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Abstract

Lithologic, petrologic, and geochemical analyses were performed on the Wolfcamp
Formation (operational benches A and\Bith a focus on a 40@-thick core recovered from
wildcat well Strain 2V (API 4283553586) in northwestern Mitchell County, Texas. The core
along with thin sections, mineralogical, and petrophysical data was made available by Devon
Energy. Observationseve supplemented with structural contour and isopach maps of the
Wolfcamp A and B tops. The goals of the study were to (1) characterize the lithofacies in the
Wolfcamp Formation, (2) interpret the environments and depositional conditions and processes
thatinfluenced deposition of the Wolfcamp Formation, and (3) assess the hydresatiyoa
rock potential and unconventional hydrocarseservoir rock potential of Wolfcamp Formation
lithofacies.

Seven lithofacies are recognized in the Lower Permian sedttitie Strain core based on
primarily on sedimentary features and mineralogy determinedrhy #iffraction. The facies are
complexly interbedded and include (1) sandstones, (2) siltstones, (3) siliceous mudstones (4)
calcareous siltstones, (5) calcareausdstones, (6) calcarenites, and (7) biodi#sbclast
wackestondloatstones. These lithofacies were deposited by a combination of sediment gravity
flow and pelagic processes. Sediment gravity flows recorded in the Strain core are turbidity
currents, perpycnal flows, debris flows, and transitional flows. The transitional flows, while

thin-bedded and limited to the uppermost core intervals, record transitions of gravity flows from



carbonatedominated turbulent flows to merith cohesive laminar flowd.he vertical
distribution of lithofacies was used to divide the Strain core into seven distinct lithofacies
associations, each representing a distinct depositional environment dadedeandition.The
lithofacies associations, in ascending order, Brénterbedded sandstone and siltstone
lithofacies association (LA), 2) mudstone with calcarenite, and bioclitstoclast wackestone
floatstone lithofacies association (EB), 3) calcarenitedioclastlithoclastwackestones
floatstone and mudstone lithofacies association (C 4) calcarenite and calcareous siltstone
with interbedded calcareous mudstone lithofacies associatioiDjl_B) siliceous mudstone
lithofacies association (LA), 6) massive calcarenitaérare mudstone lithofacies association
(LA-F), and 7)mudstonethin calcarenite and bioclakthoclast wackestoneffoatstone
lithofacies association (LAS).

Organic geochemical data from Reekal analyses indicate that the Wolfcamp
Formation containsufficient quantities of mature, mixed Type Il and Type Il organic matter to
serve as a good to excellent hydrocarboarce rock in the Mitchell County area. Industry
provided petrophysical and XRD data suggests-atdyand siliceous facies are theglhést
guality hydrocarborsource rocks and unconventional hydrocarbeservoir rocks, with
carbonate facies being negatively associated with organic richness and reservoir quality.

Geochemical analyses of the Wolfcamp Formation lithofacies were perfoisimep14
geochemical proxies for sedimentation, redox state, and-pabeloictivity. Results suggest the

development of anoxic conditions during $eeel transgressions and highstands.
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CHAPTER 1: INTRODUCTION

Since the early 1960s, when Arnold H. Bouma published his papers on the now famous
turbidite sequence, many studies have sought to characterize and understand deep water
sediment gravity flow processes (SGFs). As vectors for transporting large volunoessa ¢
grained materiahto low-energy marine settisgthe significance of SGFs in geologic settings
across the globe have become increasingly appreciated in modern sedimentological studies.
Along with information regarding depositional environments agional tectonics, SGhre
also being extensively studi¢a evaluate their hydrocarberesource potentigBouma et al.,

1962, Haughton et al., 2009; Kvale et al., 2017the Permian Basin of the southwestern
United States, one of the most significpatroleumproducing regions in the world, deep marine
deposits and environments are being studied at the fscads to better understand the
relationship between SGFs, depositional environment, paleoceanographic conditions, and
hydrocabon-resource potgial. Of particular interest is the late Paleozoic Wolfcamp Formation
of theMidland Basin, the eastern sblasin of the Permian Basin

The Wolfcamp Formation is an Upper Pennsylvailiawer Permian sedimentary unit
composed of interlayered siliciclastiasd carbonates interpreted to have been deposited in deep
marine and shelf settingfhe Wolfcamp Formation ignimportanthydrocarbon resource within
the Permian Basif.he U.S. Geological Survey recently assessed the Wolfcamp Formation of
the Midland Basin to determine undiscovered, technically recoverable petroleum resources in the
highly productive Permian Basin. This evaluation determined that mean resources for the
Wolfcamp Formation total 20 billion barrels of oil, with an FB5 range from 14 to31.5
billion barrels 16 trillion cubic feet of associated gas, with aniFbrange from Bto 27

trillion cubic feet andnearly1.6 billion barrels of natural gas liquids with an F955 range



from .7 to 29 billion barrels(Gaswirthet al., 2016). These quantities of hydrocarbons make the
Wolfcamp the largest continuous oil play in the United States, nearly three times largbathan
reported in th013 USGS Bakkeithree Forks resource assessment, and an enticing target for
petroeum companies in the Permian Basin.

Conventional hydrocarbon resource plays are defined as reservoirs that have a well
defined areal extent and can produce resources at economic flow rates without extensive
stimulation procedures or speciatovery methods (Vidas and Hughman, 2008; Cortez I,
2012). These hydrocarbon reservoirs can typically be exploited with simple vertical drilling
strategies and contain permeable rocks. Along with permeable reservoir rock, a conventional
reservoir will ®ntain a source rock, hydrocarbon trap, and an impermeable caprock &aelley
Sonnenberg?2015). For well over a centyrgonventional reservoirs have been the primary
sources of petroleum production globally.

