #7 wellsThis capping dejsit in the John Porter #3 wedliggests a sourt

close to the easit this time of depositic.

GRP 7: 7522 ft (2292.7 n- 7502 ft (2286.6 m)

Vertical succession in Sol Carpente H#7 well: This interval exhibits an overe
upwarddecreasing gamma ray pattern; howethin couplet withupward increasin
gamma ray patteroccurs at the base (Fig. 4.3Wwhich corresponds to the stacking

basalcalcareous mudsto overlain bysiliceous, non calcareous mudstoThis GRP is
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capped bydolomitic mudstor and reworked shelly deposifFig. 431). The dolomitic
mudstondithofacies at this depth hi high fossil content (Fig. 4.32The dolomite is

diagenetic in origin.

GR {cpm)
100 500 900
7438 : :
7502
7508 -
7518
fisyys

Figure 4.31. GRP7 Gamma Ray and lithology profiles of Sol Carpentéi7| For color
index see Figure 4.6.

Figure 4.32. Photomicrograph of dolomitic mudstongh high amount of calcit
(stained pink) at 7503.4’ in the Sol Carpenter I,

Lateral Correlation in other wells: The basal deepening upward succession recorc
the Sol Carpenter H#7 is algpresent in the Adams SW #7 well atie John Porter #3
well (Fig. 4.33. However, inthe John Porter #3 well, the lower interval is thickéth a
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dominant infux of macrofossils. The basconcentration of shells ithe John Porter #3
well has led to the development of several conenst(Fig.4.34). Usection,calcareous
mudstonds the predominant lithofacies the John Porter #3 welHowe\er, in the Sol
Carpenter H#7 and Adams SW #7 wells, the correspgniditerval consists csiliceous,
non-calcareous mudsto as the most dominant lithofacies (Fig33. This lateral
transition of lithofacies froncalcareous mudstont® non calcareous mudstc suggests
the deepening of water towards the Adams SW#7.GRE is capped kreworked shelly
depositin all three wells; however, the depcis thickest in the Adams SW #7 well (F

4.35), suggesting the Adams SW #7 well was proximdh&basin marg at this time.
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Figure 4.33. Lateral correlation of the GRP 7 irethcored wellsAdams SW #7 (ASW,
Sol Carpenter Heirs #7 (SC) and John Porter #3 ER)color index see Figure 4

Interpretation: During the deposition of lower interval GRP 7, 1 is interpreted the
the easternmost John Porter #3 well, is closed®tiurce area vereseveral debris flos

were depositedThese deposits are not recorded in the other ces#d, underscoring
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the presence of an eastern source area. The overlying intedetreasing gamma ray
pattern is capped by reworked shelly deposit, which is thickest ihkdams SW #7 well
and less prominent in the eastern wells. This indicates that A&&kh#7 well site was
relatively shallower at the time of deposition. On a sequencke, sttas upward

decreasing GRP is interpreted to be part of a highstand systems tract5Ariate 5).
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Figure 4.34: Core photograph 8190 ft. (2496.3 m) to 8202 ft. (2499.9 m) showing the
high abundance of shelly deposit and concretionary carbanateslower part of GRP 7
in the John Porter #3 well.

L e Z‘i-:“-‘ | K "- 41,-‘.‘5

Figure 4.35. Core photograph comparing the deposit at the top of th&g @RRe three
cored wells: (A) Thick and condenseeworked shelly deposih Adams SW #7 (B) a
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thinner interval of reworked shelly deposit and diagenetic dolomitidstone in Sol
Carpenter H#7 and (C) much thinner interval of shelly deposit in John Porter #3 well.

GRP 8: 7502 ft (2286.6 m) - 7487 ft. (2282 m)

Vertical succession in Sol Carpenter H#7 wellThis GRP consists of a basal high
gamma ray interval which is followed upward by an upward decreagngma ray
response interval. The interval is composed mostlyreorked shelly deposit
calcareous mudstonand concretionary carbonates (Figures 4.36 and 37). The high
gamma ray values at the very base are due to the abundance igtitosoids in the
reworked shelly depositFigures 4.37 and 4.38Yhe phosphatic content is probably
responsible for the high uranium count (14 ppm) at this depth (Fig. 4.9)sUgigsts
that the winnowing and reworking of the shelly deposit took placenoxia water
conditions, thus resulting in a high concentration of preserved uranium. stigggsting
that the onset of this deposit as initiation of transgression.
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Figure 4.36. GRP8 - Gamma Ray and lithology profiles of Sol Capéht7. For color
index see Figure 4.6.
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Figure 4.37: Core photograph 7490 ft. (2282.9 m) to 7500 ft. (2286 m) showing the
abundance of shelly deposit and concretionary carbonates in GRRe&%dltCarpenter
H#7 well.

A ~ g -
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Figure 4.38. Photomicrograph at 7488.9 ft. (2282.6 m) in the Sol Carpentehbl#ing
the shelly deposit and a large phosphatic ooid on the right side in the picture.
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Lateral Correlation in other wells: This GRP consists of an overall upward-decreasing
gamma ray pattern bounded by very high gamma ray values laaske This hot gamma
ray value at the base is prominent and can be used as a markérdiedan be traced in
most of the basin; however, it becomes less prominent in thereasie of the basin
(Fig. 4.39). This basal hot gamma ray interval is due to theepoce of uranium in
reworked phosphatic ooids within threworked shelly deposiin the John Porter #3 well
this interval consists of leshelly deposits.

