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ABSTRACT 
 

The Latest Artinskian to Early Kungurian Upper Wolfcamp (Skinner Ranch) Formation is 

exposed in the Lenox Hills of the Glass Mountains in Brewster County, Texas. These outcrops 

provide geoscientists and engineers a window to examine strata equivalent to the Wolfcamp A 

unconventional reservoirs in the southern Delaware Basin. This study provides an outcrop-based 

sequence stratigraphic analysis to identify distinct chemo/litho facies within a regionally 

correlative framework for improved reservoir characterization of organic-rich, mudrock-

dominated successions. We use modern advances in Energy-Dispersive X-Ray Fluorescence (ED-

XRF) chemostratigraphy to better understand depositional constraints on reservoir quantity 

(spatio-temporal variations) and quality (compositional, TOC richness) within a mixed carbonate-

siliciclastic system. 

Within the Lenox Hills, the Upper Wolfcamp Formation consists from the base up of the: 

1) carbonate conglomerate-prone Decie Ranch Member, 2) organic rich, mudstone-prone Poplar 

Tank Member, 3) mixed carbonate-siliciclastic conglomerate-prone Sullivan Peak Member, and 

(4) the organic poor, mudstone-prone Dugout Mountain Member.  The lowermost three members 

of the Upper Wolfcamp Formation, especially the mudstone-prone Poplar Tank Member, were the 

focus of this study. Five facies were identified within the Poplar Tank Member: 1) Facies 1a 

(skeletal packstone/grainstone) and 1b (skeletal wackestone), Facies 2 (calcareous silty mudstone), 

Facies 3 (argillaceous shale/mudstone), Facies 4 (siliceous mudstone/siltstone), and Facies 5 

(siliceous shale/siltstone).  Within the Poplar Tank Member, the heterogeneity of the observed 

facies and elemental proxies throughout the lower depositional sequence of the Upper Wolfcamp 

Formation suggest strong depositional cyclicity. Detrital and paleo-redox proxies indicate increase 
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in siliciclastic deposition occurred during the interpreted TST and early HST, and carbonate 

deposition occurring during the interpreted late TST and HST.  

Comparison of reservoir quality between the Upper Wolfcamp mudstone in outcrop and 

core studies indicate an equivalence of strata to the informal “Wolfcamp A” reservoirs in the 

subsurface of the Delaware Basin. Likewise, preliminary analysis of the shale/siltstone at the base 

of the Dugout Mountain Member indicate a correlation to the X,Y, and Z Sands of the Wolfcamp 

A. These findings, coupled with complete sedimentary and geochemical analysis of the type Upper 

Wolfcamp (Skinner Ranch) Formation provides chronostratigraphic insights for the surface to 

subsurface correlations. This work indicates that to make the Wolfcamp Group in outcrop coeval 

to the Wolfcamp Group in the subsurface, the base of the Leonard Group (Bone Springs) should 

be placed at the base of the Wedin Member of the overlying Cathedral Mountain Formation. 
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1 INTRODUCTION 

 

 Early Permian strata, commonly mapped as the Skinner Ranch Formation in the Lenox 

Hills (Cooper and Grant, 1973; Ross and Ross, 2003), but herein termed the Upper Wolfcamp 

Formation to better convey superposition within the Wolfcamp Group, as well as to avoid local 

provincial nomenclature, outcrop along the Glass Mountains in Brewster County, Texas. These 

Early Permian strata, located at the margin of the Marathon fold-belt region, record sedimentary 

fill of foreland basin strata, that formed because of the Late Paleozoic collision of the Laurentia 

and Gondwana plates and assembly of Pangea (Hill, 1995; Ye et al., 1996; Poole et al., 2005; Soto-

Kerans et al., 2020). The resulting complex syn-tectonic stratigraphic history provides a challenge 

in establishing a consistent stratigraphic framework of the Pennsylvanian and Permian units 

throughout the Glass Mountains.  In this study, high-resolution sequence stratigraphic methods, as 

well as chemostratigraphic (XRF) data, are used to resolve biostratigraphic boundaries of the 

basinal facies of the Upper Wolfcamp Formation, which are coeval to the unconventional tight- 

and source-rock plays of the Wolfcamp A unit in the adjacent subsurface in the Delaware Basin. 