Newly-exploited continuous reservoirs, termettonventional reservoirs, are much more
challenging to define. The United States government defineonventional reservoirs as
systems with a permeability to gas flow of less than 0.1 millidarcy (Cortez 1ll, 2012). However,
based on integrationsof @ay 6 s Law i n t h eanore appropliatewefinitiomfaru st r y
unconventional reservoirs are diverse systems that can only be produced economically after
large-stimulation operations and enhanced recovery metadpeformed (Vidas and
Hughman, 208; Cortez Ill, 2012). Common unconventional systems include gas shalegaight
sand, coabed methane, and heavy oil. Some of the processes used to stimulate production from
unconventional reservoirs include hydraulic fracturing, flooding, and steastior). These

stimulation procedures allow for impermeable seal and source rocks to be targeted and produced



as primary reservoirdJnconventionateservoisin the Permian Basirepresent aignificant
contributian of U.S. oil productiorfCortez Ill, 2012 Selley and Sonnenberg@015).

The first commercial well in the Permian Basin was the Santa Rita, Mtidh was
located in Mitchell County, Texas and completed in the early 1920s. The well continued to
produce until 1990 when it was finally cappec® then, hydrocarbon research, exploration,
and production within the Permian Basin has increased substgratrallyhere has been an
exponential increase in horizontal wells drilled in the Midland Basin since 2010 (Sutton, 2015).
Much of this increasesidue to the development of new unconventional resourceiplagsiral
depositghroughout the basimhousands of feet of potentially productive mudrock has
stimulated significant interest due to the potential for multiple drilling targets and stacked
horizontal wells witlin a single drilisite. Over the past few years, favorable economic conditions
and improved technology has stimulated interest in evaluttengeservoir potential of
resedimented carbonates and mudstones of ancient submarine siiaif sygtem#n the
Permian Basin

The observation of the depositional elements of submarine shelf and fan systems and
their lateral and vertical relationships allows for an understanding of these terminal depositional
systems. Taditionally,this understandingasrevolved around studies of deefter turbidite
complexes and models of their deposition. However, Posamentier and Walker (2006) asserted
that no single facies model is capable of incorporating the complexity ofdeagesubmarine
depositional systems. Following decades of study, it is now understood that deposition on the
shelf, slope, and basin floor is primarily controlled by the interplay of tectonism, relative sea
level, and the characteristics of the steglfyeand upper slope. These shelf and slope

characteristics include grasize distributionandfrequency and magnitude of flow events



(Posamentier and Walker, 2006). Additionally, recent studies of subaqueous fan and shelf
settings have recognized sedimeravity flow processes as mechanisms for depositing
terrigenous material, such as plant debris, in deep marine settings. These observations indicate
that a significant contribution of organic matter in deep marine hydrocarbon reserves may have
been contribted from terrigenous sources by fluvialtfluenced gravity flow process¢Blink-
Bjorklund and Steele, 2004).

To date, there has been an extensive body of literature developed regarding the deposition
of the Wolfcamp Formation in the center of the MitleBasin. However, there has been little
attention given to the Wolfcamp Formation proximal to the basin margins. The primary
objectives of this study are study a single drill coreecovered from northwestern Mitchell
County, Texas in order {d) charaterize, in detail, the lithofacies of the Wolfcamp Formation
in the eastern Midland Basin, (2) interpret the environmental conditions and processes that
influenced deposition, and (3) assess the hydrocarbon potentiaseftixed carbonate

siliciclastic lithofacies.



CHAPTER 2: GEOLOGIC SETTING

2.1 The Permian Basin

Located in western Texas and southeast New Mexico, the Permian Basin is a foreland basin
rimmed by carbonate platforms and bisecte@mbintervening higrkknown ashe Central Basin
Platform (CBP). The Permian Basin is bounded by the Diablo Platform aedrfaéUplift to
thewest, the Matador Arch to therth, the Marathoi©uachita Thrust Belt to tr@uth, and the
Eastern Shelf to theast(Fig. 1) (Ball, 1995). The Permian Basin is made up of many smaller
subbasins and uplifts that are related to tac@ctivity associated with the assegnbf the
PangearsupercontinentHills, 1985. During much of the Paleozoic, the region was a passive
margin characterized by a stable carbonate platform. Later internal subsidence resulted in the
formation of a conhental sag known as the Tobosa Basin (Frenzel et al., 1988). By the Late
Mississippian to Early Pennsylvanian, movement along thethtaw@®uachita Orogenic Belt
led to theregional transitiofrom a passive margin to an active margin characterized by a
foreland basin. This movement also resulted in a series of block rotations and uplifts. The
rotation of two blocks during the late Pennsylvanian and the Early Permian resulted in the uplift

of the CBP.
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Figure 1. Map of the Permian Basandassociated structural features. Tiee star indicates
the location of the studied core, Strain @Wodified from Silver and Todd, 1969).



The uplift of the CBP resulted in the formation of the two largestssins that make up
the greater Permian Basin; the Delaware Basin to the west of the CBP and the Midland Basin to
the east (Yang and Dorobek, 199Bhese sulbbasins ardlifferent in that the Midland Basin is
notably shallower than the Delaware Basin (Fig..dZ@ese sulbasins contain formations of
interbedded clastics and carbonates that were deposited during the late Paleozoic. From the
Pennsylvanian (Strawn, Canyard Cisco) into the Early Permian (Wolfcampiand
Leonardian), carbonates were dsjped on the Northwestern and$ten Shelvesof the Midland
Basin as well as on the Central Basin Platform, whereasgiamed siliciclastics were
deposited irthe centepof the bain (Miall, 2008; Hamlin and Baumgardner, 2012). Deposition
during this time was not likely influenced by movement along the Marath@thita Orogenic
Belt but rather byhedeformation and rapid subsidertbatcontinued to influence the sub
basins through the Wolfcampian stage of the Early Permian (Bostwick, 1962). By the later
Permian, deposition in the basins transitioned to redbed sandstones and evaporites (Ward et al.,
1986). During the Triassic, the region became a closed continentalrbadiich a relatively
thin layer of fluvial and lacustrine sediments was deposited over the thick (~3000 m) Paleozoic

