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Abstract 

 

 

Lithologic, petrologic, and geochemical analyses were performed on the Wolfcamp 

Formation (operational benches A and B), with a focus on a 400-ft-thick core recovered from 

wildcat well Strain 2V (API 42-335-53586) in northwestern Mitchell County, Texas. The core 

along with thin sections, mineralogical, and petrophysical data was made available by Devon 

Energy. Observations were 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 

that influenced deposition of the Wolfcamp Formation, and (3) assess the hydrocarbon-source 

rock potential and unconventional hydrocarbon-reservoir rock potential of Wolfcamp Formation 

lithofacies. 

Seven lithofacies are recognized in the Lower Permian section of the Strain core based on 

primarily on sedimentary features and mineralogy determined by x-ray diffraction. The facies are 

complexly interbedded and include (1) sandstones, (2) siltstones, (3) siliceous mudstones (4) 

calcareous siltstones, (5) calcareous mudstones, (6) calcarenites, and (7) bioclast-lithoclast 

wackestone-floatstones. 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, hyperpycnal 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 
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carbonate-dominated turbulent flows to mud-rich cohesive laminar flows. The vertical 

distribution of lithofacies was used to divide the Strain core into seven distinct lithofacies 

associations, each representing a distinct depositional environment and sea-level condition. The 

lithofacies associations, in ascending order, are: 1) interbedded sandstone and siltstone 

lithofacies association (LA-A), 2) mudstone with calcarenite, and bioclast-lithoclast wackestone-

floatstone lithofacies association (LA-B), 3) calcarenites, bioclast-lithoclast wackestones-

floatstone, and mudstone lithofacies association (LA-C), 4) calcarenite and calcareous siltstone 

with interbedded calcareous mudstone lithofacies association (LA-D), 5) siliceous mudstone 

lithofacies association (LA-E), 6) massive calcarenite and rare mudstone lithofacies association 

(LA-F), and 7) mudstone, thin calcarenite and bioclast-lithoclast wackestones-floatstone 

lithofacies association (LA-G). 

Organic geochemical data from Rock-eval analyses indicate that the Wolfcamp 

Formation contains sufficient quantities of mature, mixed Type II and Type III organic matter to 

serve as a good to excellent hydrocarbon-source rock in the Mitchell County area. Industry-

provided petrophysical and XRD data suggests clay-rich and siliceous facies are the highest 

quality hydrocarbon-source rocks and unconventional hydrocarbon-reservoir rocks, with 

carbonate facies being negatively associated with organic richness and reservoir quality.  

Geochemical analyses of the Wolfcamp Formation lithofacies were performed using 14 

geochemical proxies for sedimentation, redox state, and paleo-productivity. Results suggest the 

development of anoxic conditions during sea-level 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 volumes of coarse-

grained material into low-energy marine settings, the significance of SGFs in geologic settings 

across the globe have become increasingly appreciated in modern sedimentological studies. 

Along with information regarding depositional environments and regional tectonics, SGFs are 

also being extensively studied to evaluate their hydrocarbon-resource potential (Bouma et al., 

1962, Haughton et al., 2009; Kvale et al., 2017). In the Permian Basin of the southwestern 

United States, one of the most significant petroleum-producing regions in the world, deep marine 

deposits and environments are being studied at the facies-scale to better understand the 

relationship between SGFs, depositional environment, paleoceanographic conditions, and 

hydrocarbon-resource potential. Of particular interest is the late Paleozoic Wolfcamp Formation 

of the Midland Basin, the eastern sub-basin of the Permian Basin. 

The Wolfcamp Formation is an Upper Pennsylvanian-Lower Permian sedimentary unit 

composed of interlayered siliciclastics and carbonates interpreted to have been deposited in deep 

marine and shelf settings. The Wolfcamp Formation is an important hydrocarbon resource within 

the Permian Basin. The 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 F95ïF5 range from 11.4 to 31.5 

billion barrels; 16 trillion cubic feet of associated gas, with an F95ïF5 range from 7.9 to 27 

trillion cubic feet; and nearly 1.6 billion barrels of natural gas liquids with an F95ï F5 range 
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from .7 to 2.9 billion barrels (Gaswirth et al., 2016). These quantities of hydrocarbons make the 

Wolfcamp the largest continuous oil play in the United States, nearly three times larger than that 

reported in the 2013 USGS Bakken-Three Forks resource assessment, and an enticing target for 

petroleum 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 special recovery methods (Vidas and Hughman, 2008; Cortez III, 

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 contain a source rock, hydrocarbon trap, and an impermeable caprock (Selley and 

Sonnenberg, 2015). For well over a century, conventional reservoirs have been the primary 

sources of petroleum production globally. 

