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Introduction

Two broad types of petroleum systems are being exploited in the United States, and
elsewhere across the globe todayonventional and unconvention&dllastro, 2003).
Unconventional reservoirs containing both oil and gasanentlythe center of attention in
numerous petroleum basins in the United States. It was the pioneering success of drilling and
completion techniques (horizontal drilling angdraulic fracturing) by Mitchell Energy and
Devon Energy that paved the way for a werldss unconventional gas play, tharBett Shale in
the Fort Worth Basin. The Fort Worth Bagra shallow basin, elongate from north to south,
extending through ndr-central Texa (Montgomery et al2005) With the recent success of
completing economic wells in this unconventional reservoir Barnett Shale has been deemed
Afone of the most I mportant uandcSkath 20&0)and has a |
fueled explorationn similar playsthroughout North America (Singdt al, 20().

Since significant production of the Barnett Shale came online in 1993, approxid@atly
TCEF (trillion cubic feet) of natural gas habeen produced from the Barnett X&s Railroad
Commission, 2018 Discovered by George Mitchell in 1981, the Newark East Field, which
produces hydrocarbons from the Barnett in the northern part of the bame, afthe largest
producinggasfieldsin theU.S.behind the Marcellus and Haynesville Sha@ieducing from
twenty-four different counties in norteentral TexagTexas Railroad Commission, 2013
According to the Texas Railroad Commission, a8l 16, 2014 17,546 wells have been
drilled and compted in the Barnett Shaile theNewark East field of th€ort Worth Basin
With the canbination of favorable economand technological adwaes in drilling and

completion methodm the Barnett Shale there is now an increased intanesactivityin



exploring for and developing othsimilar unconventional shale gasservoirgCurtis, 2002),
and more recentlglue to a stable market prichale oilreservoirgFigure 1).

Unconventional petroleum systems are continuous accumulatidvysiro@rbonsthat have
not been expelled and migrated to conventional reservoirsdanbonaceousiudstones due to
the finegrainednature and low permeabilitf the sourcerockUnconventi onal pl a
contained souesr e ser voi r s yaeatal,e008).0Thds@ioclude stmle neservoirs,
coalbed methane deposits, and accumulations that are separate from the water column and not
affected by buoyant forces (Curtis, 2002; Schmoker, 2002). The Barnett Shale is a continuous
type accumulation. Stratathin the formation act as the source, reservoir, and seal (Pollastro,
2003). Continuous type accumulations extend over large areas, have source rocks either
associated or within the reservoir rocks, and are pervasively charged with gas and/or oll
(Schmoke, 2002). Gas and liquid petroleum generated from the Barnett is the product of a
complex thermal history (Breyer et,@2012). The necessary thermogenic conditions to generate
hydrocarbons are achieved when the organic rich material within the sockads eitheiburied
to a depth where geothermal heat and pressure have converted the kerogen to hydrocarbons or
the source rock has been exposed to hot fluid flow (Jarvie et al.,.2007)

Shale reservos with carbonaceousch mudtoneshave long been viesd ashomogenous,
widespreadind highly continuous (Loucks and Ruppel, 2007jrue, this would suggest the
lithology comprising the Barnett Shale lacks variation throughout the eoftém¢ Fort Worth
Basin However, Breyer et al. (2012) propose that the sedimentary packages in the Barnett are
highly variable and cannot be correlated across the bakis.suggests that the Barnetmsich
more hetergereousthan previously assumehd the facies within itary stratigraphically and
geographically (Breyer et al., 2012)lost of theearlyactivity and production from the Barnett

Shale is from areas of the basirthie dry gas window. Despite a surge of interest in shede
2
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Figure 1: Map of the United States map showing the currently active shale oil and
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reservoirsmodern sedimentologic and petrographic studies of #raddt Shale in the Fort

Worth Basinare relatively few in number. Detailed works on the Barnett that have been
publishedPapais, 2005Bunting, 2007 Hickey and Henk2007; Loucks and Ruppg007;

Monroe, 2009Singh et al.2009; Slatt and Abouelresk012), but only from the gagenerating
window. Declining gas prices have led producers in the basin to shift their exploration efforts
and drilling activity to the northern portion of the basin wheresttadeis in the oil window
EOGRsources has coi nedonbhoe RIeargitvintfdeawhictelstet Sh a
located along thaortheastermostedge of the Fort Worth BasirEOG and Pioneer Resources

are the major operators that are currently active in drilling and completing oil wells in the Barnett
Shale in Cooke and Miwague countiesA detailed analysis of a Barnett core from the oil
generating widow in the northern Fort Worth Badias yet to be publisheddowever, n order

to identify, target, an@xploit this tight (low permeability and porosity) resenamd drill

economic wellsit is necessary to understand liti@ology and thedepositional and diagenetic

history of the shale in the nogim portion of the basinThus, detailed studies of core taken from

the oilgenerating window will be important farther development of hydrocarbons in et

Worth Basinand other similar basins elsewhere.