sequences.
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The northern Midland Basin is dominated by the Horseshok, An arcuatesubsurface
Pennsylvanian limestone accumulation composed of phylloidal algae, crinoids, and other non
framework communities. The eastern bdary of the PermiaBasinis the Easternl&lf, which
has been characterizedamixed carbonate and siliciclastic system. AlongBhsternShelf are
the limestones of the Clear Fork and Wichita platform (also known as the Wolfcamp platform).
This platform has been identified as the source of the carbonate SGFs deposited within the deep
marine settings of the Midland Baskrograding out towals the centeis the Glasscocklose,a
limestone accumulation developed by Westwardprogradation of redbuild-ups from the
Eastern Shelf out into the Midland Bagkig. 1;Flamm, 2008)Notably,reefs during the
Perman developed as reef mounds doéhe lack of reebuilding framework organisms such as
corals and stromatoporoids. Instead the biota of the Lower Peimaladed tibiphytes,
phylloidal aglae, encrusting foraminifera, bryozoans, and calcisponggsuilt their structures
within the si-wavebase of the upper slope. The positive relief of these communities and mound
build-ups allowed the accumulation of packstone and grainstone shoals landward (Wahlman and
Tasker, 2013).

Theclimate of theLower Permian has been characterized as aousshperiodiue to
the expansion and contraction of widespread contihglaeaiers in southern Gondwana
(Baumgardner et al., 2016). This icehouse climate was a product of the Late Paleozoic Ice Age
(LPIA) (Gastaldo et al., 1996; Fielding et al., 2008)e Extent of continental ice sheets are
inferred to have been at maxima during the PennsylvdPgamian transition (early
Wolfcampian).The waxing and waning of ice sheets greatly influencedeseds causing high
frequency and higlamplitude fluctuatios in eustasyVithin the Midland Basinsealevelis

estmated to have fallen bi000-2000 ft (336660 m) in order to generate the regional



AWol fcamp Shale Marker o unconformity (Mazzull
Baumgardner et al., 201@ealevel lowstand conditions prevailed throughout the early
Wolfcampian before shifting to the progressively higher highstand conditions characteristic of
the later Wolfcampian and early Leonardi&ig( 3;Baumgardner et al., 2016).

Additionally, westerrPangea became increasingly arid as icehouse conditions waned
during the late Paleoin The climate of the region wabaracterized as subhumid in the latest
Pennsylvaran, latertransitionng to a semiaridclimateduring the Wolfampian and &ully arid
climate in the Leonardian (Baumgardner et al., 2016). Other influences on the late Paleozoic
climate include tectonic drift and a lotgrm drying trendhat begarduring the Middle
Pennsylvanian (Baumgardner et al., 2016).

2.2 Wolfcamp Formation

The Wolfcamp Formation was first defined bgdén et al. (1916) based on a #8¢hick
section in the Glass Mountaitigat is dominated bghale and limestone but also includes
subordinate sandsterand conglomerat&@he formation was named after Wolf Qaatt the type
locality of the formation located 12 miles north of Marathon, Tekas.Wolfcamp Formation
has since been accepted as the lowermost Permian formation of the Glass Mountains and the
surrounding area.

For the Lower Permiaaf the Midland Basinthe North American Stratigraphic Code
(NASC)usst he t er ms amWo INfLcasmmimol Vo | famampiiLerorar di ano
the formation and stage nasyeespectively. The International Stratigraphic Code (ISC)
nomenclature for lower Permian rodksludes, in ascending order, the Asseli@akmarian

Artinskian, and KungurianJpper Pennsylvanian rock nomenclature based on thentifles,
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in ascending order, the Kasimovian and Gzhelor this study NASC terminology will be used
in order to correla findings to previous studies and for consistency.

As shown in figure 4the Wolfcamp Formation is commonly divided into several benchs
(Wolfcamp A, B, C, and Dby the oil and gas industrWolfcamp Ais known as the Leonard.

Wolfcamp B andC are known as the Wolfcamp. Wolfcamp kiown as the Cline Shale

Area of Sealevel
g;t;;:ig: Ice Volume Frf(:au‘::lcy Glaciation gf:;;iaz:. ch
(paleolatitude) anges
250 Ma
Z]4]
218
e
260 e
ES
1 ki
3 ]
270 &)
= =
2[5 =
a ] £
280 zl2
EHH 2
£ 5
of &
290 §
30049 gz
£
.é%ﬁ
ol |22
104 g,_i 5
= =
1& § =
32041 & |
2|3
4 B3
17}
330{_
&
1&13] 5
g1=1"
34012
=
-e
01 13| 5
HE ¢ £
3|2
2
3601
M o 1 ansmapenn N é é T
Veavers & Powell Veavers & Powel Frakes et al, (1992} Frakes & Francts {1968); Isbel et al, (2003) ™ - 2
(1987) (1987); Crowell (1959) Croatey and Baum Haq & Schutter

(1991, 1892) (2008)

Figure 3: Stratigraphic column depicting the Late Palaio Ice Age glaciation and séavel
fluctuations from Haq and Schutter (2008) throughout the Carboniferous and Permian (modified
from Fielding et al., 2008).
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CHAPTER 3: STUDY LOCATION AND METHODS