This entire GRP is composed of amalgamatedorked shelly deposinh the
Adams SW #7 wherein threworked shelly deposis thick and condensed with very less
interbedded mudstone deposits (Fig. 4.40) compared to the other two cdsednible
Sol Carpenter H#7, this GRP is mostly composedrestorked shelly deposiand
calcareous mudstond owards the top of this GRP, unusually high amounts of detrital
quartz are present in the Adams SW #7 and Sol Carpenter H#7 (igilse 4.41)
suggesting the high flux of terrigenous input during this time. Tiiterval thickens
dramatically from the Sol Carpenter H#7 to the John Porter #3(figll 4.39). In the
John Porter #3 well there are several couplets of shale and daerbmmazones (Fig.
4.42), starting from the base of the GRP up to 8118 ft. Thereforenteizal exhibits
several gamma ray excursions. The section above this intertaé ttop in the John
Porter #3 well is very fissile (Fig. 4.43yalcareous mudstone with high calcitethe
dominant lithofacies in this fissile interval and the presenaewéral macrofossil shells
scattered in the matrix is also unique to this interval. Thisrval also has reduced

organic richness (avg. 2 wt% TOC) compared to overlying, undergmaglateral strata
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(avg. 3.5 wt% TOC). This interval also has reldiiveigh amounts of mixed clays
both John Porter #3 and Sol Carpenter H#7 v

This lateral correlation of the lithofacisuggests that thadams SW #7 well i.
most proximal to the basin margin eompared to the other twaells and that John
Porter #3 well while being further from basin margit this period of deposition, w

heavily sourced from a northeast direct
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Figure 4.39. Lateral correlation of GRP 8 in threeedavells: Adams SW #7 (ASW), St
Carpenter Heirs #7 (SC) and John Porter #3 (JP)cdlor index see Fure 4.6.
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Figure 4.40.
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Figure 4.41. Photomicrographs of secﬁon at (A) 6538.1 in Adams SW netll(B)
7487.85 in Sol Carpenter H#7 well showing abundant, unusually large detritéd qua
grains close to the top of GRP 8. The scale bar is 0.05mm.
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Figure 4.42. Core photograph 814¢2483.8m) to 8162 ft. (2487.7 m) in the John Pc
#3 well. See textor details

Figure 4.43. Core photographs (8129 feet (2477.Ton8)L35 feet (2479.5 m)) of part
the 40 feet fissile shalaterval of GRP 8 i the John Porter#3 wedhowing the riable
nature of thecalcareous mudstone with high cali lithofacies.
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Interpretation: The basal surface marking the onset of GRP 8 is interpreted a
transgressive surface of erosion in Adams SW#7 and Sol Carpenteraiighecause of
the presence of reworked shelly deposit, and phosphatic ooids whigbhaire uranium.
The high uranium concentration (14 ppm in Sol Carpenter H#7 and 20 ppm in Adams
SW#7 well) suggests that a reducing environment prevailed whilewtheowing
occurred during initial stages of transgression. This GRP théckieamatically in the
John Porter #3 well and is less amalgamated with more frequenbedded mudstone
deposits between the shelly deposits. This suggests that the inteAdadms SW #7
well was deposited in relatively shallower water than in otredlsvat this time, and that
the basin deepened in the direction of the John Porter #3 well; howeterPorter #3
well receives abundant allochthonous calcareous input in the form obfossils and

detrital calcite grains from a source in the northeast.

GRP 9: 7487 ft. (2282 m) - 7462 ft (2274.4 m)

Vertical succession in Sol Carpenter H#7 wellThis GRP has high gamma ray values
at the bottom which is followed by an upward-decreasing gamynpattern. The cored
interval for this GRP in the Sol Carpenter H#7 well is not cetep(Fig. 4.44). The
available interval - 7487 ft (2282 m) to 7480 ft (2273.9 m) - is compossdiadous,

non calcareous mudstomnvehich is rich in phosphates and detrital quartz grains. Core is
missing from 7480 ft. (2279.9m) up to the base of the Forestburg limestGdé ft

(2274.4 m).
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Figure 4.44. GRP9 - Gamma Ray and lithology profiles of Sol @&pél#7. For color
index see Figure 4.6.

Lateral Correlation in other wells: Adams SW #7 and John Porter #3 wells have
complete core sections of this GRP whereas the Sol Carpefitanéll contains only the
lower part (Fig. 4.45). This GRP exhibits an upward decreasing gaayr@attern with
very hot gamma ray values at the base.

The upper half of two available core sections exhibit an upwardeiseia calcite
content. In the John Porter #3 sectisiliceous non-calcareous mudstotransitions
upward to calcareous mudstone with low calcite calcareous mudstone with high
calcite Silty shaly (wavy) interlaminated depositcurs in both the John Porter #3 and

Adams SW#7; however, this deposit thins in the Adams SW#7 well.

Interpretation: The basal hot gamma ray shale is interpreted as a condensed
section which is present throughout the basin. The rest of upwarebdeg gamma ray
pattern of this GRP which shoals upward could be a progradational tdéposed
during late stage highstand or a deposit resulting from a graalual felative sea level

until the deposition of Forestburg limestone begins. On a sequeneg thealower part
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of this GRP constitutes a transgressive systenas$ which is overlain by a highstal

systems tract (Plate 5).
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Figure 4.45. Lateral correlation of the GRP 9 ire¢hcored wells: Adams SW (ASW),
Sol Carpenter Heirs #7 (SC) and John Porter #3 For color index see Fure 4.6.

4.3.2 Forestburg Limeston

The Forestburg limestone is dominated by micritityl mudstne For the most part, it
highly laminated. The gamma ray value is lr than that for the Upper and the Lov
Barnett Shale. It consists of carbor-dominated mud as opposed to clay dominated
of the Lower Barnett Shale. The Forestburg was siggub at a time of sea level rise,
change in seawater chemistry or circion (Loucks and Ruppel, 2007The lack of
terrigenous input with ase in sea level isuggested. Very low values of TOC (aver.
0.01 wt %) indicatethat th¢ environment was oxygenatethowever, the lack c
burrowing and preservation of laminaticindicatesthat the water bottom was relative
anoxic. Hence this suggests tlithe lack of TOC ismore related tdack of organic

productivitythan organic preservati.
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4.3.3 Upper Barnett Shale

The Upper Barnett Shale exhibits a number of lithofacies, signifi surfaces and
systematic changes in depositional processes and environmentdeaxediby a series
of parasequences. The presence of several sharp contacts and esosfanas present
in the Upper Barnett Shale, which are not common in the Lower Barnett Shalestsumg
different general depositional environment during deposition of the UppeLamer
Barnett Shale. Rapid changes in the depositional environment appear tdbdeave

particularly common during deposition of the Upper Barnett Shale.