The present study provideslatailed analysis of a Barnett Shale core recovered from a well
in the oil window in the northerRort Worth Basin Thewell is the Dangehayr A#7 that is
located near the Muenster Arch in Cooke Co., Texastdras been provided to TCU IBOG
ResourcesThe core is continuous, 7626 (232.4 m)n length, and is from the lower member
(below the Forestburg Limestone) of the BatnMacroscopic description includes noting of
color, grain size, sedimentary structures, diagenetic feasirastural deformatigrand
fracturesobservedn the core.Thin section photomicrographs are also used noting grain size

composition anddiagenetic features to aid in identifying different facies. The core description is
4



tied to well logs and is a critical component in establishistyadigraphidramework. A series

of well log cross sections and maps are used to define the distribbitiertical and lateral

facies throughout the study area. To indicatganic type and maturity, Rodkval pyrolysis and

®® log R methods are utilized. The resul ts s
diagenetic history of the Barnett Shalghe northern part of the basin. It also provides clues to

help understand oil production from this petroletah unconventional reservoir.

Geographic and Geologic Setting
TheFort Worth Basinlocated in nortftentral Texas, is a norgouth elogated basin covering
approximately 15,000 (38,850 km?2) (Montgomery et al., 2005). The basin is limited
strucurally to the west by the Bendréh, to the south by the &ho Wplift, to the east by the
Ouachita Thrust 8lt, and to the north by the Redver and Muensteirches (Walper, 1982)
(Figure 2). The axis of theort Worth Basirparallels theviuenster Ach and then bends south
to parallel the Ouachita structural front (Jarvie et281Q7). TheFort Worth Basiris wedged
shaped Basin fill thickens and deepens to ti@rtheast against the Muenstech where it
reaches a maximum thickness of about 12,000 feet (3,658 m) (Montgomery et al., 2005).
TheFort Worth Basins one of several foreland basins formed during the Paleozoic
Ouahitaorogeny, which created the accommodation space by causing relative sea level rise and
crustal downwarping (Loucks and Ruppel, 2007 was formed by a collision&ctonic event
involving thrustfold deformation during the collision and formatidintlee supeicontinent
Pangea (Walper, 1982From the Cambrian to the Ordovician, the area that is noWwdfte
Worth Basinwas part of a stable cratonic shelf with deposition of mostly carbonBbes.
Barnett Shale was deposited on top of the Ordovigllnburger unconformity during the

formation of the foreland basin and a local flooding event in the late Mississippian (Adams,
5
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1954; Henry, 1982; Pollastro et al., 2007). Paleogeograpbtonstructions for the
Mississippian show thEort Worth Basiras a relatively deep basin caught between two
approaching paleocontinents, Geraha and Laurussia (Blakey, 2Q1Bigure 3. This inland
seaway occupied what is now the southern margiheoUnited States. The seaway was
bounded on the west by a shallow water carbonate (iedippel Belf) and to thesouth and

east by an island a{€aballos Arkansas Islandré) (Loucks and Ruppel, 2007)These two
regions form the dominant sedimeource areas for thEort Worth Basin Hemipelagic plumes
and density flow$rom the Chappel shelf probahtyovided carbonate debris to the basin and the
CaballosArkansas Island & was most likely the provenance for the terrigenous clay to silt
sizedsediment such as quartz and feldsgaosicks and Ruppel, 2007). Loucks and Ruppel
(2007) suggest that the circulation of the ocean within the seaasprobably restricted, which
is the reason for anoxic conditions evident in the Barnett strata. The degpths are difficult to
define with certainty. Loucks and Ruppel (2007), estimate that the water depths during the

deposition of the Barnett were between #00122 m)and 700 ft (213 m)

Stratigraphy and Deposition

The Barnett Shale was deposdiiae the Missisgppian when the Laurussian pat®ntinent was
flooded after a long period of exposure in the middle Paleozoic (Kier et al., 1980). Within the
basin, the Mississippian Barnett Shale ifitegers withandoverliesthe Mississippian Chappel
Limestone (when present), Ordovician Viola Linweee, Simpson Grouand EllenburgeGroup
with a major unconformity where the Silurian and Devonian are ngigZinao et al., 2007)The
Barnett Shale is overlain conformably by carbonates and stiaies Early Pennsylvanian
(Morrowan) such as the Marble Falls Limestone (Kier et al., 1980; Henry, (Fi8Rje 4). The

basin contains,800-5,000 ft (1,220m-1,520m) of lower Paleozoisediments



Figure 3. Paleogeographieconstruction of the two palemntinents converging durit
the Late Mississippian (~325 Ma). Approximate extent of the Fort Worth Basin is
indicated by the red polygon. Modified from Blakey (2013).