3.1 Strain 2V Core Location and Stratigraphy

The drill core used in this study weecoveredrom a wildcatwell in northwestern
Mitchell County(Fig. 5). The name of the well the core was recovered from is Strain 2V and,
therefore, the core section will be referred to as the Strain core throughout this study. The Strain
core is &3 daliameter core that was slabbed and polished by Weatherford Laboratories and made
available for viewing by Devon Energy. The core is currently housed in the Oklahoma Petroleum
Information Center, in Norman, Oklahoma. The total length of the core isft=#@wever, the
core isdiscontinuous, being comprised of four distinct segments. The stratigraphic intervals
contaired in the core segments are, in ascending atttenpper part oiVolfcamp D 589 to
7599 ft and7312to 7529ft), theupper part oiVolfcamp B 6501to 5766.5ft) to the lower part
of theWolfcamp A 6465 to5501ft), andthe upper part of the Wolfcamp (8312 to5400ft) to
thelower part of the Dean Sandstoa280 to5312 ft) Only data for the Wolfcamp A and B

sections of the core (@400 ftinterval intotal) are discussed in this stu@ee Fig. 4)
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3.2 Analytical and Sampling Methods

The Strain 2V core boxes were laid out in ascending order in the OPIC facility. The core
was then photographed and examined using the nakedanaiensand binocular miciscope.
Descriptions and photographic recovdsre made of lithology, sedimentary structures, bedding,
and textures based on the observation of polished slabbed core faces. Aélentivas paid to
beddingparallel parting surfaces.

Following core description, the Strain 2\agsystematicallysampledor rock-eval and
geochemical analysé€Big. 6). Eighty-four (84) chunk/chip samjgls were taken at roughbyft
intervalsthroughthe total length of core in order to perform geochemical (total organic carbon
and rockeval pyrolysis) and elementahalysesKig. 6; x-ray fluorescenGgeXRF).

3.3 Thin Section Petrography

A total of forty-three @3) thin sectionsproduced commerciallgy Weatherford Labs
from intervals in th&Volfcamp B section of th8train corgFig. 6)wereprovided by Devon
Energy Thin sectionsvereanalyzedunder a petrographic microscope at various magnifications
in order to characterize lithologand sedimentary structurd3igital photomicrographs were
taken to record various features that aided in the characteriztitrotacies.

3.4 Inorganic Geochemistry
Of the eghty-four (84) samplescollected fronthe Strain corghirty-six (36) sufficiently

voluminous samples wesmalyzed by<RF by Weatherford laboratories in Houston, Texas

(Fig. 6)
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Figure 6: Diagram of the Strain core gamma with locations of samples used for thin sections,
Rock-eval pyrolysis, XRF, XRD, and SRP indicated by blaakluds.
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3.5 Rock-Eval Pyrolysis

Eighty-one (81)of theeighty-four (84) collectedsampleshad sufficient material to be
analyzed by commercial souroeck analyss. These analysescluded LECO carbon analysis
and Rockeval pyrolysisby Weatherford laboratories in Houston, Tex#&Big. 6).
3.6 Rock Properties Dataset

Samples for xay diffraction (XRD) and shale rock properties (SR&rosity and
permeability were colleatdat 1-to-9 ft sample interval within the Wolfcamp A and Big. 6).
The analyss of the samplewereconducted by Weatherford Laboratories and provided by
Devon Energy for this studiineralogy determined by XRD was usedctwaracterize

lithofaciesandthar vertical distribution throughout the core.
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CHAPTER 4: LITHOFACIES ANALYSIS

Observations of the Strain 2V caaad thin section petrograplmave icgentified seven
lithofacies (Figs7). Along with core and thin sectiabservations, mineralogy determined by
XRD, TOC determined by Roe&val, and permeability and porosity data were also used to
characterize each lithofacies (Table 2). Interpretations of depositional processes are also
discussed in this chapter. The idertiffacies arel) sandstone, 2) siltston8) siliceous
mudstone4) calcareous siltste, 5)calcareous muwglone, 6) calcarenite, and 7) bioclast
lithoclast wackeston#oatstone.

The Strain cordithofacies reflect a variety of depositional procesgpgal of a slope
basin setting. These depositional processes have been ideamifigliscussenh numerous
studies(Montgomery, 1996; Mazzullo, 1997; Beall et al., 1998; Mazzullo, 1998; Stoudt; 1998).
These primarily include episodic gravity flow proses, which are recordeddéalciclastic and
siliciclasticdeposits ¢alcarenites, biocladithoclast wackestonefoatstones, calcareous, and
nortcalcareous siltstongas well as Bmipelagic processgsdicated by theresence of clay
rich, calcareous and necalcareous mudstone lithofacigsg. 7).

Gravity-driven subaqueous sediment flows are major marine sedimentary processes that
transport sediments from shallow depths to deep marine environments. These poacebses
initatedby seismic activity or the accumulation of small scale slope fail@@smon gravity
flow processes includgebris flows grain flows turbidity currentsand transitional flows
(Haughton et al., 2009alling et al., 2012)The sedimengravity flows within theStrain core

werelikely sourced from thadjacentarbonate platforms along the Eastern Shelf
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Figure 7: Coregamma, facies log, TOC, and XRD mineralogy of the Strain core.
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4.1 Sandstone

The sandstone faciesdbaracterized by medium to pale grey sandstones&Fig.
Sandstone bed thicknesses ranges from 2 cm to 6 cm. The average mineralogical composition for
the sandstone facies is 20% clay minerals, 28% carbonate, and 52% quartz, feldspar, pyrite, and
apatite (Q+F+P+A). Organic contents are low in this facies, aver&8% (range = 0:7
0.95%). Sandstones are laminated to planar bedded with some bioturbation indica&i) (Fig.
The lower contacts of this facies are generally gradational to sharp. Upper contacts are typically
sharp.