GRP 10: 7372 ft (2246.9 m) - 7346.5 ft (2239.2 m)

Vertical succession in Sol Carpenter H#7 wellThis upward-increasing Gamma Ray
Parasequence marks the return of siliciclastic clay domirss@édnentation at the onset
of Upper Barnett Shale deposition (Fig. 4.46). But the change wdsiaras exhibited
by the gradational facies change from carbonate-dominatiedtic/limy mudstone
(Forestburg Limestone) to clay-dominateglcareous mudstoneith high calcitewithin
the interval 7374 ft (2247.5 m) to 7366.5 ft (2245.3 m). Talkeareous mudstoneith
high calcitefacies has relatively higher TOC (2.47 wt% compared to ~0.01 @ft%
Forestburg Limestone) which depicts the return of slow rates pufsgd@n and greater
preservation of organic matter. The interval is rich in detogdtite grains and shelly

fragments, which are scattered within the matrix.
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Figure 4.46. GRP10 Gamma Ray and lithology profiles of Sol Carpentéi7. For
color index see Figure@.

Lateral Correlation in other wells: The core section of John Porter #3 correspondit
this GRP is missing (Fi4.47). The section for th®ol Carpenter H#7 and Adams SW
contains calcareous mudstone with high cal lithofacies. The lower part of th
parasequence in bothe Sol Carpenter H#7 and Adams SW#7 weltmtains abundai
tasmanites (Fig. 4.48Figure4.48 also shows the high detrital quartntentin the Sol
Carpenter H#7. Aossiliferous deposioccursclose to the top of the parasequein the

Sol Carpenter H#7 wellhich isabsent in the Adams SW#7.
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Figure 4.47. Lateral correlation of the GRP 10 of the Upper Ba®hete in three cored
wells: Adams SW #7 (ASW), Sol Carpenter Heirs #7 (SC) and JoherR& (JP). For
color index see Figure 4.6.

Figure 4.48. Photomicrographs showing the abundance of tasmanitegsjarr GRP 10
of the Upper Barnett Shale of (A) Adams SW#7 well at 6503.6 and (B) Sol CarpenterH#7
well at 7365’. Calcite is stained pink and Fe-Dolomite is stained blue.

Interpretation: GRP 10, an upward increasing gamma ray interval, marks the baginni
of Upper Barnett Shale deposition and the return of a clay mipeyaé environment
after the deposition of organic poor Forestburg Limestone. On a segaahegethis GRP

is interpreted as a highstand systems tract (Fig. 4.5).

GRPS 11: 7346.5 ft (2239.2 m) — 7317 ft (2230.2 m)

Vertical succession in Sol Carpenter H#7 wellThis GRPS exhibits an overall upward-
increasing Gamma Ray pattern comprising two upward deepeniagepaences: GRP
1la and b (Fig. 4.49). This interval contains several lithofacieadimg micritic/limy

mudstonendsilty-shaly wavy bed deposMicritic/limy mudstonas not found at all and

111



silty-shaly wavy bed deposwas not commotin the Lower Barnett Shale, suggestin

change in sediment source or depositional envirornr
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Figure 4.49. GRPS 11Gamma Ray and lithology profiles of Sol Carpentei7| For
color index see Figure@.

The two depositional paraseques consist ofalternate silty shaly wavy be
depositsand micritic/limy mudstonen the lower part of the parasequence which gr.
upward intosiliceous calcareous mudstoland/or siliceous non calcareous mudstc
(Fig. 4.49).

Detailed description:The baseof the lower parasequence is marked by a shar@ct

overlain by alag depositThis sharp contact is interpreted as a sequencedaoy The
interval just above this lag from 7346.5 ft (223%®) to 7333.5 ft (2235.zm) is
composed of an interdigitation micritic/limy mudstone deposindalternate silty shal
wavy bed deposité-ig. 4.49) suggesting frequent chanigedepositional environmer

The micritic/limy mudston is composed of authigenic carbondtaminatedmud, with
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large detrital quartz grains (~ 0.5mm), and scattered shglnfats. This lower part is
interpreted as a lowstand systems tract. The upper part ofl&G&RParasequence, up to
7329.7 ft (2234 m), consists dfliceous, calcareousnd overlyingnon calcareous
mudstondacies. This pattern of vertical stacking of facies suggestean relative sea
level with relative shallow water calcareous deposits beinglameby deeper water
siliceous deposits. This part is interpreted as a highstand systems gadtg)i
The base of the next parasequence (GRP 11b: 7329.7 ft (2234 m) - 7317 ft

(2230.2 m)) is marked by a sharp bas#lty shaly wavy bedleposit. This contact
between the underlying lower energy parasequence and the highgy, ecearser
grained facies marks the onset of the new parasequencsiltytshaly wavy bed deposit
is overlain bymicritic/limy mudstoneup to 7327.8 ft (2233.5 m), then I®jliceous

calcareous mudstorte the top (Fig4.49)

Lateral Correlation in other wells: This GRPS thins out before reaching the Adams

SW+#7 well. The lateral correlation of this GRPS in the John P#Bt@ould not be done

because the core is missing (Fig. 4.50).
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Figure 4.50. Lateral correlation of the GRPS l1thefUpper Barnett Shale in three co
wells: Adams SW #7 (ASW), Sol Carpenter H#7 (SQJ aohn Porter #3 (JFFor color

index see Figure 4.6.

Interpretation: GRPSL11, exhibits a frequent change in dsfiimnal energy conditior

and hence frequent change in lithofacOn asequence scale, the lower parGRP 1la

is interpreted as Bbwstand systems trawhich is overlain by highstand deposits (F

4.5). The upper parasequence, GRP 11b is similth lowstand deposits at the b

followed by highstand depos (Fig. 4.5).

GRP 12: 7317 ft (2230.2 n- 7281 ft (2219.2 m)

Vertical succession in Sol Carpenter H#7 we: This GRP consists can upward-

increasing gamma ray pattern (F4.51). It is composed mostly afternate silty shal

wavy bedand micritic/limy mudston lithofacies in the lower part of the paraseque

andsiliceouscalcareous mudstorat the top.
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Figure 4.51. GRP12 Gamma Ray and lithology profiles of Sol Carpe H#7. For
color index see Figure@.

Detailed descriptionThe base of this parasequence istaarp erosional surface (F

4.52). Alarge clast (Fig4.52) at the surface indicatésgh energyso the erosional
surface is a sequence bounc Alternate silty shaly wavy bedeposi overlies the
erosional surfaceMicritic/limy mudston overlies thesilty shaly wavy becdeposit.

Dolomitic mudstoneccursbetween thenicritic/limy mudstongFig. 4.9.).