This study also utilized a multi-scale approach, which ranged from petrographic thin section 

analysis of the fine-grained strata to seismic-scale drone photography to better constrain the large-

scale reservoir architectures exposed in Upper Wolfcamp Formation in the Lenox Hills. 

As mentioned previously, the Upper Wolfcamp Formation deposits exposed along the 

southeast face of the Lenox Hills of the Glass Mountains provides an exceptional opportunity to 

study slope and sea-floor associated strata (Cooper and Grant, 1964, 1966, 1972; Rogers, 1978; 

Cys and Mazzullo, 1978, 1981) coeval to the productive Wolfcamp A interval in the subsurface in 

the Delaware Basin.  Historically, these Early Permian strata received little attention due to their 
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mudstone-dominated facies, and location on private property, however, with recent interest in 

similar coeval facies as unconventional reservoirs in the Delaware Basin, studies of these outcrops 

is now critical and timely. 

At its type locality in the Lenox Hills, the Upper Wolfcamp (Skinner Ranch) Formation is 

a mixed carbonate-siliciclastic unit, approximately 420’ (128 meters) thick, comprised of 

interbedded assemblage of limestone conglomerate, organic-rich shale, siltstone, sandstone, 

calcareous siltstone, and limestone (Cooper and Grant, 1964, 1972; Cys and Mazzullo, 1978; Cys, 

1981; Ross and Ross, 2003). In the subsurface of the Delaware Basin, the coeval Wolfcamp A 

Formation ranges in thickness from 100 ft. to 700 ft., and contains an estimated undiscovered 

hydrocarbon resource of 29 billion barrels of oil, 220 trillion cubic feet of natural gas, and 14 

billion barrels of natural gas liquids (Gaswirth et al., 2018; EIA, 2020). Exploitation of these 

reservoirs has garnered interest, largely within the last decade due to enhanced production and 

completion technologies that which provides economic incentive to develop these previously 

undeveloped petroleum resources.  

Previous geologic studies in the area primarily focused on biostratigraphic markers to 

constrain the Upper Wolfcamp (Skinner Ranch) Formation from its platform to basinal facies (Hill, 

1995).  As a result of this biostratigraphic focus, little work on the facies, depositional setting, and 

sequence stratigraphy of these strata were previously conducted.  During the early 20th Century, 

Udden and King provided a comprehensive account of the Pennsylvanian and Permian units within 

the Glass Mountains (Udden, 1917; King, 1930). Later, Ross sub-divided King’s Wolfcamp 

Formation into the Neal Ranch and Lenox Hills formations based on stratigraphic interpretations 

from their descriptions of changing fusilinid faunas (Ross, 1960, 1963). Because of this work 
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(Figure 1), Ross (1986) placed the start of the Leonard Group at the base of the Skinner Ranch 

Formation, coinciding with the first occurrence of the fusilinid Schzuagerina crassitectoria, a 

fusilinid that appears in the Decie Ranch Member (base Skinner Ranch Formation) within the 

Lenox Hills. Within Ross’s stratigraphic framework, the Wolfcamp Group (Figure 1) spans the 

Asselian to Artinskian stages on the Geologic Time Scale (Cohen et al., 2013). 

Cooper and Grant (1964, 1972) also studied these outcrops, and in their research 

determined that the mudstone-dominated Skinner Ranch Formation was coeval to the carbonate-

dominated shelf-margin deposits of the Hess Formation (Figure 1). These correlations were based 

on an occurrence of the fusilinid Schzuagerina crassitectoria in the top of the Skinner Ranch and 

Hess formations (Cooper and Grant, 1964, 1972; Ross, 1986). In their work, Cooper and Grant 

(1964, 1966, 1972) sub-divided the Skinner Ranch Formation from the base up into the 

(conglomerate-dominated) Decie Ranch, (mudstone-dominated) Poplar Tank, (conglomerate-

dominated) Sullivan Peak, and (mudstone-dominated) Dugout Mountain members. Within their 

stratigraphic framework, Cooper and Grant (1972) placed the base of the Leonard Group at the 

base of the overlying Cathedral Mountain Formation (Figure 1).  Based on the work of Cooper and 

Grant (1972), the Wolfcamp Group, as defined by them (Figure 1), spans the Asselian to Early 

Kungurian stages on the Geologic Time Scale (Cohen et al., 2013). 