Newly-exploited continuous reservoirs, termed unconventional reservoirs, are much more 

challenging to define. The United States government defines unconventional reservoirs as 

systems with a permeability to gas flow of less than 0.1 millidarcy (Cortez III, 2012). However, 

based on integrations of Darcyôs Law in the petroleum industry, a more appropriate definition for 

unconventional reservoirs are diverse systems that can only be produced economically after 

large-stimulation operations and enhanced recovery methods are performed (Vidas and 

Hughman, 2008; Cortez III, 2012). Common unconventional systems include gas shale, tight-gas 

sand, coal-bed methane, and heavy oil. Some of the processes used to stimulate production from 

unconventional reservoirs include hydraulic fracturing, flooding, and steam injection. These 

stimulation procedures allow for impermeable seal and source rocks to be targeted and produced 
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as primary reservoirs. Unconventional reservoirs in the Permian Basin represent a significant 

contribution of U.S. oil production (Cortez III, 2012; Selley and Sonnenberg, 2015).   

The first commercial well in the Permian Basin was the Santa Rita No. 1, which was 

located in Mitchell County, Texas and completed in the early 1920s. The well continued to 

produce until 1990 when it was finally capped. Since then, hydrocarbon research, exploration, 

and production within the Permian Basin has increased substantially, and there has been an 

exponential increase in horizontal wells drilled in the Midland Basin since 2010 (Sutton, 2015). 

Much of this increase is due to the development of new unconventional resource plays in basinal 

deposits throughout the basin. Thousands of feet of potentially productive mudrock has 

stimulated significant interest due to the potential for multiple drilling targets and stacked 

horizontal wells within a single drill-site. Over the past few years, favorable economic conditions 

and improved technology has stimulated interest in evaluating the reservoir potential of 

resedimented carbonates and mudstones of ancient submarine shelf and fan systems in 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. Traditionally, this understanding has revolved around studies of deep-water turbidite 

complexes and models of their deposition. However, Posamentier and Walker (2006) asserted 

that no single facies model is capable of incorporating the complexity of large-scale submarine 

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 shelf-edge and upper slope. These shelf and slope 

characteristics include grain-size distribution, and frequency and magnitude of flow events 
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(Posamentier and Walker, 2006). Additionally, recent studies of subaqueous fan and shelf 

settings have recognized sediment gravity 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 contributed from terrigenous sources by fluvially-influenced gravity flow processes (Plink-

Björklund 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 Midland Basin. However, there has been little 

attention given to the Wolfcamp Formation proximal to the basin margins. The primary 

objectives of this study are to study a single drill core recovered from northwestern Mitchell 

County, Texas in order to (1) characterize, 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 potential of these mixed carbonate-

siliciclastic lithofacies.  
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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 bisected by an intervening high known as the Central Basin 

Platform (CBP). The Permian Basin is bounded by the Diablo Platform and Pedernal Uplift to 

the west, the Matador Arch to the north, the Marathon-Ouachita Thrust Belt to the south, and the 

Eastern Shelf to the east (Fig. 1) (Ball, 1995). The Permian Basin is made up of many smaller 

sub-basins and uplifts that are related to tectonic activity associated with the assembly of the 

Pangean supercontinent (Hills, 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 continental sag known as the Tobosa Basin (Frenzel et al., 1988). By the Late 

Mississippian to Early Pennsylvanian, movement along the Marathon-Ouachita Orogenic Belt 

led to the regional transition from 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 Basin and associated structural features. The blue star indicates 

the location of the studied core, Strain 2V (modified from Silver and Todd, 1969).  
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The uplift of the CBP resulted in the formation of the two largest sub-basins 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, 1995). These sub-basins are different in that the Midland Basin is 

notably shallower than the Delaware Basin (Fig. 2C). These sub-basins contain formations of 

interbedded clastics and carbonates that were deposited during the late Paleozoic. From the 

Pennsylvanian (Strawn, Canyon, and Cisco) into the Early Permian (Wolfcampian and 

Leonardian), carbonates were deposited on the Northwestern and Eastern Shelves of the Midland 

Basin, as well as on the Central Basin Platform, whereas fine-grained siliciclastics were 

deposited in the center of the basin (Miall, 2008; Hamlin and Baumgardner, 2012). Deposition 

during this time was not likely influenced by movement along the Marathon-Ouachita Orogenic 

Belt but rather by the deformation and rapid subsidence that continued 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 continental basin in which 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 Horseshoe Atoll, an arcuate subsurface 

Pennsylvanian limestone accumulation composed of phylloidal algae, crinoids, and other non-

framework communities. The eastern boundary of the Permian Basin is the Eastern Shelf, which 

has been characterized as a mixed carbonate and siliciclastic system. Along the Eastern Shelf 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 Basin. Prograding out towards the center is the Glasscock Nose, a 

limestone accumulation developed by the westward progradation of reef build-ups from the 

Eastern Shelf out into the Midland Basin (Fig. 1; Flamm, 2008). Notably, reefs during the 

Permian developed as reef mounds due to the lack of reef-building framework organisms such as 

corals and stromatoporoids. Instead the biota of the Lower Permian included tubiphytes, 

phylloidal aglae, encrusting foraminifera, bryozoans, and calcisponges that built their structures 

within the sub-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). 