The facies is composed of modehatsorted, fine to medium, subrounded to subangular
guartz sand and detrital silt in a clayey matrix (Big.Pyrite occurs as fine grains or as larger
masses dispersed in the sand (BA:C). Siderite occurs locally as bands or as isolated nodules
(Figs8A and9C). Permeability and porosity are 726 nd and 4.3%, respectively (Tiable
Interpretation

The sandstone lithofacies, which only occurs in a single interval in the Wolfcaisip B,
interpreted to represent deposition by fludigltaic processeJ heorigin of sand in deep water
deposits of the Delaware and Midland Basin has been explored in a number of studies (Fischer
and Samthein, 1988; Kocurek and Kirkland, 1998; Hamlin and Baumgardner, 2012). These
studies determined that coarse silt and sand hkedg derived from contemporaneous eolian
systems in the northeast and southeast (Hamlin and Baumgardner, 2012). While eolian processes
likely transported siliciclastics into the Midland Basin during the deposition of the Wolfcamp

Formation, the presenoé a clay matrix precludes direct deposition by eolian processes.
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Figure 8: Core photograpis of the sandstone lithofacieScales are in inches. (A) Dark grey

sandstone with siderite bandifgs 7 3 .94B) Saddstone withlpnar beddingnd bioturbation
(5734.5606)
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Figure 9: Thin section photomicrographs of the sandstone lithofacies. (A) Piygijenasses
and detrital quartz grains anclaymatrix. (B) Detrital quartz and pyrite dispersed in a clay
matrix. (C) A siderite cemented bang (&erlain bysandstone
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4.2 Siltstone

The rocks assigned to tkdtstone lithofacieare light brown to medium gray siltstones
(Fig. 10). Siltstone beds range in thickness from 1 cm to 3 dm. The average mineralogy of the
siltstone lithofacies is 35.9% clay minerals (rang&2:-50.0%), 5.2% carbonate (ranged=
13.0%), and 58.9% Q+F+P+A (range48.0-74.0%). Organic contents of the siltstones average
1.6% (range = 0-8.5%). Siltstones are generally laminated to massive (B)gB&sal contacts
are typically sharp to gradationathereas upper contacts are generally sharp.

This faciess composed of detrital silsponge spiculesadiolarig and calcispheres. (Fig.
11A, C). Carbonate silt¢lay, and dispersed firgrained grite mases are also observed (Fig
11). Permeability and porosity average 681.7 nd (ran§j@3-01020.0nd) and7.4% (range =

4.4-10.0%), respectively, in this facies.

Figure 10: Core hotographs of siltstone lithofacies. Sca#rein inches. (A)Siltstone grading

from siltstone with vy and disrupted laminationto a masive tan colored siltstone (56877 6 ) .

(B) Massive light brown siltstone overlain and underlairsitigeous mudstone$Vhite specks

are unidentified skeletal fragments (5689. 40)

24



Figure 11: Thin section photomicrographs of the siltstone lithofacies D@tyital quartz silt

(Qtz) and pyrite (Py) in a clay matrix. (B) Laminated siltstone with dispersed carbonate grains
and irregular silt stringer$¢C) Sltstone composed opsnge spicules, radiolaria, detrital quartz
and pyritein a clay matrix(D) Laminated siltstone with parallel aligned silt stringers and algal
cysts

Interpretation

The Siltstone lithofacies is interpreted to have been deposited by a combination
hemipelagic and pelagic processes. The parallel alignmendiokgn the siltstone facies
suggests deposition by bottom currents or-temsity turbidity currents. Lack of sedimentary
structures in the siltstones can be attributed to bioturbation or deformation teposttional

gravity-driven processes (e.gushps, bottom currents; Fig2)L
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4.3 Siliceous Mudstone

Siliceous mudstones acharacterized by light grey to black mudstones (Fs). 1
Siliceous mudstone intervals range from 1 cm to 4.5 m in thickness. The average mineralogy of
rocks assigned to this facies are 57.8% @lagge =45.0-68.0%), 2.9% carbonat@ange =0-
13.0%), and 39.2% Q+F+P+fange =31.0-48.0%). TOC contents of #siliceous mudstones
vary considerably, ranging from 0&23% (average 2.1%). Siliceous mudstones are generally
laminated with silt or very fine sand forming ntirick laminae. However, some siliceous
mudstone intervals are homogenous likely due to sediramrking by organisms. Lower and
upper contacts of this facies are sharp to gradatidhad.facies is composed of silt and rare
calcispheres in a clay matrix (Figd)l Fernlike plant fossils are commonly observed along the
bedding planes of this faas. Phosphatic nodules and figeained pyrite masses are also
observed. (Fig.4). Permeability and porosity average 937.5naeshge =701.01130.0nd) and
9.7 (range =7.0-11.4%), respectively.
Interpretation

Siliceous mudstones were likely deposited by a variety of processes. Irregular silt
stringers suggest deposition by denglityv processes (e.g. bottom currents, {d@nsity
turbidity currents) under anoxic conditions, as suggested by the presence dfgpicaspdules
and lack of burrowsThe presence of detrital quartz siliggests contribution from the pelagic
settling out of wineblown silt derived from eolian systems to the north and northeast of the

Midland Basin.
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Figure 13: Core ghotograph othesiliceous mudstone lithofacieScales are in incheBark

brown mudstone with two phosphatic nodules in the center and¢eetdrt of t he phot o

(B) Photograph of fertike plant along the bedding plane of the siliceous mudstone lithofacies.
From 5683. 86

§ (1 I §v ythE ] M
Figu ph crographs tbie siliceous mudstone lithofacig@\) Siliceous
mudstone with a stringer of elongate detrital silt grains. (B) Homogenous mudstone with detrital
silt and dispersed pyrite and carbonate silt.
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The presence afell-preserved macroscopic plant fossils along the bedding planes of
siliceous mudstones of the Wolfcamp has become the subject of recent studies (Baumgardner et
al., 2016; Kvale et al., 201aumgardner et al. (2016) studied drill cores from 14 wells to
studyrelatively intact fossils of an early Permian peltaspewvinich is a Paleozoic seed plant
characterized by the presence of a specialized slkeldeproductive organ (pelta)

(Baumgardner et al., 2016). Due to the abundanteestfossil plantsm the siliceous

mudstones betweagravity-flow depositst was interpreted that the plant debris was carried out
to sea by surface currents before sinking to the basin floor and being subsequently buried by
hemipelagic suspension fallout (Baumgardner .eRall6).