While most subsequent biostratigraphic studies have typically assigned the Skinner Ranch 

Formation in the Lenox Hills to the Leonard Group (Cys and Mazzullo, 1978; Cys, 1981; Davydov 

et al., 1995; Wahlman and West, 2010; Cohen et al., 2013; Wardlaw and Nestell, 2019), strata 

mapped as the Wolfcamp A in the subsurface appear to be Kungurian (Wilde 1975; Reid et al., 

1988; Cohen et al., 2013; Kohn et al., 2016). However, this study (Figure 1) followed the 
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framework that strata mapped as the Wolfcamp A in the subsurface of the Delaware Basin should 

be included within the Wolfcamp Group along coeval outcrops along the Glass Mountains. Under 

this paradigm, Cooper and Grant’s (1972) framework of placing the base of the Leonard Group at 

the base of the Cathedral Mountain Formation (top of the Skinner Ranch Formation) was followed.  

As outlined previously, to better convey superposition within the Wolfcamp Group in outcrop, as 

well as to avoid provincial terminology, the Skinner Ranch Formation is referred to as the Upper 

Wolfcamp Formation in this study (Figure 1). 

 
Figure 1. Historical stratigraphic chart summarizing regional interpretations on the Lower Permian 

Wolfcamp Group of the Glass Mountains (Ross & Ross, 2003; Cooper & Grant, 1972). Red line 

highlights the sequence stratigraphic findings of this study within outcrop and subsurface 

equivalents within the Delaware Basin (Sleight et al., 2020; Gutierrez et al., in prep; Peavey et al., 

2022; Richards et al., 2022). 
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2 GEOLOGIC SETTING  

 

2.1 Permian Basin 

The greater Permian Basin, which is a large geologic province located in West Texas and 

southeast New Mexico, is one of the largest hydrocarbon producing basins in the United States 

(Gaswirth et al., 2018; EIA, 2020). This complex foreland basin is segmented into the western 

Delaware Basin, the structural uplifted Central Basin Platform, the eastern Midland Basin, and the 

southern Val Verde Basin.  Stratigraphic and structural evolution of the greater Permian Basin can 

be observed through geologic time, with emphasis on two principal partitions which began in the 

Cambrian and rapidly developed throughout the Permian (Adams, 1965; Ewing, 2016).   

 Throughout the Early and Mid-Paleozoic, a transcontinental arch formed along the 

southern cratonic margin of Laurentia, forming an adjacent extensional marine depression, 

commonly referred to as the Tobosa Basin (Galley, 1958; Adams, 1965; Adams and Keller, 1996; 

Ewing, 2016). Marine incursion onto this cratonic margin throughout the Early Ordovician 

deposited of the Ellenburger Group, which is comprised of widespread shelf carbonate, as well as 

deep-water mudstone and carbonate (Yang and Dorobek, 1995; Derby et al., 2012). From the Mid 

to Late Ordovician, tectonic warping formed an intracratonic sag (Tobosa Basin) bounded by the 

Texas and Diablo Archs (Galley, 1958; Adams, 1965; Adams and Keller, 1996; Ewing, 2016). 

Deposition sourced from the northwest highlands provided sediment infill of marginal-marine and 

fine-grained offshore carbonate along extended platform and ramp settings (Wuellner et al., 1986). 