Figure 4.52(a) Core picture of the erosional surface and Hatesclasi(circled) at 7317
ft (2230.2 m) andb) Photomosaic of the thin section picutes ofdiast.
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The upper part of this parasequence consistlickous, calcareous mudstone
The calcareous mudstone is rich in detrital quartz. Towardogheftthe parasequence,
detrital calcite grains become equally abundant (Fig 4.53a) $egwararked phosphatic
intervals occur towards the top of this parasequence, including one at ©2@P832.5
m) which is a reworked phosphatic ooid deposit (Fig 4.53b) and another at t7285 f
(2220.4 m) which also consists of reworked shelly deposit. This intsrwary rich in
uranium (14 ppm) (Fig. 4.9) resulting in high gamma ray values. ThisHad¢ can be

traced within most of the basin.

Figure 4.53: Photomicrographs of (a) siliceous, calcareous mudst@28iaft (2219.2
m) showing the high amount of detrital calcite grains (stained pibk)yhosphatic lag
deposit at 7291.8 ft (2222.5 m). The scale bar is equal to 0.1mm.

Lateral Correlation in other wells: Overall, the lateral continuity of this GRP is
variable. The vertical facies stacking pattern in all thwe#s follows a general trend of
deepening (Fig. 4.54). The lower part of the parasequence in ti&agmnter H#7 and

John Porter #3 wells compriséternate silty shaly wavy bexhdmicritic/limy mudstong
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however, onlymicritic/limy mudston is present in thédams SW#7 Upsection, there
are variable thicknesses micritic/limy mudstonan the John Porter #:and Adams
SW#7 wells. Dwards the top of the GRhot gamma ray interval occurs which can

traced in all three wellgFig. 4.54).

Interpretation: GRP 1. an upward increasing gamma ray parasequence, tai:
deepening upward succion and is capped by a high gamma ray peak at theThe
base of this GRP is marked by a sequence boun@ara sequence scale, the lower
of this GRP is interpretecs alowstand systems tract and the upper part is irgeegd as
a highstand systesrtract (Fig. 4.5, Pla 5). The hot shale at the top consists of rewo!
phosphatic ooids, shelly deposits and high aburelaicuranium cncentration. The

onset of this intervadt the togis interpreted as a transgressive surface of ar
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Figure 4.54. Lateral correlation of the GRP 12 of the Upper Ba®hete in three cored
wells: Adams SW #7 (ASW), Sol Carpenter Heirs #7 (SC) and JoherR& (JP). For
color index see Figure 4.6.

GRP 13: 7281 ft (2219.2 m) - 7249.5 ft (2.209.6 m)

Vertical succession in Sol Carpenter H#7 wellThis GRP is an interval with almost
constant Gamma Ray API value capped by a hot gamma ray pepk4(55). This
parasequence consists of almost equal proportiossi@@ous non calcareous mudstone
and siliceous calcareous mudstonghe siliceous, non calcareous mudstoiserich in
matrix-hosted phosphatic pellets (Fig 4.56a and b). The high gamma ray pealoptishe t
due to a phosphate-rich matrixsliceous non calcareous mudstaaned partly due to the

presence of a 2.5 inch thick phosphatic ooid deposit (Fig. 4.57).
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Figure 4.55. GRP13 - Gamma Ray and lithology profiles of Sobebaer H#7. For
color index see Figure 4.6.
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Figure 4.56. Photomicrographs showing the high amount of phosphdéts ggkllow
arrows) in the matrix in GRP 13 at (a) 7279 ft. and (b) 7250 ft. inCagbenter H#7
well. The scale bar is equal to 0.1mm.

Figure 4.57. Well developed, phosphatic ooid at 7252.5 ft in GRP 13.

Lateral Correlation in other wells: The stacking pattern of the lithofacies of this GRP
in the three wells and the reappearancenoh-calcareous mudstonghosphatic
lithofacies suggests a return of deeper conditions (Fig. 4.58). Thedngmaray peak is
present in the Adams SW#7 and John Porter#3 well (as noted from ridmeviog),

however, the core is missing.
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Figure 4.58. Lateral correlation of the GRP 13h& Upper Barnett Shale in three co
wells: Adams SW #7 (AS"), Sol Carpenter Heirs #7 (SC) and John PorterJ#3.For
color index see Figure@.

Interpretation: GRP 13overall marksa return of deeper water conditi, more like the
depositionakenvironmeniof the Lower Barnett Shale with tld@minantlithofaciesbeing

siliceous, non calcareous mudst andcalcareous mudstondhis GRP, like the Lowe
Barnett GRP igegionally extensive and the first parasequence in the Upper Bar
Shale which can be mapped for most of the studw, unlike all he underlying
parasequaces of the Upper Barnett St which thins out towardsthe south and
southwest of the study ar On a sequence scale, this GRP is interpreted

transgressive systems tract (Fig. 4.5, Pl).

GRP 14: 7249.5 ft (209.6 m) to 236 ft (2205.5 m)

Vertical succession in Sol Carpenter H#7 we This GRP exhibits an upwe-
decreasing Gamma Ray pati due toalternating silty shaly wavy bed dep« and

dolomitic mudstondFig. 4.59). The sharp contact at the base of this paraseq is
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interpreted as a sequence boundiThe GRPhas increased potassium and thor

content (Fig. 4.9).
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Figure 4.59. GRP14Gamma Ray and lithology profiles of Sol Carpentéi7! For color
index see Figure 4.6.
Lateral Correlation in other wells: The core section for this GRP is missingthe

Adams SW#7 and Jolrorter #3 wells (Fig. 4.60).
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Figure 4.60. Lateral correlation of the GRP 14haf Upper Barnett Shale in three co
wells: Adams SW #7 (ASW), Sol Carpenter Heirs #Z)&nd John Porr #3 (JP). For
color index see Figure@.

Interpretation: GRP 14 an upward-decreasing gamma ray patteropmposecmostly

of relatively shallow wateisilty shaly (wavy) bed deposit andiagenetic dolomiti
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mudstone and marks the culmination of the Barnett Shale deposition.s@guance

scale, this GRP is interpreted as a lowstand systems tract (Fig. 4.5,)Plate 5

Summary: In a complete section of the Barnett Shale, one lowstand, hilglestand, and
three transgressive systems tract were identified in theetL8arnett Shale whereas four
lowstand, four highstand, and one transgressive systems traddestiéed in the Upper
Barnett Shale (Fig. 4.5). The characteristics of the systemgts and important stratal

surfaces recognized in the Barnett Shale have been summarized (Table 4.1).