4.4 Calcareous Siltstone

This facies ischaracterized by pale to medium grey calcareous siltstones GAgBIL
Calcareous siltstone beds range from 2 to 15 cm thick. Average mineral contents for calcareous
siltstones are 21.5% clagsnge =7.0-33.0%), 28.1% carbonat@ange =17.0-45.0%), and
50.4% Q+F+P+Arange =40.0-62.0%). TOC contents for calcareouistones average 1.5%

(range = 0.82.4%). Calcareous siltstone beds are generally weakly laminated to massive. Some
beds also exhibit both normal and inverse grading. Basal contacts with underlying facies are
generally gradational to sharp. Upper contactstypically sharp to gradational.

Calcareous siltstones atemposed ofmoderately sorted subangular to subrounded
detrital quartz silt, radiolarisgspherical carbonatfled bodies (calcispheres?), asilt-sized
carbonate and skeletal fragme(fgy. 16). Well-preserved fertike plantfossilsareobserved
along beddings plané€Big. 15C). Average values for permeability and porosity are 543.8 nd

(range 791.01090.0nd) and 5.4%range =2.0-7.6%), respectively (Tabl&).
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Figure 15: Core hotograpks of calcareous siltstone lithofacies. Scaggein inches. (A)
Calcareous siltstone overlying a Theupparl y | ami
contact of the mudstone is marked by the red dashed@h@/eakly laminated calcareous
siltstone (557 7-ike @ant.(outired)n reB)alsng theé beddihg pfare rofra
calcareous mudstone (5778.106)

Figure 16: Thin section photomicrograph of the calcareous siltstone lithof&perical
structures filled with ferroan dolomite and quartz silt in a ofeyrix.
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Interpretation

The presence of coarsenitwgfining upward cycles are indicative of waxing and waning
flow regimes which are typical of deposits emplaced by hyperpycnal flows. Hyperpycnal flows
are turbidity currents generated when rivers with fsgbhpended load concesgtions enter the
ocean and the differences in the densities of the riverine water and the ambient sea water
generate a plunging flow into the deep basin. Hyperpycnites in the geologic record deviate from
the standard turbidite model in that hyperpycniitage a basal coarsening upwards portion
generated during the waxing period of fluvial discharge followed by an upper-tipiugrd unit
deposited during the waning flow regime (Fig@; Mulder and Alexander, 2001). The intact
macroscopic peltasperms adptine bedding planes of calcareous silt beds indicate deposition
proximal to terrestrial or marginal marine environments. Fluvidtlyen hyperpycnal flows
have been proposed to have transported intact plant debris intavdessettings in
SpitsbergenNorway (PlinkBjorklund and Steele, 2004).

Calcareous siltstones are alsterpreted to have been deposited by a transitional flow
distal to the marine margitikely represering alower H3 divisionof a calcareousybrid event
bed (Fig. B; Kvale et al, 2017).

Recent studies have recognized the significance of flow evolution (e.gcohesive
turbidity currentgo cohesive flowslebris flow3 over distances. Beds that preserve examples of
transitional flow character are known as hybrid event BdE8S; Haughton et al., 2009). An
ideal siliciclastic HEB deposit contaifive internal divisions (Figl9). The base of the HEB
will be a stratified or massive higkensity turbidite (H1) overlain by a transitional banded unit
(H2) thatrepresents the flowansition from turbulent to laminar flow or vice versa. Overlying

the transitional unit is a claych, mud clasbearing debrite (H3hatrepresents a quaiminar

31



5571 5573 5575 5577 5579

o C R — 7

&~ 5
I d
%
L

®

53 5575 5577 5579 5581

Figure 17: Corebox5 5 7518 1 6 cont ai n i -fingng upwardesexuencdgallovs e ni n g
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Figure 18: (A) Slabbed core photo of thin HEBs with interbedded calcareous siltstones and
siliceous mudst ebmBe3s3 6()I.n tTenrev all ue3 P20.x54 ndi cat es
Closeup photograph of a calcareous HEB in the Strain core. Red arroiwatendingle flow

eventsScales are in inches.

33



HEBs ideal bed type

HS
H4

H3

H2

H1b

HT | seemmee

S ————

\-—--I’\__/

HDT

5cm ->10 m thick

DIVISIONS

INTERPRETATION

Pseudonodular and/or massive mud

Suspension fallout + shearing

M\ Parallel and ripple cross-lamination

Traction by dilute turbulent wake

Muddy sand + mudclasts, sand
patches, injections, outsized
granules, shear fabrics. Often
segregation of carbonaceous
fragments to top where they can
laminated.

Cohesive debris flow, locally modified by
sand injection from beneath, and partly
reworked at top

Alternating lighter and darker sands,
with loading at base of lighter layers.
Sheraed dewatering pipes and sheets

Transitional flow with intermittent turbulence
suppression due to near bed dispersed clay
and internal shearing

Isolated mudclasts surrounded by
clean sandstone

Graded to ungraded, structureless and

dewatered, relatively clean sand,
commonly with isolated floating
mudclasts at top

Progressive aggradation beneath
non-cohesive high-denity turbidity
current

Figure 19: Schematic log of an idealliciclasticHEB deposit(from Haughton et al., 2009).
HDT, LD, LDT standforhigd e nsi t y

respectively.

tur bi di t-censityiurbiditek e d

debr i

to laminar flow. The HEB is then capped by a samdal couplet consisting of a trailing turbulent

flow (H4) overlain by suspension settling muds (H5).