Continual deposition and subsequent suppression of the basin lasted through the Mississippian.    
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During the Carboniferous, depocenters formed along the axis of the Tobosa Basin during 

early collision of the Laurentia and Gondwana plates (Figure 2). Foredeep facies were thrusted to 

the northwest by displacement of the Gondwana plate. Cratonic shortening along the thrust front 

coincided with depressed sub-basins and crustal uplifts of the Tobosa Basin (Yang and Dorobek, 

1995; Ewing, 2016, 2019). Partitioning of the ancestral basin formed the Delaware Basin, Midland 

Basin, and Central Basin Platform, respectively. Continued tectonic loading and subsidence caused 

evolution and maturity of the basins.  Deposition of fine-grained sand, limestone, and mudstone, 

on the sea floor, along with limestone-dominated deposition on the shelf, dominated Permian 

deposition (King, 1930; Ross, 1986; Hill, 1995). The resultant assemblage of facies and 

stratigraphy that make up the bulk of the Greater Permian Basin was a result of cyclic-

sedimentation infill driven by the complex interplay between tectonics and eustacy (Hill, 1995; 

Poole et al., 2005; Soto-Kerans et al., 2020; Wilson et al., 2020).  
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Figure 2. Palaeoceanographic reconstruction of Pangea from the Late Pennsylvanian (left) and 

Early Permian (right). Modified from Blakey (2019). 

 

2.2 Glass Mountains (West Texas) 

The Glass Mountains of West Texas are located on the southwest flank of the Delaware 

Basin within the greater Permian Basin (Figure 3). The Glass Mountains are mainly comprised of 

Permian strata with an overall southwest to northeast strike and dip sloping to the northwest. These 

Permian sediments record deposition along a profile that extends from a carbonate platform to 

mudstone-prone seafloor setting (Cooper and Grant, 1964, 1966, 1972; Ross, 1986; Ross and Ross, 

2003). The stratigraphy and structure of the Glass Mountains are a result of the paleo deposition 

and regional deformation along the Ouachita-Marathon orogenic belt (King, 1930; Cooper and 

Grant, 1972; Ross, 1986; Wuellner et al., 1986; Poole et al., 2005). During the Carboniferous, the 

Marathon hinterland region experienced an uplift and increase of siliciclastic deposition in 

accordance with the onset of the southern subduction of the Laurentia plate under Gondwana (Hill, 
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1995; Poole et al., 2005). The peripheral foredeep and foreland-basin system developed structural 

lows that captured basin-fill sediment along continental margins in deep marine settings. As the 

Carboniferous progressed, the Marathon fold-and-thrust belt formed by renewed tectonic flexure 

along sutures derived from ancestral rifts during the break up of Rodinia (Poole et al., 2005; Pyles 

et al., 2010; Soto-Kerans et al., 2020). Throughout the evolution of the Marathon Orogenic belt, 

the continental margin deposits located between the collisional margins were thrusted, forming an 

accretionary wedge that advanced northward over Laurentia continental shelf deposits (Ross, 

1986; Ye et al., 1996; Ross and Ross, 2003; Poole et al., 2005). By Early Permian (Wolfcamp) 

deposition, northward structural propagation of the Marathon Orogen became stable, ushering in 

a period of undisturbed reciprocal sedimentation in a mixed carbonate-siliciclastic depositional 

system (Hill, 1995; Soto-Kerans et al., 2020). Diminishing structural intensity is recorded in the 

rock record as the undisturbed strata overlying the angular unconformity at the base of the Gaptank 

Formation in the Glass Mountains (Ross, 1986). Deposition of the Lenox Hills, Skinner Ranch, 

and Cathedral Mountain Formations occurred during the Early Permian to early Late Permian 

(Cooper and Grant, 1964, 1966, 1972; Ross, 1986; Hill, 1995; Ross and Ross, 2003). Renewed 

folding and uplift began during the Late Cretaceous to Early Tertiary Laramide Orogeny, forming 

a structural high and a broad dome in the Glass Mountain region, which led to the erosion of less 

resilient beds and exposed the currently outcropping strata in the Glass Mountains (King, 1930; 

Wuellner et al., 1986; Winfree, 1994, 1995; Cherney et al., 1998).  
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3 METHODS 

 

3.1 Measured Sections and Sampling 

 Vertical and lateral facies heterogeneity within the Upper Wolfcamp Formation in the 

Lenox Hills is documented in the three detailed measured sections collected in this study (Figure 

3 and 4).  Each section was recorded using a 1.56-meter-tall Jacob’s Staff and Brunton Compass, 

measuring parallel to dip. Sampling of the Decie Ranch and Sullivan Peak members varied, 

however sampling of the mudstone-dominated Poplar Tank Member was at a consistent interval 

of every foot, when well exposed. Samples were systematically acquired for sedimentological rock 

descriptions at the hand sample scale for geochemical evaluation and petrographic thin section 

analysis.  