and 6§000-7,000 ft (1,830m-2,130m) of Pennsylvanian clastics and carbosgMeckelet al,

1992). The Simpson @up and the Viola Limestone are only present in the northeastern portion
of the basin (Bowker,@2). The Ellenburger Growpopout aroundhe Llano Uplift and is

9,000 feet (2,74tn) below sea level at the Muensterch (Breyer et al., 2012)Across the

northern extent of thEort Worth Basinthe Barnett interval can be divided into two units called
the upper and lower Barnett. The Forestburg Limestone, arzdebonit, divides #interval

(Loucks andRuppel, 2007). In the deepest part of the basin, where the Barnett deposition is
greatest, the Barnett is interbeddeth thick limestone units (Pollastro et al., 2007). Bowker
(2007) who analyzed core, statbdt the interbedded limestone units are-swaine debris

flows that most likely came from a provenance north of the present basin center in southern

Oklahoma.

Structure

TheFort Worth Basircontains both major and minor faults, folds, fractures, anst teatures
(Montgomery et al., 2005)The eastern rim of the basin contains thfoit structures where the
Laurussia and Gondwana paleodoents collided (Walper, 1982However, faulting associated

with the thrusting of the Ouachita fromttheFort Worth Basins minorasit he basi n i s
essentially a ramp dipping il1992p Basenegrihwived er t h
reverse and strikslip faults exist alonghe southermarginsof the Red River and Muenster

Arches (Henry, 1982)Henry (1982) suggestedat faultingin eastern Montague and Cooke
Counties near the Muenster and Red River Arches has removed the er@enpsglvanian

recordand a minimum of approximately 1,000 ft. (300 m) of the Barnett Skdléhe Muenster

Arch, Precambrian granite, schist, diorite, and diabase are overlaind{&anhsylvanian

clastics (Flawn et al., 19%.1 The southwestern flank of the Muenster Arch is the Saint
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Element, which consts of two parallel high angle reverse faults that are approximately two
miles (3 kilometers)apart(Henry, 1982). The northeasterly fault juxtapoBescambrian strata
against Orduician aged strata and the fault to Huthwest causes Ondoian strata to subcrop
opposite Barnett and Marble Fall@fnations marking the northeastern limit of the Barnett
Shale(Figure 9.

One of the more prominent faults along the northern end of the basin is the Mineral Wells
fault, which is a northeasioutwest structure bisectirtge Newark East fiel{Montgomery et
al., 2005). The Mineral Wells fault is a basement feature that does not seem to teaéelete
Muenster or Red Rivermhes or thrusting along the Ouachita front (Montgomery et al., 2005).
However, this feature played a major role in the depositidmadacteristics, thermal history, and
hydrocarbon migration in the northern part of Boet Worth Basin(Pollastro, 2003). The basin
alsocontains higkangle normal faults and graben featuted existin the southern portion of

the basimand arerelated o the Llano uplift Montgomery et al., 2005).

Previous Work

In the last few years, there has been an increasing interest in the Barnett and other
unconventional resource playBollowing the development, several other oil and gas plays have
emerged and have proven successful not only from the production of natural gas but, more
importantly, mixed oil and gas. Some of the more recent oil plays from unconventional
reservoirs inlude: Bakken (North Dakota), Eagle Ford (South Texas), Utica (Ohio), Avalon
(Southeast New Mexico), Bone Spring (Southeast New Mexico), and Wolfcamp (Delaware and

Midland Basins). Each of the aforementioned plays igughand different and requires
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individual study to become a successful unconventional resource play. Even within a particular
play or basin, an unconventional reservoir can vary considerably depending on the geographic
area of the basin the reservoipresent because of differing structural and thermal histories and

source provenances during depositibrgure 6).

Loucks and Ruppel (2007) investigated the lithofacies and depositional settings of the
Barnett Shale in thEBort Worth Basirusing core studies integrated with winee log data.
Their study was based oore from four different wellsThree of the cores were from the
northern part of the basin in Wise CoufDevon Energy Adams Southwest #7, Mitchell
Energyi Blakley #1,and Mitchell Energy T.P. Sims #2and the other core was from the
western part of the basin in Erath Cou¢@jties Servicé St. Clair #1) Their mainobjectives
were to define and describe the depositional setting and diagenesis of the Bhraett.
depositional facies from the four cores were describeldminated siliceoumudstone?)
laminated argillaceous mudstone, &)dkeletal argillaceous lime packstorighe siliceous
mudstone is the most common lithofacies in the upper and lower shaleensenfithe Barnett.
It is composed of lime and s#ize carbonate fragments in a matrix of argillaceous material and
cryptocrystalline quartz. Skeletal packstone was found in both the upper and lower members
but is more dominant in the lower one. ktka and Ruppel (2007) also noted concretions and
hardgrounds, formed when sediment on the seafloor was lithified before being buried.
Hardgrounds are common in the upper and lower members of the Barnett, but are not found in
the Forestburg Limestone. TRerestburg Limestone is composed almost entirely of laminated
argillaceous lime mudstone and is also present in thinner intervals of the lower Barnett.
Papais (2005) usedutcrops, foucores (Mitchell Energyi T.P.Sims#2, Cities Service