 The climate of the Lower Permian has been characterized as an icehouse period due to 

the expansion and contraction of widespread continental glaciers 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). The extent of continental ice sheets are 

inferred to have been at maxima during the Pennsylvanian-Permian transition (early 

Wolfcampian). The waxing and waning of ice sheets greatly influenced sea-levels, causing high-

frequency and high-amplitude fluctuations in eustasy. Within the Midland Basin, sea-level is 

estimated to have fallen by 1000-2000 ft (330-660 m) in order to generate the regional 
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ñWolfcamp Shale Markerò unconformity (Mazzullo and Reid, 1989; Flamm, 2008; 

Baumgardner et al., 2016). Sea-level lowstand conditions prevailed throughout the early 

Wolfcampian before shifting to the progressively higher highstand conditions characteristic of 

the later Wolfcampian and early Leonardian (Fig. 3; Baumgardner et al., 2016). 

 Additionally, western Pangea became increasingly arid as icehouse conditions waned 

during the late Paleozoic. The climate of the region was characterized as subhumid in the latest 

Pennsylvanian, later transitioning to a semiarid climate during the Wolfcampian and a fully arid 

climate in the Leonardian (Baumgardner et al., 2016). Other influences on the late Paleozoic 

climate include tectonic drift and a long-term drying trend that began during the Middle 

Pennsylvanian (Baumgardner et al., 2016). 

2.2 Wolfcamp Formation 

The Wolfcamp Formation was first defined by Udden et al. (1916) based on a 700-ft-thick 

section in the Glass Mountains that is dominated by shale and limestone but also includes 

subordinate sandstone and conglomerate. The formation was named after Wolf Camp at the type 

locality of the formation located 12 miles north of Marathon, Texas. The Wolfcamp Formation 

has since been accepted as the lowermost Permian formation of the Glass Mountains and the 

surrounding area. 

For the Lower Permian of the Midland Basin, the North American Stratigraphic Code 

(NASC) uses the terms ñWolfcampò and ñLeonardò and ñWolfcampianò and ñLeonardianò for 

the formation and stage names, respectively. The International Stratigraphic Code (ISC) 

nomenclature for lower Permian rocks includes, in ascending order, the Asselian, Sakmarian, 

Artinskian, and Kungurian. Upper Pennsylvanian rock nomenclature based on the ISC includes, 
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in ascending order, the Kasimovian and Gzhelian. For this study NASC terminology will be used 

in order to correlate findings to previous studies and for consistency. 

As shown in figure 4, the Wolfcamp Formation is commonly divided into several benchs 

(Wolfcamp A, B, C, and D) by the oil and gas industry. Wolfcamp A is known as the Leonard. 

Wolfcamp B and C are known as the Wolfcamp.  Wolfcamp D is known as the Cline Shale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Stratigraphic column depicting the Late Paleozoic Ice Age glaciation and sea-level 

fluctuations from Haq and Schutter (2008) throughout the Carboniferous and Permian (modified 

from Fielding et al., 2008).  
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Figure 4: Stratigraphic column for the late Paleozoic of the Midland Basin with formation tops 

correlated to the Strain 2V well log. Stratigraphy from Baumgardner et al. (2016). The red 

rectangles indicate intervals where drill core was recovered. Only the Wolfcamp A and B 

sections were analyzed in this study. M. = Moscovian. D. = Desmoinesian 
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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 was recovered from a wildcat well 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 a 3ò-diameter 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 is ~750 ft. However, the 

core is discontinuous, being comprised of four distinct segments. The stratigraphic intervals 

contained in the core segments are, in ascending order, the upper part of Wolfcamp D (7589 to 

7599 ft and 7312 to 7529 ft), the upper part of Wolfcamp B (5501 to 5766.5 ft) to the lower part 

of the Wolfcamp A (5465 to 5501 ft), and the upper part of the Wolfcamp A (5312 to 5400 ft) to 

the lower part of the Dean Sandstone (5280 to 5312 ft). Only data for the Wolfcamp A and B 

sections of the core (a ~ 400 ft interval in total) are discussed in this study (see 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 naked eye, handlens, and binocular microscope. 