Drone and outcrop photography was utilized to aid in providing seismic-scale architecture 

of the respective members, as well as to document sampling localities within the measured 

sections. Aerial images were taken by a DJI Phantom 4 Pro drone, which flew parallel to strike. 

The images were then processed using the guided workflow within Agisoft Metashape, where they 

were optimally aligned, filtered, and projected into 3-D space via a dense point cloud and textured 

model. Lastly, the segmented drone images captured along the Lenox Hills were imported into the 

drone visualization software Lime, where the newly rendered digital outcrop model (DOM) was 

texturized and colored based on properties such as dip/slope.  
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Figure 3. Reconstructed geologic map of representative exposed strata along the Glass Mountains 

of West Texas. Map inspired by King (1937) and regional studies of the Unconventional Reservoir 

and Outcrop Characterization (UROC) Consortium at Texas A&M University. Base layer is 

google terrain map from geolocate. 

 
Figure 4. Photograph of the front of the Lenox Hills looking in the direction of dip (NW). Member 

name (white) and outcrop exposure contacts (yellow) are denoted. 

 

3.2 Handheld Gamma Ray 

 A RS-230 handheld gamma-ray scintillometer was utilized to record a spectral gamma-ray 

(SGR) profile for each stratigraphic section. Gamma-ray measurements were taken at a one-foot 
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interval for 60-second assays within each member, with an exception to the Poplar Tank of Section 

10 where outcrop exposure in the upper 20 feet was completely covered. The mass concentrations 

of Uranium238, Potassium40, and Thorium232 associated with the scintillometer measurements help 

derived a total gamma-ray profile inspired by methods established by Herron and Herron (1996). 

The total gamma-ray profiles of each section allow for a direct comparison of the radioactivity 

patterns with subsurface gamma-ray well logs to resolve sequence stratigraphic correlations and 

improve geologic interpretations. Vertical clay variability within the mudrocks were observed by 

creating a Thorium-Potassium cross-plot and correlating the results to the clay minerals recorded 

from Fourier transform infrared (FTIR) spectroscopy measurements from Section 8 samples. 

Thorium-Potassium cross-plots for Sections 8B and 10 also were generated and analyzed to better 

understand lateral variation of clay mineralogy within the study area (Figure A3).  

 

3.3 Geochemistry (FTIR and ED-XRF) 
 
 Mineralogical components were recorded using Fourier transform infrared (FTIR) 

spectroscopy. FTIR was used because of its comparable results to that of X-Ray Diffraction (XRD) 

measurements as well as the effectiveness and timely manner in which the samples were processed 

(Craddock et al., 2017). Samples were prepped and processed by an external industry vendor 

(Chemostrat). Mineral percentages are reported alongside measured organics within the samples 

acquired from the Upper Wolfcamp at the type section of this study. FTIR data was analyzed only 

from Section 8 samples.  

In order to provide a correlative mineralogical analysis within the other two sections that 

did not have FTIR data, a stoichiometric correlation between the ED-XRF and FTIR data of 

Section 8 was established (Figure 6). Then, we generated an “XRF Composition” column to 
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provide a rough lithologic profile differentiating between quartz (silica), clay (aluminum), and 

calcite (calcium) for each section. 