St. Clair #1 Devon Energy Adams Southwest #7, and Rife Eneigiglish #1 (rotary

13
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sidewall core)), and thin sections, as well as bsuattered electromd cathodoluminescence
microscopyto characterize the lithology of the Barnett Sha#e recognized five different
lithologies in the Barnethcluding 1)black shale2) silt-rich black shale3) coarsegrained
accumulationgontaining calcite and phosphateh varieties4) calciterich mudrock grading

into limestone, an@) concretions.Grain types were also identified and categorized as being
either extrabasinar intrabasinal particles. Paps (2005) research conclesithat the Barnett
Shale contains a variety of lithologies that are a result of important environmental varisgons.
also concludes that the distribution of the variety of lithologic types aid in the understanding of a
regional environmental/stratigraic model which can be further linked to mechanical properties
(Papazis, 2005thatare critical in identifying horizontal targets abeneficial to well

completion pactices

Hickey and Henk (2007) recognized six lithofacies in the sections from tlee powion
of the core from Mitchell.P. Sims#2 well from Wise County, TexasThe most common facies
includel) organicrich black shale with a micropeloidal textugd fossiliferous shale3)
phosphatic shalel) dolomite rhomb shal&) dolomitic shale, an@) concretionary carbonate
In this corel) black shale and) fossiliferous shalarethe most commonTotal organic carbon
values were measured for each rock type\aaried by a factor of nearly twiblickey andHenk,
2007) Depogion of the recognized lithofacies is attributed to suspension fallout, sediment
gravity flows, and microbial alteration of organic matter.

Singh et al. (2009) andlatt and Abouelresf012)bothprovidea detailed stratigraphic
analysis including physical, chemical and biological characteristics of the Barnett in core from
the northern parof the basin. They identifienlithofacies which includel) siliceous non
calcareous mudstong) siliceous calareous mudston&) micritic/limy mudstone4) bottom

current laminae depodgitalcite rich laminae deposddorizontal and parallel to beddin)

15



fossiliferous deposi6) silty-shaly interbedded deposi) phosphatic deposi8) dolomitic
mudstone9) resedimented spiculitic mudstoramd10) concretions. Slatt et al. (2008)ggest
that the lithofacies are genetically related and present cyclical stacking patterns controlled by the
depositional environmentsSlattet al.(2008)identifiedand generated isopach maps of nine
gamma rayntgpanasegude | gewenmaBanrwyetitpaamd efqiu\ee
Upper Barnett. In subsequent journal articles, Sladt Abouelresii2012)usethe term gamma
ray fApatternso fpbhaseghamcgamma r ay

Bunting (2007) conducted a dded petrographic analysis obre from the EOG Two
O-Five well in Johnson County, Texas. Five distinct facies were idenéfiddiescribed:
laminated siltyclaystone to siltstone, limey layers composedadfitic material, concretions,
compacted silt to sand size shell fragments, and darkiclaynudstone. Bunting (2007) also
noted that composition and mineralogy vary with deptth basin geography

Monroe (2009) utilized well log correlation couplediwecore and thin section
descriptions from EOG Gordon SWD, Hill County, Texas, and the-Dw#ve to map the
stratal architecture oivo shale wedges in the Barnett. She recogrfizednajor facies with
eightsulfacies. Major facies include) Harkmudstone or claystone, 2) siltstone, 3) phosphatic
facies, 4 compacted shell layers, angicalcite concretions. Subfacies correspond to the major
facies and are classified bdsen organic richness, mineogly, stratification typesandgrain
size. Monro€2009)concluded thavariousunits were deposited from the north as a function of
eustacy and from the encroaching Ouachita-foidst belt.

Kuhn (2011) constructed a stratigraphic framework of the Barnett using well logs and
XRD data to definenineralogic and lithologic trends. He defined three facies belts for a

reservoir model 1) shelf margin carbonates 2) slope carbonates and 3) basinalrarigahiale.
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Kuhn(2011)also concluded that the organic richness of the Barnett decreasey featiall

southeastern Tarrant County.