Table 4.1. Characteristics for recognition of key surfaces artdmsgdracts in the Barnett
Shale
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Hey stratal surfaces L
and systems tracts Characteristics

LUpward decreasing gamma ray intervals capped by resworked
shelly deposits, bottam current rewarked calcareous lamin ae
depasits comman.

Highstand systems
tract (HST)

YWidespread high gamma ray interval, in situ phosphatic deposits
Condensed section concentrated in laminae, rich in uranium content characterizing lowy
sedimentation and anoxic enwironment, high in arganic carbon.

Transgressive Abundant matrix-hosted phosphatic pellets in siliceous, non
systemstract (T3T) calcareous mudstone intervals, overall rich in uranium content,
almost no calcareaus component

Transgressive _ Fich in reworked phosphatic grains, often with winnowed shell
surface of erosian fragments, rich in uranium concentration, high gamma ray counts

High amounts of terrigenaus sediments constituted by silty-shaly
Lowstand systems . . ; )

(wavy) bed lithofacies andfor debris flows | low in gamma ray
tract (L=T) .

counts and organic carbon.

High energy depositional conditions, sharp erosional surface,
Sequence Boundary | commonly accompanied by large clasts, or base of debris flows,
sharp fall in gamma ray counts

Overall, the Lower Barnett Shale is thought to hbgen deposited in a more dis
part of the basin andence is dominated by relatively high sea leveke TUpper Barnet
Shale was deposited in a paralic setting whichharacterized by abrupt changes

depositional environment and is more sensitiveethraent accommodation and sup

4.4 Organic Gexchemical Parametersand Gas Content
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4.4.1 Organic Richness and RHP
Organic richness, which is measured by TOC content, was cechpath the lithology
description and the sequence stratigraphic interpretation for the four wells.

The lateral and vertical variation in the organic richnessngralled by changing
depositional conditions keeping in mind that the contributing Type Wbdesr organic
matter is the same for all the Barnett Shale (Pollagtral.2003). It is the changing
effects of inorganic sediment dilution and bottom oxygen conditions whiltlence the
organic richness of the sediments. Thus, the position of the facitbe idepositional
sequence will affect the source quality.

Plate 6 is a plot of the TOC wt % of the four wells with thighofacies
distribution. The positions of significant stratigraphic surfaces aystems tracts,
interpreted in the earlier section are highlighted. It is notetdntiagor shifts in the TOC
values occur at the sequence boundaries, transgressive suréaosioh and condensed
sections. A sequence boundary (SB) is marked by a fall in TQ{&sjatransgressive
surface of erosion (TSE) is marked by rise in TOC, and condens&dnséCS) is
represented by maximum TOC content. At the sequence scalecd@ént is low to
moderate in lowstand systems tracts, increasing to high inQ@ansgressive systems

tracts, and low to moderate in highstand systems tracts.

Relative Hydrocarbon Potential (RHP) is a parameter obtamoed the Rock-
Eval Pyrolysis data - (S1 + S2)/TOC; S1 is the free hydbora S2 is the hydrocarbon

potential, and TOC is the Total Organic Carbon. (S1+S2)/TOC vakases been used in
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the past (Fang et al., 1993; Knies, 2005) to characterize variation in the orgasi@fatie
depositional environment. As suggested by Fang et al. (1993), RHPadake cised to
determine the organic facies sequence based on the concept thateasimgeupward
pattern will suggest vertical change of organic faciemfthose characteristic of oxic to
those of anoxic conditions. In contrast, a decreasing-upward patteFoiMRl suggest
vertical change of organic facies from those characteristianokic to those of oxic
conditions. Knies (2005) has used similar data to determine clinciieed fluctuation
in the type of organic matter in interglacial and glacial sediments.

Similar deceasing and increasing patterns of RHP werew@ssen the RHP data
obtained for the Adams SW #7 well. These data were used to comiffatbe sequence
framework interpretations which were based on the sedimentolbgmacteristics and
inorganic constituents of the rock (Fig. 4.61). It was observed thatatiegtion in the
degree of oxic to anoxic condition as recorded by the RHP data trend lgaod
correspondence with the interpreted relative sea level fluctuadiosh sequence
stratigraphic interpretation. The depths with maximum anoxia are intervals
interpreted as condensed section and intervals with highest oxymeocatroborate with
the interpreted position of the sequence boundary (Fig. 4.61). At the seguale;el OC
content is low to moderate in lowstand systems tracts, inogedsi high TOC in

transgressive systems tracts, and low to moderate in the highstand gyastésns
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Figure 4.61. The plot shows correlation between the Total Or@aarizon (TOC (wt%),
Relative Hydrocarbon Potential (RHP) from Adams SW#7 well csemple
measurements and the parasequence, GRP depth assignment, eddevelsurve, and
position of the systems tracts for Adams SW#7 well. Good matobt&@ned for most
part The magnitude of fluctuations of relative sea level is not knowrs sotishown to
scale. TSE refers to Transgressive surface of erosion, ME&#num flooding surface,
SB — Sequence Boundary, LST — Lowstand systems tract, TST gregssise systems
tract, and HST — Highstand systems tract. Major shifts in gaoicial parameters tend to
occur at maximum flooding surfaces. For color code used in theys@ty column see
Figure 4.6. RHP data was provided by Gebrehiwet, 2008.

4.4.2 Gas content variation:

Vertical distribution of gas content (total, free, and sorbed)eveempared with the
vertical distribution of the lithofacies for two cored welldjoge gas content data were
available for the Lower Barnett Shale.

Gas in shales are stored as free gas in natural fra@ndesnatrix porosity, or
sorbed gas onto kerogen and clay-particle surfaces, or assgas/éd in kerogen and
bitumen (Curtis, 2002). Fracture porosity generally is low (tees 2% of the bulk
reservoir volume) (Jenkins and Boyer, 2008). It is important to deterimoth the
sorbed- and free- gas component for shale gas reservoirs. The arhtmiat gas for gas
shales can be obtained by canister desorption measurement in tiaéolgb@enkins and
Boyer, 2008). Furthermore, Langmuir isotherm measurements on copgaade direct
evaluation of the maximum adsorption capacity of gas by organiem{&byer et al.,
2006).