 Bulk samples from the outcrop were powdered by running a SPEX SamplePrep 8000M 

Mixer Mill for 5 minutes, and then sieving the powdered sample through a <90 𝜇m mesh into 4-gram 

aliquots. The powders were then pressed into compact cylindrical pellets using a Specac Manual 

Hydraulic Press. Pellets were used for Energy Dispersive X-Ray Fluorescence (ED-XRF) 

measurements taken by a Bruker Tracer 5g Handheld ED-XRF. An 8 mm spot size count under a 

1 𝜇m Graphene detector window was used to minimize X-Ray scatter and statistical noise from 

the elemental abundance readings. The mudstone setting was used to determine major elements 

(wt.%), as well as trace elements (ppm). Additionally, elements were recorded in their respective 

oxide concentrations. 

 

3.4 Petrographic Thin Sections  
 
 23 petrographic thin sections were prepared and analyzed using an Olympus BX53MTRF 

Petrographic microscope located in the Carbonate Petrology Lab at Texas A&M University. The 

petrographic microscope was paired with a digital imaging software (Olympus Stream Essentials 

2.1) to easily export visual representations of observed textures (grain size and sorting), minerals, 

sedimentary structures, porosity, clasts, and mud. Each thin section was categorized using the 

Dunham (1962) classification for carbonate samples, or Folk (1968) and Donovan et al. (2017) for 

siliciclastic samples. The thin sections themselves were prepared by Wagner Petrographic at a 

thickness of 20 µm. Each thin section was impregnated with a blue epoxy for visual representation 

of porosity, as well as stained with Alizarin Red to help identify calcite within most of the 

carbonate dominated thin sections (Dickson, 1965). 
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3.5 Spotfire Clustering and Facies Association  

 All 648 rows of ED-XRF data were compiled into a single spreadsheet (Table A1). 

Columns comprised of major and trace elements were filtered based on which geochemical proxies 

warranted interest in providing insights into the environmental conditions at the time of deposition. 

Due to the scale at which the major and trace elements are reported (wt.% vs ppm), we chose to 

normalize the data between 0 and 1 before exporting it into the TIBCO Spotfire software. 

Agglomerative hierarchal clustering was performed in order to group rows (sample depth within 

each measured section) based on their elemental similarities (Figure A1). Ward’s Method was 

chosen to derive clusters due to its quantitative significance in reducing variance within clusters 

while maintaining maximum variance between each cluster (Temple et al., 2008; Roush, 2015). 

This is useful in order to assure that our clusters provide geologic significance within the context 

of our facies and sequence stratigraphic model.  

Once the desired number of clusters were chosen, we exported the cluster ID, along with 

their correlative sample numbers, into Excel. In order to quantify which elements are 

representative and/or significant within each cluster, we utilized a partitioning index and derived 

an elemental rank (Figure A2) outlined in Phillip (1991). Descriptive sedimentological analysis 

from our petrographic thin sections was integrated with their labeled geochemical cluster IDs in 

order to characterize an incorporated chemo/litho facies. Analyzing the geochemical nature, as 

well as the lithologic characteristics of each respective cluster, was used in order to provide a 

descriptive facies name. 
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4 RESULTS 

 

The three stratigraphic measured sections of the Upper Wolfcamp Formation along the 

Lenox Hills record lithologic, mineralogical, and geochemical heterogeneity. Over 648 samples 

were collected from these three sections, of which, 247 samples were gathered from the Decie 

Ranch and Sullivan Peak members, and 401 samples from the Poplar Tank and overlying Dugout 

Mountain members. All 648 were prepped and processed for Energy Dispersive XRF, and 193 

were measured for Fourier transform infrared spectroscopy. From the type section (Section 8), 23 

petrographic thin sections were analyzed for sedimentological characterization of representative 

carbonate and siliciclastic strata.  

4.1 Bulk Geochemical and Sedimentary Characteristics  
 

4.1.1 Upper Wolfcamp (Skinner Ranch) Mineralogical Composition 

 Average mineralogical abundance (wt.%) of the members of the Upper Wolfcamp 

Formation is illustrated on Figure 5. One-hundred ninety-three (193) measurements of: quartz, 

potassium, feldspar, plagioclase, chlorite, illite/smectite/mica, kaolinite, calcite, ankerite/dolomite, 

pyrite, and organics; record the bulk compositional differences among the various members.  