Methodology

Core Description:

EOG Resources provided slabbed core (1/3 end) from the Dangelmayr A #7, Cooke
County, Texas for this study. The location of the core is from the mosteastarn extremity
of theFort Wath Basinadjacent the Muenster Arch. The cored interval is from a measured
depth of 7,228 feet (203m) to 7,990.6 feet (235.5m). The interval is contumous and there is
a total of 762.6eet(232.4 m)of core describedElevendifferent facies areentified and
described. Characteristics not@color, grain size, sedimentary structures, diagenetic features
and fractures. Color was determined using a Munsell soil color chart. Visual inspection was
aided with a 21mm 10X hand lens and a low pd binocular microscope. Presence of

carbonate material was detected with #pplication of dilute HCL.

Thin Sectionlmages

Basedonthe macroscopic core description, 115 thin section imagespravieledby
EOG Resources far qualitative petrogrdypc analysis noting clay to silt ratios, abundance of
calcite, quartz and other grains, fossil assemblages, sedimentary strulgposstionafabric,
and diagenetic feature3.hin section slides were not available to utileper optical
mineralogy échniques.Thin sectionmages areised to aid in classifying the different
lithologiesandrecognizingdiagenetic alterationsbserved in th®angeimayr A#7 core.The

petrographic images are of three different magnificet 16X, 50X, and 200X. Thiections
17



were impregnated with epoxy blue dye and stained with alizarin red S. Alizarin red S stains
calcite and aragonite minerals pink to red, Fe dolomite minerals mauve to blue, ankerite end

members blue, and will not stain pure dolomite or quartzrais.

Geochemistry:

Four samples were provided by EOG for a geochemical source rock analyses and the
tess were completed by GeoMark Research, Ltd. Core description and elevated gamma ray
values were used to identify samples from the organic rich adtefihe lower Barnett.Direct
and indirect datderived from lhe source rock analyses incluthgbonate percentage, TOC (total

organic carbon), RocEval pyrolysis, and calculated Ro (Vitrinite Reflectanitein Tmax

The four samples provided are aifficient for a thorough TOC analysis and an indirect
methodu si ng t he @& | digitalRvelltiog data was @ppleed tavgaltutate TOC. The
Passy method utilizes the sonic (sonic transit time) and resistivity (Ohm/m) log curves to
accurately predict TOC in both carbonate and clastic source rocks (Passey 60al.The
curves are scaled to a point where they overlay or parallel one anothadentfied fine
grained, water saturated, neaurce rock interval. The two curves parallel one another in an
organic lean, watesaturated rock because both curves respond to variations initormat
porosity (Passey et all99Q. In hydrocarbon reseoir rocks or organigich source rocks, a
separation between the sonic and resistivity will occur. Curve separation is due to the presence
of low density kerogen and expelled hydrocarbons in mature orgahicocks (Passey et al.

1990) . A aaTACyaluRr is detednined from the separation of the two curves using the

algebraicexpressions (1) and (2) below.

elog R =10g0 (R/Roaseiing = 0 . -@Baseie(1) ( et
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TOC = (& PEPRTMe) 10

Wheree | og R i s the curve separation measured
resistivity (ohmm) from the resistivity t ool pascigf6 1 S t
the resistivitypgidvalueaisepthentvdurvegovdrlay orte Armtheseih a
nornsource, very fine grained rock, ab®?2 is based on the ratio €f0usec/ft per one

logarithmic resistivity cycle (Passey et, dl990. TOC (wt. %) is then derived where LOM

(level of maturity) is known from Roekvd pyrolysisof the four samples

Well Log Analysis:

229raster imaged logs were used to correlate and map stratigraphic units throughout the
study aregdAppendiy. Several norttsouth and eastest cross sections were also constructed
from the raster images and digitized log curves to demonstrate change in stratigraphy within the
basin. The lithology and the structure of the Barnett Shale interval changes i@giderth of
the core producing area of tRert Worth Basirand it is necessary to correlate and map the
varying lithologies and structural features to understand the depositional environment. The vast
majority of the well logs utilized are inductioods where the only curves correlated are gamma
ray, spontaneous potential, and resistivity/conductivity. EOG provided digital log data for the
Dangelmayr A#7 containing gamma ray, spontaneous potential, resistivity, déf#&ityand
DPHI), sonic,andpitooel ectri ¢c (PE) data used for corre

log R technique.
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Table 1: Lithofacies observed and described from core and thin section imau