Descriptions and photographic records were made of lithology, sedimentary structures, bedding, 

and textures based on the observation of polished slabbed core faces. Attention also was paid to 

bedding-parallel parting surfaces. 

Following core description, the Strain 2V was systematically sampled for rock-eval and 

geochemical analyses (Fig. 6). Eighty-four (84) chunk/chip samples were taken at roughly 5-ft 

intervals through the total length of core in order to perform geochemical (total organic carbon 

and rock-eval pyrolysis) and elemental analyses (Fig. 6; x-ray fluorescence; XRF).  

3.3 Thin Section Petrography 

 A total of forty-three (43) thin sections, produced commercially by Weatherford Labs 

from intervals in the Wolfcamp B section of the Strain core (Fig. 6) were provided by Devon 

Energy. Thin sections were analyzed under a petrographic microscope at various magnifications 

in order to characterize lithology and sedimentary structures. Digital photomicrographs were 

taken to record various features that aided in the characterization of lithofacies. 

3.4 Inorganic Geochemistry 

Of the eighty-four (84) samples collected from the Strain core, thirty-six (36) sufficiently 

voluminous samples were analyzed by XRF 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 black dashes. 
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3.5 Rock-Eval Pyrolysis 

 Eighty-one (81) of the eighty-four (84) collected samples had sufficient material to be 

analyzed by commercial source-rock analyses. These analyses included LECO carbon analysis 

and Rock-eval pyrolysis by Weatherford Laboratories in Houston, Texas (Fig. 6). 

3.6 Rock Properties Dataset 

 Samples for x-ray diffraction (XRD) and shale rock properties (SRP, porosity and 

permeability) were collected at 1-to-9 ft sample intervals within the Wolfcamp A and B (Fig. 6). 

The analyses of the samples were conducted by Weatherford Laboratories and provided by 

Devon Energy for this study. Mineralogy determined by XRD was used to characterize 

lithofacies and their vertical distribution throughout the core. 
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CHAPTER 4: LITHOFACIES ANALYSIS  

 

 Observations of the Strain 2V core and thin section petrography have identified seven 

lithofacies (Figs 7). Along with core and thin section observations, mineralogy determined by 

XRD, TOC determined by Rock-eval, 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 identified facies are: 1) sandstone, 2) siltstone, 3) siliceous 

mudstone, 4) calcareous siltstone, 5) calcareous mudstone, 6) calcarenite, and 7) bioclast-

lithoclast wackestone-floatstone. 

 The Strain core lithofacies reflect a variety of depositional processes typical of a slope-

basin setting. These depositional processes have been identified and discussed in numerous 

studies (Montgomery, 1996; Mazzullo, 1997; Beall et al., 1998; Mazzullo, 1998; Stoudt; 1998).  

These primarily include episodic gravity flow processes, which are recorded in calciclastic and 

siliciclastic deposits (calcarenites, bioclast-lithoclast wackestones-floatstones, calcareous, and 

non-calcareous siltstones) as well as hemipelagic processes, indicated by the presence of clay-

rich, calcareous and non-calcareous mudstone lithofacies (Fig. 7).  

  Gravity-driven subaqueous sediment flows are major marine sedimentary processes that 

transport sediments from shallow depths to deep marine environments. These processes can be 

initated by seismic activity or the accumulation of small scale slope failures. Common gravity-

flow processes include debris flows, grain flows, turbidity currents, and transitional flows 

(Haughton et al., 2009; Talling et al., 2012). The sediment gravity flows within the Strain core 

were likely sourced from the adjacent carbonate platforms along the Eastern Shelf.  
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Figure 7: Core gamma, facies log, TOC, and XRD mineralogy of the Strain core.  
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4.1 Sandstone 

 The sandstone facies is characterized by medium to pale grey sandstones (Fig. 8). 

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, averaging 0.8% (range = 0.7-

0.95%). Sandstones are laminated to planar bedded with some bioturbation indicated (Fig. 8B). 

The lower contacts of this facies are generally gradational to sharp. Upper contacts are typically 

sharp. 

The facies is composed of moderately sorted, fine to medium, subrounded to subangular 

quartz sand and detrital silt in a clayey matrix (Fig. 9). Pyrite occurs as fine grains or as larger 

masses dispersed in the sand (Fig. 9A-C). Siderite occurs locally as bands or as isolated nodules 

(Figs 8A and 9C). Permeability and porosity are 726 nd and 4.3%, respectively (Table 1). 