However, the gas content data used in this analysis are not obtairdicedty

measurements but are rather obtained from calculations madddorbed gas and free
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gas. Combining conventional triple combo and geochemical logs e.g. BhANKerogen
thus, organic carbon content can be determined which is utilizeddolatel adsorbed
gas (Boyer et al., 2006, Bartenhagen, 2066y free gas evaluation, effective porosity,
water saturation measurements from the logs are required.

Appendices A.4 and A.5 shows the Gas content for the Lower Barnéddt iSha
Sol Carpenter H#7 and John Porter #3 wells. Generally speaking, riagowmain the
lithology, which ultimately controls the intrinsic porosity, is likéb/control the free gas
and the variation in the amounts of organic matter will control sbebed gas.
Appendices A.4 and A.5 shows that organic rich shales i.e., non calsarealstones
rich in phosphatic deposits are the intervals with high gas shadsthe intervals
composed of high calcite lithofacies i.eoncretions, reworked shelly depositsd
calcareous mudstones with high calditbofacies are the intervals with low gas shows.
However, the intervals pointed by red dash arrows in Appendices A.4 ando/bt

have good correspondence with the above mentioned conclusions.
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Chapter 5

Regional Mapping of Gamma Ray Parasequences

The gamma ray profile has been used in the past for regionalatiomen several shale
formations (Van Buchem et al., 1992, Schieber, 1998). The precedingnssttiws that
systematic vertical stacking pattern of the facies, forntlst part, correlates with the
cyclical gamma ray profile: i.e. upward-increasing intexvapward-decreasing intervals
and intervals of constant gamma ray APIl. These Gamma Regsdjuences thus,
provide a means to regionally map these stratigraphic intervaladored wells within
the study area.

Comprehensive geologic maps of the Barnett Shale have not beemgdbliie
available maps are general broad in nature and encompass thaepheairextent, total
thickness and stratigraphic relations of the Barnett Shalk thié underlying and
overlying formations. This section provides detailed maps of varioussgguences
within the Barnett Shale and Forestburg Limestone using the gaaywmareline logs for
Newark East field and the adjoining areas. The total number of cquimts (vertical
wells) selected for mapping was 602. The biggest challengghdocorrelations outside
Denton and Wise counties is the scarcity of vertical welRarker and Tarrant counties.
As the play has expanded outside the ‘core area’ (Hayden andl,R2088) of the basin,

more horizontal wells are drilled in preference to vertical wells.

129



Wireline log cross-sections were also prepared for determandglemonstrating
the lateral correlation and variations in interval thicknessegu(&i5.1). The cross
section (Fig. 5.1) and the thickness maps (Fig. 5.2) show that ther [Barnett Shale
thins gradually to the west-southwest; however, most of the Uppaenett and
Forestburg limestone thins out completely to the west-southwelse istiidy area. Fig.
5.2 A displays the location of faults and graben linear structulta®deto the Mineral
Wells-Newark East fault system. These structural elesnesmtre later overlaid on the
thickness maps of GRP and GRPS to determine the possible corghalabiiral features
on the depositional pattern.

Figure 5.3 shows the Gamma Ray Parasequences composing the lnower a
Upper Barnett Shale in Sol Carpenter H#7 well. As statedeeathe Lower Barnett
Shale is composed of 9 parasequences/parasequence sets and théddpeeris
composed of 5 parasequences/parasequence sets in most of tharearef the basin.
Most of these parasequences/parasequence sets are continuous asltlen@amy the
study area. However, towards the south and west of the ‘ca® most of the Upper
Barnett Shale Gamma Ray Parasequences (#10, #11 and #12), Folestsiogne and
the uppermost Gamma Ray Parasequence of the Lower Barnett(®athins out (Fig.
5.1). Mapping of these Gamma Ray Parasequences has reve@#ionsain thickness

trends and orientations among them.
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Figure 5.3. Gamma Ray Parasequences of the Uppdtamer Banett Shale in the S
Carpenter H#7 well.

The lowermost parasequel set of the Lower Barnett Slea GRPS 1 (Fig. 5.2
exhibits a northwestesitheast trend of thickness (Fi5.4A). This trend has bee
reinforced by the lithofacies study which suggehat during this time of deposition t
land/source area was in the west/southwest direcB&®PS 2 thins in the south direct
and exhibits a shifting thickness trend from nombtv(observed also in GRPS 1)
northeast (Fig. 5.4 B). This possibly susts a shifting source area which very v

corroborates with the type of sedimentation obskudy in the easternmost John Po
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#3 well for this interval; here a high number of concretionaryvatsrrich in calcareous
(replaced?) spicules are present. This suggests that thissgressibly proximal to the
source area. The younger parasequences (Figures. 5.4 C, D, 5.5 A, Bn@,535 A)
are, in general, thickest in the northeast. However, for GRP #4 @nduses. 5.4 D and
5.5 A) another thickness trend occurs in the southeast part aboseuth Parker and
Johnson county. GRP #6 is thickest in the northeast and thins in the nortndes
southeast part of the basin (Fig. 5.5 B). GRP #7 is thickest in theeasttand thins in
the west and southwest direction (Fig. 5.5 C). It consists ofif@arl sinuous thickness
patterns (oriented northeast-southwest) through the middle of tihe O&ese linear
thickness trends could be due to the periodic accommodation createdchiyation of
basement Mineral Wells-Newark East fault system (Poflasttial. 2007). The northeast-
southwest trend of faults in this area (Gonzalez, 2005; Borges, 28@1gIgtaligns with
the thickness trends. GRP #8 is thickest in the northeast; howleser,is a very abrupt
decrease in thickness further out (Fig. 5.5 D). This GRP is iaudoecause it marks the
onset of a dominant northeast sediment source area not only for this parasequence, but for
the overlying parasequences (GRP #9, Forestburg Limestone, 10, 11, and 12).