FACIES DESCRIPTION FEET % of CORE
A Laminated Sitty, Calcareous, Organic Mudstone 377.2 49.46%
B Skeletal Grainstone/Packstone (Debris Flow Deposits)  88.3 11.58%
C, Bioturbated, Calcareous, Spicultic Packstone 41.4 5.43%
C, Laminated, Calcareous, Spicultitic Packstone 72.3 9.48%
D Laminated, Skeletal Wackestone 146.1 19.16%
E; Skeletal, Pelletal Grainstone 3.9 0.51%
E Brecciated, Skeletal Grainstone 8.25 1.08%
Es Massive, Skeletal Packstone 8.9 1.17%
F Dolomitic, Skeletal Packstone 4.48 0.59%
G Cacite Spar 3.1 0.41%
H Dolomitic, Skeletal Mudstone (Micrite) 8.7 1.14%

Total 762.63 100.00%
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Figure 7: lllustration of interpreted lithology vs. core gamma ray and wireline log
response (resistivity, porosity, and bulk density). TOC (Total Organic Carbon) deri
from the Passeyds @& |l og R method is
sampleddepths for thin section photomicrograph images.



Core Description:

Eleven facies are recognized in the Dangelmayr A#7 core and were observed en a foot

by-foot interval. The lithologies vary throughout the cored interval and some are more abundant

than others (Table 1). Identification and classification of the different lithofacies was achieved
through macroscopic and microscopic descriptions, and correlation of core to loggsthwoee
ray and opethole logs (Figure)/ All facies areclassifietdased on Dunhamdés (1

for carbonate rocks.

Facies A (Laminated Silty CalcareougCarbonaceousMudstone)

Facies A is alark gray to black (3N grayaminated, silty, calcareousarbonaceous
mudstone that is present in the lower section otdre from 7495 ft. (2319 m) to 7990.6 ft.
(2,435.5 m) comprising9.5%o0f theentire cored interval (Figuresi®). Laminations range in
thickness from suimillimeter to millimeteralternatingoetweerncarbonaceousiud and
calcilutite laminae Sub-millimeter dratificationsare horizontal, parallel, continuous and mostly
uninterrupted.The submillimeter laminae are observed mostly in the lower portion of the core
from 7,902ft. (2,408.5 m)}to 7,990.6ft. (2,435.5 m). Thelaminae are composed well sorted
fine to medium sized, angulaubangular bioclastic calcilutite grains and effervesgerously
to the application of HCL Identified carbonate constituents are calcareous sponge spicules and
unidentifiable skeletal fragmentsdillimeter thick laminae (1 mm t@ mm) are observed in
various forms.Laminae are horizontal, parallel, lenticuleontinuous, and discontinuouSome
stratifications have scour and fill structures with low angle ripple cross laminae and mud drapes

at the tops ofhe laminae. Starved ripples and inverse grading are also identified. The coarser
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Figure 8: Photo of laminated, calcareous, silty, carbonaceous mudstone (facies A)
(7,986.1 ft. (2,434.1 my7,986.6 ft. (2,434.3 m))Note the sub mm parallel laminae. C

is 3 in. (7.5 cm) wide.
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Figure 9: Photomicrograph (16X) of laminatechlcareoussilty, carbonaceous
mudstonefaciesA). Note the thin and coarse calcareous laminae. Thin laminae ar
and parallel. Coarse laminae aravy and parallel White box is the field of view for tF

50X photomicrograph(7,875.% ft. (2,400 m)

- Silty Organic¢Mud - 7
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% 00

Figure 10: Photomicrograph (50X) of lamated, calcareous, silty, carbonaceous
mudstonefaciesA). Grains stained pink are composed of calcite. Notice the coars
laminae are dominantly calcite (calcareous sponge spicules). The clay matrix is h
subangular quartz grains and batastic carbonate grains. The white box is the field
view for the 200X photomicrograph.,85.55 ft. (2400 m))
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Figure 11: Photomicrograph (16X) of lamated, calcareous, silty, carbonaceous

mudstonefaciesA). Note lenticular laminae, differential compaction, and coated p
nodule (opaque). The white box is the field of view for the 50X photomicrograph.
(7,785.5 ft. (2373 m))
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Figurel2: Photomicrograph (50X) of laminated, calcareous, sitybonaceous
mudstone (facies A). Note pyrite (opaque) in calcareous lamina, detrital quartz gr
and compacted agglutinated foraminifera. The white box is the field of view for th:
200X photomicrograph. (7,785.5 ft. (2373 m))
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Figure 13: Photomicograph (16X) of laminateaalcareoussilty, carbonaceous
mudstongfacies A) Note the coarse calcareous lamiaad the basal scour and fillhe
laminae are continuous, lenticular and parallgde white box is the field of view for tt