Interpretation 

The sandstone lithofacies, which only occurs in a single interval in the Wolfcamp B, is 

interpreted to represent deposition by fluvio-deltaic processes. The origin 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 were likely 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 presence of a clay matrix precludes direct deposition by eolian processes. 
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Figure 8: Core photographs of the sandstone lithofacies. Scales are in inches. (A) Dark grey 

sandstone with siderite banding (5739.3ô). (B) Sandstone with planar bedding and bioturbation 

(5734.5ô). 
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Figure 9: Thin section photomicrographs of the sandstone lithofacies. (A) Pyrite (Py) masses 

and detrital quartz grains in a clay matrix. (B) Detrital quartz and pyrite dispersed in a clay 

matrix. (C) A siderite cemented band (S) overlain by sandstone. 
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4.2 Siltstone 

 The rocks assigned to the siltstone lithofacies are 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 (range = 22.0-50.0%), 5.2% carbonate (range = 0-

13.0%), and 58.9% Q+F+P+A (range = 48.0-74.0%). Organic contents of the siltstones average 

1.6% (range = 0.4-3.5%). Siltstones are generally laminated to massive (Fig. 10). Basal contacts 

are typically sharp to gradational, whereas upper contacts are generally sharp. 

This facies is composed of detrital silt, sponge spicules, radiolaria, and calcispheres. (Fig. 

11A, C). Carbonate silt, clay, and dispersed fine-grained pyrite masses are also observed (Fig. 

11). Permeability and porosity average 681.7 nd (range = 163.0-1020.0 nd) and 7.4% (range = 

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

 

 

 

 

 

 

Figure 10: Core photographs of siltstone lithofacies. Scales are in inches. (A) Siltstone grading 

from siltstone with wavy and disrupted lamination into a massive tan colored siltstone (5687.7ô). 

(B) Massive light brown siltstone overlain and underlain by siliceous mudstones. White specks 

are unidentified skeletal fragments (5689.4ô). 
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Figure 11: Thin section photomicrographs of the siltstone lithofacies. (A) Detrital quartz silt 

(Qtz) and pyrite (Py) in a clay matrix. (B) Laminated siltstone with dispersed carbonate grains 

and irregular silt stringers. (C) Siltstone composed of sponge spicules, radiolaria, detrital quartz, 

and pyrite in 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 alignment of grains in the siltstone facies 

suggests deposition by bottom currents or low-density turbidity currents. Lack of sedimentary 

structures in the siltstones can be attributed to bioturbation or deformation by post-depositional 

gravity-driven processes (e.g. slumps, bottom currents; Fig. 12). 
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Figure 12: Photograph of core interval 5651ô-5661ô displaying a slump deposit comprised of 

contorted siltstone beds. 
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4.3 Siliceous Mudstone 

Siliceous mudstones are characterized by light grey to black mudstones (Fig. 13). 

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% clay (range = 45.0-68.0%), 2.9% carbonate (range = 0-

13.0%), and 39.2% Q+F+P+A (range = 31.0-48.0%). TOC contents of the siliceous mudstones 

vary considerably, ranging from 0.2-6.3% (average 2.1%). Siliceous mudstones are generally 

laminated with silt or very fine sand forming mm-thick laminae. However, some siliceous 

mudstone intervals are homogenous likely due to sediment reworking by organisms. Lower and 

upper contacts of this facies are sharp to gradational. This facies is composed of silt and rare 

calcispheres in a clay matrix (Fig. 14). Fern-like plant fossils are commonly observed along the 

bedding planes of this facies. Phosphatic nodules and fine-grained pyrite masses are also 

observed. (Fig. 14). Permeability and porosity average 937.5 nd (range = 701.0-1130.0 nd) 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 density-flow processes (e.g. bottom currents, low-density 

turbidity currents) under anoxic conditions, as suggested by the presence of phosphatic nodules 

and lack of burrows. The presence of detrital quartz silt suggests contribution from the pelagic 

settling out of wind-blown silt derived from eolian systems to the north and northeast of the 

Midland Basin.  
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Figure 13: Core photograph of the siliceous mudstone lithofacies. Scales are in inches. Dark 

brown mudstone with two phosphatic nodules in the center and center-left of the photo (5511.9ô). 

(B) Photograph of fern-like plant along the bedding plane of the siliceous mudstone lithofacies. 

From 5683.8ô. 

 

 

 

 

 

 

 

 

 

Figure 14: Thin section photomicrographs of the siliceous mudstone lithofacies. (A) 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 of well-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., 2017). Baumgardner et al. (2016) studied drill cores from 14 wells to 

study relatively intact fossils of an early Permian peltasperm, which is a Paleozoic seed plant 

characterized by the presence of a specialized shield-like reproductive organ (pelta) 

(Baumgardner et al., 2016). Due to the abundance of these fossil plants in the siliceous 

mudstones between gravity-flow deposits it 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 et al., 2016).  