The carbonate variants of HEBs described by Kvale et al. (2017) are characterized by a

basal turbidite (H1) overlain by a laminated or banded calcareous siltstone (H2). This H2
division represents the transition of the gravity flow from a fluid turbidityenirto a cohesive
laminar debris flow. Overlying the H1 and H2 facies are calcaramilaceous siltstones (H3
lower) and calcareous mudstones (H3 upper). These facies represent the cohesiwd read

of the flow. Finally, the flow is capped byn@assive mudstone (H5) deposited by suspension

fallout (Kvale et al., 2017).
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4.5 Calcareous Mudstone

The calcareous mudstone lithofacieshsracterized by medium grey to dark grey
calcareous mudstones (Fid))2Calcareous mudstone intervals range in thickness from <1 cm to
1 dm. The average mineral contents of the calcareous mudstone facies is 39.75&h gty
38.042.0, 38.75% carbonat@ange =31.0-49.0%), and 21.5% Q+F+P+f&ange =19.0
24.%). TOC contents within the facies range from 0.5 to 2.4% (average = 1.5%). Calcareous
mudstones are generally weakly laminated withssded carbonate grains, although massive
textures are observed. The basal contacts of this facies are sharp to grad#pioeratontacts
are generally sharp.

This facies icomposed of sisizeddetrital quartz and unidentifiable carbonate silt
grains in a mudstone matrix (Figl)2 Pyrite is found in the facies as spherical masses (Hg). 2
D). Permeability and porosigverage 913.8 n@ange =791.01090.0nd) and6.0% (range =

3.87.™%), respectively (Tablé).

Figure 20: Core fhotograph othe calcareos mudstone lithofacie§cale is in inches.
Lami nated calcareous mudstone (5511.70)
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Figure 21: Thin section photomicrographs of the calcareous mudstone lithofacies. (A)
Calcareous mudstone composed of mud, detrital siltsphericalcalcite and ferroan dolomite.
(B) Calcareous mudstone composed of dispersed spherical calcite and(gyritéeakly
laminated calcareous siltstone. (D) Dispersed carbonate, quartz silt, agdafimed pyrite.

Interpretation

The calcareous mudstonestioé Strain core are interpreted to have been deposited by a
combination of density flows, pelagic rain, and hemipelagic processes. The abundance of quartz
silt in this lithofacies indicate a likely contribution of sediment by eolian transport. The
carbonge detritus within this lithofacies was likely derived from the adjacent carbonate
platforms and deposited by hemipelagic processes. Calcareous mudstones may represent Te
divisions of turbidites. Calcareous mudstones also may represent the cohesivesid8 divain

HEB (Fig. 18B).
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4.6 Calcarenite

Core intervals assigned to the calcarenite lithofacies comprise pale grey to brown
fossiliferous wackestones, packstones, and grainstones 2rige?l thicknesses range from < 1
cm to 3 dm. The average minkrgy of this facies is 4.3% clay minerdtange =1.0-16.0%),
81.9% carbonatéange =54.0-95.0%), and 13.7% Q+F+P+fange =3.0-36.0%). The TOC
content of this facies ranges between®224 (average = 0.8%). Calcarenite beds are generally
massive although some lamination and planar to wavy cross stratification do occur in the upper
portions of calcarenite beds. Basal contacts of these beds are erosional, whereas upper contacts
are typically gradational to sharp.

This lithofaciesis compasedof well to poorly sorted, fine to very coarse saiwkd
carbonate debris, carbonate lithoclasts, and wiltgistone clast3.heidentifiableskeletal
components of this facieéscludefusulinids, crinoid ossicle®rachiopods, bivaks, and
agglutinatedoraminifera in a micrite matrix. Many of the firgrainedskeletal components of
the calcareniteare indistinguishabléig. 23A-D). Calcarenites are also locally cut by calcite
healed fractures which vary from vertical to subhorizontal and are generally between <1 mm to
1 cm wide. Permeability and porosity aypically low in this facies, averaging 222.4 friednge

= 6.6-1010.0nd) and 2.5%range =0.6-8.1%), respectively (Tabl&).
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Figure 22: Core ptographs f the alcanltmofacies. Sale areimn inche. (A Poorly
sorted wackestorpackstone calcareniteith partially-filled, randomly oriented, calcitkealed
fracturef whi t e arrow) (5382. 3a&packstoheBwnith hpdooocarbbny

A

staining(red arrow) 53 7.4 . 7 0
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Figure 23: Thin section photomicrographs cdlicarenite lithofaciegA) Fusulinid packtone
with micrite cement(B) Poorly sorted allochema a fossiliferous packstone. (&ry coarse
allochemsand fine allochema a fossiliferous wackestofackstone(D) Calcitehealed
fractures in a packstone.

Interpretation

The calcarenite lithofacies is interpreted to have been deposited by turbidity currents
which are common in carbonate slope settings. Thicker, massive calcarenites with erosional
basegecord highenergy depositional events and are likely proximal tuighsity turbidites (Fig.
22). These turbidites are characterized by the dominance of rapidly deposited beds typically
assigned to the Ta division of the Bouma sequence. While Ta divasiem®mmonly recorded

in the Strain core, more complete turbidite sequences are observedibatd#d calcarenites
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(Fig. 24). In contrast, thinner, fineggrained calcarenites are interpreted to be more distal
turbidites. Calcarenites deposited by tuityidurrents also likely represent the basal H1 division
of a calcareous HEB (Fig8B)

Turbidity currents are neoohesive sediment flows that support sediment through fluid
turbulence. These flows move downslope due ta@tmtrast in density between the turbidity
current and the surrounding wafBouma et al., 1962; Middleton and Hampton, 1973; Mutti
and Ricci Lucci, 1975; Stow and Shanmugam, 1980; Lowe, 1982; Stow and Mayall, 2000).
Turbidity currents in the Wolfcamp weligely initiated by storms or by other masmvement

processes common in slope settings (e.g. slides, slumps, debris flows).