As discussed earlier, studying the sedimentation pattern fiodheored wells, it
is thought that the sites of increasing thickness indicatehlibatediment source area for
those intervals were towards those respective direction. Thugrapssed that for GRP
2 through 9, the northeast area was the major sediment source #nesapart of the
basin (study area). A similar source area was suggestedrggd(2007) for a small area

within this dissertation study area. Contribution from a southeaste is also likely
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(GRP #4, 5, and 7) but remains to be verified witored well in south Tarrant, John:

counties.
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Figure 5.4. Thickness maps of (A) GRPS 1, (B) GRPE) GRP 3, and (D) GRP-.
The cored well locations are marked as (Sugar Tree #1), ASW (Adams SW#7),
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(Sol Carpenter H#7) and JP (John Porter #3). Contervals are shown in fee(Also
refer to Appendix A.6)
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Figure 5.5. Thickness maps of (A) GRP 5, (B) GRRG,GRP 7, and (D) GRP The
cored well locationsra marked as ST (Sugar Tree #1), ASW (Adams SW&C)(Sol
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Carpenter H#7) and JP (John Porter #3). Contoanvals are shown in fe¢(Also refer
to Appendix A.6)

i
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Figure 5.6. Thickness maps of (A) GRP 9, and (BeBiburg Limeston¢The cored well
locations are marked as ST (Sugar Tree #1), ASWaiidsdSW#7), SC (Sol Carpen
H#7) and JP (John Porter #3). Contour intervals sirewn in feet.(Also refer to
Appendix A.6)

The Forestburg Limestone reaches a thicknesover 250 fee (76 m) near the
Muenster Arch, but thins rapidly south and wesiWige and Denton counties (Fi5.6
B). A similar pattern of rapid thinning outsicof Wise and Dentolountiesis observed
for most of the UppeBarnett Shalt As mentioned earlier, for the span of GRFhrough
12, deposition occurred mainly in the Denton andséVcounties with almost

deposition in Parker and Tarrant counties(5.6 A Bn&.7 A, B, and C)However, the
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upper part of the Upper Barnett Shale (GRP # 13 and 14) anadlyi extensive (Fig. 5.7
D and E).

GRP 13 exhibits a rough linear thickness trend which thins both inattilewest
and southeast directions. The uppermost GRP 14 of the Upper Barnett \8Bhiah is
composed of only lowstand deposits in the Sol Carpenter #7 core, sugegesis.
northwest-southeast source area direction (Fig. 5.7 E)

Thus, the thickness maps of the parasequences and parasequecoasétgjng
the internal stratigraphy of the Barnett Shale, suggests tthaepositional history is
dynamic and that there has been a reversal in sediment sour@ulitrough time,
there have been periods of time and areas of non deposition. The theeds of
thickness could be suggestive of the impact of possible recurrent movehiditeral

Wells-Newark East fault system.
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Figure 5.5. Thickness maps of the GRP 10 througl{Aldo E) of the Upper Barne
Shale.The cored well locations are marked as ST (Sugee #4), ASW (Adams SW#7
SC (Sol Carpenter H#7), and JP (John Porter #3)tdDo intervals are shcn in feet.

(Also refer toAppendix A.€)
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Chapter 6

Discussion, Conclusions and Recommendations

5.1 Discussion and Conclusions

Detailed lithofacies analysis has revealed both complex ariid sgdimentation patterns
indicating systematic changes in depositional environments and preodbssegh the

time interval represented by the Barnett Shale. In the past, the he&tpge mudstones
and shales has been explained only by organic productivity and aobaigges.

However, this dissertation demonstrates that variations in the asnandt type of

sediments, variation in accommodation space, etc. also play cagifioles in the

deposition of gas shale. Equally important is the demonstration thatssitaessions can
be placed within a sequence stratigraphic framework. The folloggntjon summarizes

the findings of this work:

Lithofacies:

Detailed analysis of physical, mineralogical, chemical amdbgical characteristics of
continuous, long cores has led to the identification of nine lithofatig®e Barnett Shale
within the study area: 1) Siliceous, non-calcareous mudstone, 2@0Bsiccalcareous

mudstone, 3) Micritic/Limy mudstone, 4) Bottom current calcareoushkandeposit, 5)
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Reworked shelly deposit, 6) Silty-shaly (wavy) interlaminateobd#, 7) Concretion, 8)
Dolomitic mudstone, and 9) Phosphatic deposit. The various components thaiseompr
these facies are allochthonous detrital sediments, autochthonoug eldignents, and
chemical precipitates. The depositional and diagenetic textekeslra considerable
variation in depositional environments and processes through time, from vepter
deposition of low energy, muddy facies (such as siliceous, non-ealsamudstone,
siliceous calcareous mudstone, and micritic/limy mudstone) to higigyefecies (such
as phosphatic shelly lags and silty-shaly (wavy) interlaminated mudjstones

The lithofacies exhibit cyclical stacking patterns. Genbytgalated lithofacies occur
in close association according to their depositional environment. Commongjtu
phosphatic deposits and bottom current calcareous laminae depositsviblcciliceous,
non-calcareous mudstone and reworked shelly deposits occur withecalsanudstone.
The earlier assemblage of lithofacies represents rehatiledper water whereas the later
assemblage represents relatively shallow water depositional environment.

The wt% TOC values for all the lithofacies in the cored welse analyzed, and
revealed that phosphatic deposits and non calcareous mudstone lithbaoeeshe
highest organic richness and the two diagenetic facies (i.eretmmc and dolomitic
mudstone) and silty-shaly (wavy) bed and micritic/limy mudstame TOC poor
lithofacies.

The gamma ray log response of these lithofacies suggests that cfothem,
including phosphatic deposits, bottom current calcareous laminae deaonditgolomitic
mudstones with reworked shelly deposits have distinctive gammaesgpnses. The

interval rich in phosphatic deposits exhibits a spike in gammaesponses with values
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close to, or over 300 API (wireline gamma ray log); those inkerieh in bottom current
calcareous laminae deposit exhibit serrated gamma rapnes with values ranging
around 80-100 API (wireline gamma ray log). Dolomitic mudstone emdrked shelly
deposit exhibit an upward decreasing gamma ray response with aedues 60-70 API

(wireline gamma ray log).

Parasequences:

The identification of systematic and cyclic stratal stackpadterns of the lithofacies
coupled with the gamma-ray log patterns led to identificationhofe parasequence
types: upward-increasing Gamma Ray Parasequence, upwaeaslegr Gamma Ray
Parasequence and intervals of constant Gamma Ray Parasedquessm.intervals are
bound by gamma ray kicks or log-based maximum flooding surfacesfdrethey are

true parasequences (Van Wagoner et al. 1990). A parasequence boacdady an

increase in accommodation and separates strata deposited in weégre low energy

conditions from those deposited in relatively shallow water, higinergy conditions

(Bohacs, 1998). The Lower Barnett Shale is composed of nine Gamma

Parasequences and the Upper Barnett Shale is composed of five aGRayn

Parasequences. Unlike siliciclastic and carbonate systemsnilegppward (upward-

increasing) Gamma Ray Parasequences are common, alongheiththter types of

parasequence in this marine setting.