4.4 Calcareous Siltstone 

 This facies is characterized by pale to medium grey calcareous siltstones (Fig. 15A-B). 

Calcareous siltstone beds range from 2 to 15 cm thick. Average mineral contents for calcareous 

siltstones are 21.5% clays (range = 7.0-33.0%), 28.1% carbonate (range = 17.0-45.0%), and 

50.4% Q+F+P+A (range = 40.0-62.0%). TOC contents for calcareous siltstones average 1.5% 

(range = 0.5-2.4%). 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 contacts are typically sharp to gradational. 

Calcareous siltstones are composed of moderately sorted subangular to subrounded 

detrital quartz silt, radiolaria, spherical carbonate-filled bodies (calcispheres?), and silt-sized 

carbonate and skeletal fragments (Fig. 16). Well-preserved fern-like plant fossils are observed 

along beddings planes (Fig. 15C). Average values for permeability and porosity are 543.8 nd 

(range =791.0-1090.0 nd) and 5.4% (range = 2.0-7.6%), respectively (Table 1). 
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Figure 15: Core photographs of calcareous siltstone lithofacies. Scales are in inches. (A) 

Calcareous siltstone overlying a faintly laminated calcareous mudstone (5677.2ô). The upper 

contact of the mudstone is marked by the red dashed line. (B) Weakly laminated calcareous 

siltstone (5577.2ô). (C) Fossil of fern-like plant (outlined in red) along the bedding plane of a 

calcareous mudstone (5778.1ô).  

 

 

 

 

 

Figure 16: Thin section photomicrograph of the calcareous siltstone lithofacies. Spherical 

structures filled with ferroan dolomite and quartz silt in a clay matrix. 
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Interpretation 

The presence of coarsening-to-fining 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 high-suspended load concentrations 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 hyperpycnites have a basal coarsening upwards portion 

generated during the waxing period of fluvial discharge followed by an upper fining-upward unit  

deposited during the waning flow regime (Fig. 17; Mulder and Alexander, 2001). The intact 

macroscopic peltasperms along the bedding planes of calcareous silt beds indicate deposition 

proximal to terrestrial or marginal marine environments. Fluvially-driven hyperpycnal flows 

have been proposed to have transported intact plant debris into deep-water settings in 

Spitsbergen, Norway (Plink-Björklund and Steele, 2004). 

Calcareous siltstones are also interpreted to have been deposited by a transitional flow 

distal to the marine margin, likely representing a lower H3 division of a calcareous hybrid event 

bed (Fig. 18; Kvale et al., 2017). 

Recent studies have recognized the significance of flow evolution (e.g., non-cohesive 

turbidity currents to cohesive flows debris flows) over distances. Beds that preserve examples of 

transitional flow character are known as hybrid event beds (HEBS; Haughton et al., 2009). An 

ideal siliciclastic HEB deposit contains five internal divisions (Fig. 19). The base of the HEB 

will be a stratified or massive high-density turbidite (H1) overlain by a transitional banded unit 

(H2) that represents the flow transition from turbulent to laminar flow or vice versa. Overlying 

the transitional unit is a clay-rich, mud clast-bearing debrite (H3) that represents a quasi-laminar  
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Figure 17: Corebox 5571ô-5581ô containing three coarsening-fining upward sequences (yellow 

diamonds) indicative of hyperpycnal deposits. Locations of plant fossils are indicated by pale 

yellow ñFernò cards. 
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Figure 18: (A) Slabbed core photo of thin HEBs with interbedded calcareous siltstones and 

siliceous mudstones (Interval 5332.5ô-5333ô). The blue box indicates the location of B. (B) 

Close-up photograph of a calcareous HEB in the Strain core. Red arrows indicate single flow 

events. Scales are in inches. 
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Figure 19: Schematic log of an ideal siliciclastic HEB deposit (from Haughton et al., 2009). 

HDT, LD, LDT stand for high-density turbidite, ñlinked debriteò, low-density turbidite, 

respectively. 

to laminar flow. The HEB is then capped by a sand-mud 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 turbidity current to a cohesive  

laminar debris flow. Overlying the H1 and H2 facies are calcareous-argillaceous siltstones (H3 

lower) and calcareous mudstones (H3 upper). These facies represent the cohesive, mud-rich rear  

of the flow. Finally, the flow is capped by a massive mudstone (H5) deposited by suspension 

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

The calcareous mudstone lithofacies is characterized by medium grey to dark grey 

calcareous mudstones (Fig. 20). Calcareous mudstone intervals range in thickness from < 1 cm to 

1 dm. The average mineral contents of the calcareous mudstone facies is 39.75% clay (range = 

38.0-42.0), 38.75% carbonate (range = 31.0-49.0%), and 21.5% Q+F+P+A (range = 19.0-

24.0%). TOC contents within the facies range from 0.5 to 2.4% (average = 1.5%). Calcareous 

mudstones are generally weakly laminated with silt-sized carbonate grains, although massive 

textures are observed. The basal contacts of this facies are sharp to gradational. Upper contacts 

are generally sharp. 