Figure 24: A calcarenite exhibiting massive Ta, cross laminated Th, and ripplelarossated
Tc divisions of the Boumturbidite sequencé 56 6.7 . 7 6)
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4.7 Bioclast-Lithoclast WackestoneFloatstone

Thebioclastlithoclast wackeston#ioatstone lithofacies isharacterized by pale grey
skeletal fragments and pale to dark grey lithoclastased in a dark grsiyity, slightly
calcareous mudstone or micritic matrix (Fi§).2Bed thicknesses for this facies range from < 1
cm to 1 m. The average mineralogy of the lithofacies is 8.3% clay mirferage =1.0-13.0%),
65.6% carbonatéange =51.074.0%), and 26.3%Q+F+P+A(range =14.0-38.0%). TOC
contents are variable in this facies, ranging betwee3.@% (average = 2.2%). Core intervals
assigned to this lithofacies are poorly sorted and massive @AY. Phe contact with
underlying facies are generally sharp to erosional. The upper contacts are also sharp to
gradational.

Identifiable skeletal allochems includehinoderms, brachiopods, bivalves, and trilobite
fragments. Lithoclasts within this faciese packstones and silty mudstoneuppclasts (Fig.
26B-C). The long axes of lithoclasts often exceed the width of the core (8 cm). Permeability and
porosity average 432.9 rfthnge =43.61030.0nd) and3.6% (range =1.9-5.2%), respectively.
Interpretaton

The bioclastithoclast lithofacies is interpreted to reflect deposition by debris flows,
which are a major sedimentary process in submarine slope settings (Middleton and Hampton
1973). In these flows, lithoclasts and skeletal fragments are suppodedansported by a
cohesive mixture of clay and interstitial water. The presence of clay matrices gives these flows a
cohesive flow rheology, which is important for sustained movement and allows the flows to hold
together during deposition (Bagnold, 19h4we, 1982; Mulder and Alexander, 2001; Talling et

al., 2012).
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Debris flows can be initiated by failure of overloaded slope sediments caused by a
catastrophic event or by the accumulation of many small failures. Debris flows can also form at
thedownslope ends of slumps and slides (Middleton and Hampton, 1973). These unstable slope
settings may be a result of changes in base level, overproduction of carbonate on the platform, or

tectonic subsidence.

Figure 25: Core photographs othe bioclastithoclast wackestonefoatstondithofacies. Scale
is in inches. (ABioclastlithoclast wackestoneffoatstonecomprised of skeletal fragments
(crinoidossicle¥3( 5 3 1 4B) Bidtlastlithoclastwackestonefloatstonecomposed of poorly
sorted, ungraded, skeletal debris of crinoids and unidentifiable skeletal fragmpetengate
mud | ithoclasts (5623.808)
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Figure 26: Thin section photomicrographs of thmclastlithoclast wackestor#éloatstone
lithofacies. (A) Poorly sorted skeletal fragments in a micritic ma@xMud lithoclast and
skeletal allochems in a micritic matrgC) Packstone and unidentifiable carbonate fragments in

a silty clay matrix.
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CHAPTER 5: LITHOFACIES ASSOCIATIONS

Based on the lithofacies identified in the Strainegtiveir vertical distributionand
thicknesses, sevatistinct lithofacies associations (LAa)e recognizedithin the study section
(Fig. 27). These lithofacies associations are charactebyatiedominant lithofacies and
subordinate lithofacies within a given intervattention is also paid to lithofacidsed
thicknesses. The lithofacies associationssteading order, are: 1) interbedded sandstone and
siltstone lithofacies association (LA), 2) mudstone with rare siltstone, calcarenite, and
bioclastlithoclast wackeston#loatstone lithofacies association (kB), 3) calcarenites with
interbedded biocladithoclast wackestoneffoatstone and mudstone lithofacies association (LA
C), 4) calcarenite and calcareous siltstone with interbedded calcareous mudstone lithofacies
association (LAD), 5) siliceous mudstone lithofacies association-f£)A6) massivealcarenite
and rare mudstone lithofacies association-)Aand 7)mudstone with thirfbedded calcarenite
and bioclastithoclast wackestoneffoatstone lithofacies association (k8). Each of these

lithofacies associations and their inferred depositienglronments are summarized below.
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Figure 27: Coregamma, lithofacies associations, facies log, TOC, and XRD mineralogy of the
Strain core.
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5.1 Interbedded Sandstone and Siltston@A -A)

The LA-A characterizes the base of the study section (core intervaR 85.74666 . 56 ) . Th
facies association is dominated by siliciclastic facies (i.e. sandstone, siltstone) and characterized
by a single coarseniagpward cycldrom non-calcareous siltstonegar the basef the section
to sandstones towards the top (F28). The calcarenite facies is subordinate in this interval
represented by a single calcarenite bead®&hick andinterbedded with basallts. The
coarseningupwardsiltstonesandstone packa@é this LA suggests that this interval may reflect
sedimerdationalong the middle or lower slope in a transgressigistand systems tract
5.2 Mudstone with Calcareniteand BioclastLithoclast WackestoneFloatstones (LAB)

LA.-B (core i HtreBvald)5632&@omposed of dark sil
calcareous mudstoneand rarethin-bedded silf calcarenites, and bioclakthoclast
wackestone$loatstonegFig. 29). Thelower part of this associatiaa dominated by mudstone
beds over 10n-thick, whereas the upper portions contain gravity flow d#sdypically less
than 15cmthick. Based on the shagmntact with the underlying LA, the dominance of dark
colored mudstones, and the tiadded character of gravity flow deposits,-BAs interpreted

to represent deposition alower slopenvironment.
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