50X photomicrograph{7,6955 ft. (2,345 m)
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Figurel4: Photomicrograph{50X) of laminatedcalcareoussilty, carbonaceous
mudstongfacies A) Note the abundance of calcitesiized grains both in the lamina
and in the clay matrix. The grains in theninae are mostly calcareous sponge spicu
Also note thecompactedgglutinatedorams in the matrix.-The white box is the field o
view for the 200X photomicrograp(v,695.5 ft (2,345 m)
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Figure 15: Photomicrograph(16X) of faintly laminated, calcareous, silty, carbonacec
calcareous mudstone (facies A). Note faint laminae and horizontally oriented allot
Agglutinated forams are light colored and carbonate grains are pink. The white bc
field of viewfor the 50X photomicrograph. (7,681.6 ft. (2,341.3 m))
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Figure 16: Photomicrograph (50X) of faintly laminatesilty, calcareous mudstone
(facies A). Note agglutinated forams, skeletal fragments, and quartz silt grains. T
white box is the field of view for the 200X photomicrograph. (7,681.6 ft. (2,341.3 n
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laminae are composed of medium calcilutite (~ 0.016 mm) to fine calcarenite (~ 0.125 mm)
grains of carbonate bidasts and fine grained (~ 0.008 mm) sutgular quartz silt. Identified
allochemsentrained in the laminae are calcareous sponge spicules and skeletal fragments. A
small percentage of the skeletal clasts are dolomitic indicated by mauve blue staining. The clay
matrix is dark gray (2M8N) to black, silty carbonaceous mud. Suspendeéldea organic mud are
compactedhgglutinated siliceous forams, medigitt (~ 0.016 mmizedgrains of detrital

guartz, and calcareous skeletal fragments. Pyrite is abundant in the clay matrix and laminae and
bioturbation is rare to absent. Near veitmaen and healed fractures are also observed. The
healed fractures are commonly filled with calcite. Log response for facies A is identified by an
elevated gamma ray (API units) response and an increase in density (DPHI) and neutron (NPHI)

porosity. Thedensityporosity values range from 11% to 16%.

Open and partially open fractures are identified from the FMI (Formation Nfimager)
log. The partiallyopen andpen fractures throughotdcies A are all orientedest northwest
(~ 300 azimuth and tte fracture plangare near vertical with gs ranging from 85° to 90°.
Microfractures are rarbut when present they are healed with calcite cenfevil.interpreted

bedding planes dip 8° to 10° to the westithwest (~ 257° azimuth).

Facies B (Skeletal Grainstone/Packstone)
Skeletal packstone occurs mostly in the lower section of the core from 7,665 ft. (2,336 m)
to 7,990 ft. (2,435 m) and comprises 11.6% of the cored interval (Figu2E)1This facies is
5N gray and interbeddeditin the laninated silty calcareous carbonaceougdstone (facies
A). Bed thickness ranges from inches (tens of millimeters) to several feet (several meters). The

majority of the clasts are intact fossil assemblages, unidentifiable fossil fragmestsaéndp
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Figure 17: Photo of skeletal packstoiicies B) in core. Note the abrupt upper anc
basal contact with the dark colored mudstone. Also notice the dark, angular, muc
rip-up clasts dispersed randomly in the bed. Core is 3 in. (7.62 cm) wide. (7,977.

(2,431.6 my 7,978.7 ft. (2,431.%)
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Figure 18: Photomicrograplt16X) of skeletal(crinoidal) packstone/grainstone (facies
B). Note the abrupt contact between the fine and coarse graineashiodetrital. Also
notice thecalcite healed fractureThe white box is the field of view for the 50X
photomicrograph(7,794.4 ft. (2,375.7 m)
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Figure 19: Photomcrograph (50X) of skelet@ackstone/grainstone (facies. B)ote the
partially dolomitzed bioclasts. The white box is the field of view for the 200X
photomicrograph. (7,794.44 ft. (2,375.7 m m))
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Figure 20: Photomicrograph (16X) of skeletal (crinoidal) packstone (facies B). The
white box is the field of view for the 50X photomicrograph. (7,804.1 ft. (2,378.7 m)

Figure 21: Photomicrograph (50X) of skeletal (crinoifigbackstone (facies B). Note
brachiopod and siliceous cement. The white box is the field of view for the 200X
photomicrograph. (7,804.1 ft. (2,378.7 m))
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up clasts. ldentified fossils include crinoid stems, crinoid plates, fenestrate bryozoan, and
pelecypods. Mudstone Hpp clasts are sutwunded to angular and are randomly dispersed
throughout the matrix of the beds. Carbonate allochems that have been diagenetically altered
have beepartially dolomitized or completely replaced with silica. Fa&las commonly

cemented witltalcite and quartz.