This facies is composed of silt-sized detrital quartz and unidentifiable carbonate silt 

grains in a mudstone matrix (Fig. 21). Pyrite is found in the facies as spherical masses (Fig. 21B, 

D). Permeability and porosity average 913.8 nd (range = 791.0-1090.0 nd) and 6.0% (range = 

3.8-7.7%), respectively (Table 1). 

 

 

 

 

 

 

 

Figure 20: Core photograph of the calcareous mudstone lithofacies. Scale is in inches. 

Laminated calcareous mudstone (5511.7ô).  
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Figure 21: Thin section photomicrographs of the calcareous mudstone lithofacies. (A) 

Calcareous mudstone composed of mud, detrital silt, and spherical calcite and ferroan dolomite. 

(B) Calcareous mudstone composed of dispersed spherical calcite and pyrite. (C) Weakly 

laminated calcareous siltstone. (D) Dispersed carbonate, quartz silt, and fine-grained pyrite. 

Interpretation 

 The calcareous mudstones of the 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 

carbonate 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 cohesive H3 division of an 

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 (Fig. 22). Bed thicknesses range from < 1 

cm to 3 dm. The average mineralogy of this facies is 4.3% clay minerals (range = 1.0-16.0%), 

81.9% carbonate (range = 54.0-95.0%), and 13.7% Q+F+P+A (range = 3.0-36.0%). The TOC 

content of this facies ranges between 0.2-3.2% (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 lithofacies is composed of well to poorly sorted, fine to very coarse sand-sized 

carbonate debris, carbonate lithoclasts, and silty mudstone clasts. The identifiable skeletal 

components of this facies include fusulinids, crinoid ossicles, brachiopods, bivalves, and 

agglutinated foraminifera in a micrite matrix. Many of the fine-grained skeletal components of 

the calcarenites are indistinguishable (Fig. 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 are typically low in this facies, averaging 222.4 nd (range 

= 6.6-1010.0 nd) and 2.5% (range = 0.6-8.1%), respectively (Table 1). 
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Figure 22: Core photographs of the calcarenite lithofacies. Scales are in inches. (A) Poorly 

sorted wackestone-packstone calcarenite with partially-filled, randomly oriented, calcite-healed 

fractures (white arrow) (5382.3ô). (B) Poorly sorted grainstone-packstone with hydrocarbon-

staining (red arrow) (5374.7ô). 
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Figure 23: Thin section photomicrographs of calcarenite lithofacies. (A) Fusulinid packstone 

with micrite cement. (B) Poorly sorted allochems in a fossiliferous packstone. (C) Very coarse 

allochems and fine allochems in a fossiliferous wackestone-packstone. (D) Calcite-healed 

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 

bases record high-energy depositional events and are likely proximal high-density 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 divisions are commonly recorded 

in the Strain core, more complete turbidite sequences are observed in thick-bedded calcarenites 

A 

C 

B 

D 

0.5 mm 

0.5 mm 

0.5 mm 

1 mm 



40 
 

(Fig. 24). In contrast, thinner, finer-grained calcarenites are interpreted to be more distal 

turbidites. Calcarenites deposited by turbidity currents also likely represent the basal H1 division 

of a calcareous HEB (Fig. 18B) 

Turbidity currents are non-cohesive sediment flows that support sediment through fluid 

turbulence. These flows move downslope due to the contrast in density between the turbidity 

current and the surrounding water (Bouma 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 were likely initiated by storms or by other mass-movement 

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

 

 

 

 

 

 

 

 

 

 

Figure 24: A calcarenite exhibiting massive Ta, cross laminated Tb, and ripple cross-laminated 

Tc divisions of the Bouma turbidite sequence (5667.7ô). 
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4.7 Bioclast-Lithoclast Wackestone-Floatstone 

 The bioclast-lithoclast wackestone-floatstone lithofacies is characterized by pale grey 

skeletal fragments and pale to dark grey lithoclasts encased in a dark grey silty, slightly 

calcareous mudstone or micritic matrix (Fig. 25). Bed thicknesses for this facies range from < 1 

cm to 1 m. The average mineralogy of the lithofacies is 8.3% clay minerals (range = 1.0-13.0%), 

65.6% carbonate (range = 51.0-74.0%), and 26.3% Q+F+P+A (range = 14.0-38.0%). TOC 

contents are variable in this facies, ranging between 0.5-3.4% (average = 2.2%). Core intervals 

assigned to this lithofacies are poorly sorted and massive (Fig. 25A). The contact with 

underlying facies are generally sharp to erosional. The upper contacts are also sharp to 

gradational.  