143

Ray



Sequence Stratigraphic Framework:

The stacking pattern of the Gamma Ray Parasequences (GRAhgsmed below)
indicates a considerable variation in the depositional history of #reeB Shale as
evidenced by temporal and spatial lithofacies variability and irstpifof dominant
sediment source areas with time. Systematic, cyclic siqakiparasequences has led to
the identification of the parasequence sets which constitute skenss/ tracts. Upward-
decreasing Gamma Ray Parasequences, which are composed ofl-dporaasing
amounts of clay and phosphatic sediments accompanied by incredsicighainous
calcite grains, capped with reworked shelly deposit are indécat upward-shoaling of
the depositional environment during gradual fall in relative sea, lamdlthus comprise a
highstand systems tract. Lower parts of upward-increasingn@aRay Parasequences
are underlain by sequence boundaries, representing higher energioosndnd consist
of allochthonous detrital sediments of a lowstand systems tractespfiead in situ
phosphatic rich mudstone intervals, rich in uranium content are assbaordth
widespread slow sedimentation in an anoxic environment represertatramsgressive
systems tract.

The cyclic pattern indicates sufficient variation in lithofacasl depositional
conditions of the Lower and the Upper Barnett Shale so they caonsalered in terms
of processes that control detrital sediment supply and accommodatidhe Ipast,
variations in vertical distribution of successions within shale® le@en very frequently
characterized solely on the basis of variation of organic contentuantdation of oxygen
deficiency (Herbin, et al. 1993; Chandra, et al. 1993). However, thelases aorrelation

between fluctuation of bottom water oxygen concentrations and tiaimarof detrital
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sediment accumulation, accommodation which ultimately influences pratucnd
preservation of organic matter. The strong correspondence betwdéhdfaeies-based
interpreted relative sea level curve and the oxic-anoxic i@riabtained by the Relative
Hydrocarbon Potential (RHP) measurement organic material 4F1§) supports this
relationship. Thus, a sequence framework such as this can be useditd §ve source
guality of a shale formation.

The Upper Barnett Shale depositional lithofacies exhibit a pageticng which is
characterized by abrupt change in depositional environment, frequatigraphic
interruption in deposition and/or change in depositional energy conditions. Jétéags
are more sensitive to sediment accommodation and supply (Bohacs, 1998)pgdére
Barnett Shale contains more silty-shaly (wavy) beds and micriticiihudstone deposits.
Three possible sequence boundaries are documented for the Uppet Bagiet.5,
Plate 5).

Only one sequence boundary was identified in the Lower Barnete.SAa
relatively deeper water setting is interpreted during depaosif the Lower Barnett
Shale. Lower Barnett parasequences are best identified bgallgrstacked cycles of
low energy phosphatic shales with high energy, reworked shelly degosmed in
response to a gradual lowering of relative sea level.

A gradual change in dominant source area from the west-sotttonestheast is
recorded primarily by changes in allochthonous detrital sedimentsding detrital
qguartz and calcite content, and debris flows through the Lower B&in&let. The Upper

Barnett appears to have been sourced mostly from the northeast.
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Regional distribution of Gamma Ray Parasequences:

The GRP provided means to regionally map these stratigrapbieals using both cored
and uncored wells in the study area. Thickness maps of the nine &dRam
parasequences in the Lower Barnett and five in the Upper B&ingt, reveal changing
thickness patterns and areal extent. Sites of maximum parasedineciagess are

indicative of the proximity to the sediment source area.

Thus, by integrating several attributes and scales of obsery&tom logs to subsurface
cores to thin section and incorporating geochemical parameters,stinly has
illuminated the nature of the Barnett Shale depositional systeenstlidy also provides a
workflow (Fig. 6.1) for systematically constructing a sequencgigtaphic framework

for mudstones of similar setting.
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The study shows that marine shale depositional systikespther carbonate ar

siliciclastic systems, are controlled by processes and micha that can be explain

within a sequence stratigraphic framework. Suchaméwork has general application
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identifying source, reservoir, seal rocks as well as predianganic-richness variation

within a depositional sequence.

5.2 Recommendation

1. Suggested future work includes a similar study in the southerantand Johnson
counties to extend the stratigraphic framework and also to help understaeddtes for
increased thicknesses of GRP #4, 5, 7 and 14 in these directionsthé/igxhaustive
drilling in the ‘core area’ and the recognition of Johnson county afhi@nstveet spot

(Hayden et al. 2005), the extension will be well worth the effort.

2. Biostratigraphic characterization for the Barnett Shalereisommended. The
development of a sequence stratigraphic framework for the BaBhete can now
provide a structure for construction of a general chronostratigréaimework by using
the significant key surfaces and the time-transgressive naftliteofacies and surfaces
across the basin. Thus, a chronostratigraphic framework will ngthatp to fine-tune
the stratigraphic framework which is currently based on lithefagertical successions,
but will also address the cyclic pattern of the depositional sequeckuding possible

water depths.

3. This dissertation provides a methodology for geological cleraation of other gas
shales and mudstones. It is clear that an integration of geochemmacacteristics (such
as biomarker, RHP, and TOC) reinforces the depositional environmtenpreted from
lithofacies characterization. It is therefore suggested fbatfuture cored wells,

geochemical data be included as part of the characterization.
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4. The thickness trends of the GRP above and below Forestburgiammdsllows that
of the Forestburg Limestone. It is hence recommended that Foreditiesione be
studied in detail as it might further shed light on depositional conditions during tbd per

of its deposition.

4. The stratigraphy established in this study needs to be it@dgnath 3D seismic
studies to evaluate the level of possible resolution of parasequincespping in

lightly drilled areas.

5. Construction of models integrating the geologic framework developed in this study and
other petrophysical parameters to predict the rock units astots and those more

susceptible to fracture stimulation is suggested for future research.
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Appendix A.3.

Upward constant Gamma RayParasequence
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Appendix A.4.
Gas content of the Lower Barnett Shale of Sol Carpaer H#7
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Appendix A.5.

Gas content of the Lower Barnett Shale cJohn Porter #3
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Appendix A.6.

Thickness maps of GRP and GRPS with well control ations
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