Beds are categorized as organized and di s
scheme for deewater facies (Pickering et al., 1989). Disorganized beds lack clear stratification
or grading and organized beds demonstrate clearly defined sediyr&tntatures (Pickering et
al., 1989). The organized beds in facies B are either graded or inversely graded with clast size
ranging from mediumaicilutite (0.031 mm) to mediumalcirudite (1 mm tet mm). Graded
beds have scoured bases with sharp beditintacts to the underlying facie§he disorganized
beds are unsorted and the basalw@gmukr contacts are both sharp and planar to the underlying
and overlying facies. Disorganized beds have a more narrow range in clast size relative to the
organized gaded beds ith fine calcilutite (0.016 mm t6.031 mm)to coarse calcarenite (0.5
mm tol mm) sized clasts. Regardless of bedding style, the matrix of the beds are composed of

calcareous mud (micrite) occasionally replacethwblomite or calcite spar.

Fractures observed are healed with calcite. Individual beds with thicknesses less than 1
ft. (0.3 m) are not recognized from gamma ray log response. Uadsr(greater than 1(fd.3
m)) and multiple thinner bedbat aren close successiaran be idetified by low gamma ray

(API units)spikes and decreaseateutron (NPHI) andensity(DPHI) porosities (~5%L0%).
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Facies C (Calcareous Spiculitic Packstone)

Facies C is found throughout the upper section of the from 7236 ft. (2205 m) to
7,412ft. (2,259 m) cumulativelymaking upl5% of the recovered co(&igures 2230). Facies
C is subdivided ito two facies typesioturbated calcareous spiculitic packstdiaeiésC,) and
laminated calcareous spiculitic packstofaziesC,). The twofaciesare interbedded and bed
thickness ranges from several inchemn(oneter¥to feet (neterg. Fractures are present and are
oriented perpendiculand subparallel to the beddinglane Determined from FMI (Formation
Micro-Imager), the majority athe fractures are orientedrthwestsoutreast {60° to 168) and

dipsrange from 25° to 75 The fractures arboth partially open andealed with calcite cement.

Facies Gis a light gray (3N4N), massive to mottled, calcareous spiculitic packst@xne
large percentage of the bioclastic grains are sponge spicules that have been partially or
completely replaced by calcite. Longitudinal and transverse sections of the sponge spicules are
observed. Most, but not all, of the spicules are monaxontharagntral cavities are not
preservedind filled with calcite cementThe length of the axons range from éfin to 0.2mm
and thenon-preservedentral cavities have a diameter of Ofieh to 0.08mm. Mottledbeds are
heavily bioturbatedkolithosPlanolite®) and the burrows are lined with silt sized quartz,
calcilutite grains of sponge spicule and skeletal fragments, and mud. Stratification and internal
sedimentary structures are rare to absent. The base of the beds is scouredinuterlyiag

facies and the tops of the beds are in sharp planar contact with the overlying facies.

Facies Gis a light to dark gray (3MN), laminated, calcareous, spiculitic packstone.
Laminae are thick (1 mm to 3 mm) and are intercalated with a calasponge spiculeich
mud. Although a high percentage of the sponge spicules are calcareous, a smaller percentage is
siliceous. Laminae include continuous, parallel, lenticular, and low angle ripple cross
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Figure 22: Photo of facies C in core (7,240 ft. (2,206.7-hpP52 ft. (2,210.4 m). Note
the rhythmic interbedding between faciesa@d G.
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Figure 23: Photomicrograph (16X) of calcareous spiculitic siltstone (faci¢s The
mottled appearance is interpreted to be evidence of bioturbation. The white box i
field of view for the 50X photomicrograph. (7,252.5 ft. (2,210.6 m))
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Figure 24: Photomicrograph (50X) of calcareous spiculitic siltstone (faci¢s Sote tle
bioturbated matrix. The white box is the field of view for the 200X photomicrograg.
(7,252.5 ft. (2,210.6 m))
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Figure 25: Photomicrograph (16X) of bioturbated calcareous spiculitic packstone (
C,). The white box is the field of view for the 50X photomicrograph. (7,235.15 ft.

(2,205.3 m))

Fooh

Figure 26: Photomicrograph (50X) of bioturbated, calcareous, spiculitic packstone
(facies G). Note the burrow interior (yellow outline) is composed of smaller clasts
the exterior. Also note the abundance of calcareous sponge spicules. The white k
field of view for the 200X photomicrograph. (7,235.15 ft. (2,205.3 m))
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Figure 27: Photomicrograph (16X) of laminated calcareous, spicuydickstone (facie:
C,). Note continuous and discontinuous laminae. The white box is the field of vie
the 50X photomicrograph. (7,374.6 ft. (2,247.7 m))
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Figure 28 Photomicrograph (50X) of laminated calcareous, spicyiaickstone (facies
C,). Note siliceous sponge spicules and disarticulated fossil allochems. The white
the field of view for the 200X photomicrograph. (7,374.6 ft. (2,247.7 m))
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