Identifiable skeletal allochems include echinoderms, brachiopods, bivalves, and trilobite 

fragments. Lithoclasts within this facies are packstones and silty mudstone rip-up clasts (Fig. 

26B-C). The long axes of lithoclasts often exceed the width of the core (8 cm). Permeability and 

porosity average 432.9 nd (range = 43.6-1030.0 nd) and 3.6% (range = 1.9-5.2%), respectively. 

Interpretation 

The bioclast-lithoclast 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 supported and transported 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, 1954; Lowe, 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 

the downslope 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 of the bioclast-lithoclast wackestones-floatstone lithofacies. Scale 

is in inches. (A) Bioclast-lithoclast wackestones-floatstone comprised of skeletal fragments 

(crinoid ossicles) (5314.5ô). (B) Bioclast-lithoclast wackestone-floatstone composed of poorly-

sorted, ungraded, skeletal debris of crinoids and unidentifiable skeletal fragments and elongate 

mud lithoclasts (5623.8ô).  

 

 

 

A όромпΩύ B B όрсноΦуΩύ 



43 
 

 

 

 

 

 

 

 

 

 

Figure 26: Thin section photomicrographs of the bioclast-lithoclast wackestone-floatstone 

lithofacies. (A) Poorly sorted skeletal fragments in a micritic matrix. (B) Mud lithoclast and 

skeletal allochems in a micritic matrix. (C) 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 Strain core, their vertical distribution, and 

thicknesses, seven distinct lithofacies associations (LAs) are recognized within the study section 

(Fig. 27). These lithofacies associations are characterized by the dominant lithofacies and 

subordinate lithofacies within a given interval. Attention is also paid to lithofacies bed 

thicknesses. The lithofacies associations, in ascending order, are: 1) interbedded sandstone and 

siltstone lithofacies association (LA-A), 2) mudstone with rare siltstone, calcarenite, and 

bioclast-lithoclast wackestone-floatstone lithofacies association (LA-B), 3) calcarenites with 

interbedded bioclast-lithoclast wackestones-floatstone and mudstone lithofacies association (LA-

C), 4) calcarenite and calcareous siltstone with interbedded calcareous mudstone lithofacies 

association (LA-D), 5) siliceous mudstone lithofacies association (LA-E), 6) massive calcarenite 

and rare mudstone lithofacies association (LA-F), and 7) mudstone with thin-bedded calcarenite 

and bioclast-lithoclast wackestones-floatstone lithofacies association (LA-G). Each of these 

lithofacies associations and their inferred depositional environments are summarized below. 
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Figure 27: Core gamma, lithofacies associations, facies log, TOC, and XRD mineralogy of the 

Strain core.  
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5.1 Interbedded Sandstone and Siltstone (LA -A) 

 The LA-A characterizes the base of the study section (core interval 5728.4ô-5766.5ô). The 

facies association is dominated by siliciclastic facies (i.e. sandstone, siltstone) and characterized 

by a single coarsening-upward cycle from non-calcareous siltstones near the base of the section 

to sandstones towards the top (Fig. 28). The calcarenite facies is subordinate in this interval; 

represented by a single calcarenite bed 60-cm-thick and interbedded with basal silts. The 

coarsening-upward siltstone-sandstone package of this LA suggests that this interval may reflect 

sedimentation along the middle or lower slope in a transgressive-highstand systems tract.  

5.2 Mudstone with Calcarenite and Bioclast-Lithoclast Wackestone-Floatstones (LA-B) 

 LA-B (core interval 5632ô-5728.4ô) is composed of dark siliceous mudstones, light grey 

calcareous mudstones, and rare, thin-bedded silty calcarenites, and bioclast-lithoclast 

wackestones-floatstones (Fig. 29). The lower part of this association is dominated by mudstone 

beds over 10-m-thick, whereas the upper portions contain gravity flow deposits typically less 

than 15-cm-thick. Based on the sharp contact with the underlying LA-A, the dominance of dark-

colored mudstones, and the thin-bedded character of gravity flow deposits, LA-B is interpreted 

to represent deposition in a lower slope environment. 
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Figure 28: Photograph of core interval 5732ô-5742ô exemplifying LA-A. 
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