 The Decie Ranch Member (Figure 5) contains the greatest average of calcite abundance 

(76.4 wt.%) and least measured organics (0.7 wt.%). Additionally, this calcite-bearing member 

yields 0.7 wt.% ankerite/dolomite and 14.3 wt.% quartz. This in contrast with the overlying 

mudstone-dominated Poplar Tank Member, which is primarily comprised of quartz and clay-rich 

mudstone (Figure 5).  Quartz is the greatest mineralogical contribution within this member at 41.2 

wt.%. Illite/smectite/mica are the most abundant clay minerals (28.8 wt.%), whereas chlorite has 
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a minimal contribution at 2.1 wt.%.  The calcareous mudstone and limestone produce an average 

of 14.6 wt.% calcite in this member. The Sullivan Peak Member (Figure 5) contains nearly equal 

mineralogical abundance of calcite (31.9 wt.%) and quartz (33.5 wt.%). In contrast to the other 

members, the Sullivan Peak Member yields the greatest average ankerite/dolomite (14.3 wt.%). 

Lastly, the Dugout Mountain Member, which directly overlies the Sullivan Peak Member, is 

compositionally similar to the shale and siltstone of the Poplar Tank Member. Quartz and clay 

abundance of the Dugout Mountain Member from FTIR measures at 48.8 wt.% and 28.7 wt.%, 

respectively (Figure 5). Average carbonate content of the Dugout Mountain Member is 7.9 wt.% 

calcite and 0.3 wt.% ankerite/dolomite. Compositional contribution from organics in this member 

is minimal (0.1 wt.%).  

 
Figure 5. Average mineralogy of the Decie Ranch, Poplar Tank, and Sullivan Peak Members 

derived from Fourier transform infrared (FTIR) spectroscopy measurements. 
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Spectral Gamma Ray measurements were analyzed for K (wt.%), U (ppm), and Th (ppm) 

concentrations, specifically, to aid in clay mineralogy identification within the Poplar Tank 

Member.  Two-hundred seventy-four (274) data points adequately contrast dominant clay 

composition across the three measured sections (Figure A3). Qualitative analysis indicates that 

Sections 8 and 8B clays are comprised primarily of illite, and mixed layer clays are common. The 

data spread of Section 10 makes it difficult to draw similar conclusions; however, the clays 

generally fall within smectite to illite compositional boundaries.  

 Linear relationships between Energy Dispersive X-Ray Fluorescence and Fourier 

transform infrared spectroscopy measurements were generated for gross lithologic comparison 

between members and sections. The stoichiometric checks indicate a positive correlation between 

the two methods, with aluminum oxide readings from ED-XRF and total clays from FTIR having 

the highest correlation coefficient of 0.95 (Figure 6). Calcium oxide and silicon oxide follow 

closely behind in comparison to calcite and quartz with R2 values of 0.92 and 0.82, respectively 

(Figure 6). The stoichiometric checks provide the basis for further compositional evaluation, 

discussed in a later section within this paper.    
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Figure 6. Linear relationship between FTIR and ED-XRF data establishing correlation between: 

(A) measured quartz (yellow); (B) calcite (blue); (C) and total clay (brown) minerals within 

Section 8.  

 

4.1.2 Poplar Tank Facies 

Five primary facies, termed Facies 1 to 5, were identified from hierarchal clustering of 648 

Energy Dispersive X-Ray Fluorescence measurements. The facies succession was sub-divided 

based not only on geochemical characteristics, but also on micro-textures and sedimentary 

structures from petrographic analysis (Table 1). The carbonate-dominated chemofacies (Facies 1) 

was further divided into two textural subfacies, a coarse-grained Facies 1a and a fine-grained, 

Facies 1b. The five primary facies defined in this study are: (1a) Skeletal packstone/grainstone, 

(1b) Skeletal wackestone, (2) Calcareous silty mudstone, (3) Argillaceous shale/mudstone, (4) 

Siliceous mudstone/siltstone, and (5) Siliceous shale/siltstone. Locally, the siliceous-rich facies 



18 
 

(Facies 3-5) tend to outcrop in thicker beds (Figure 7), than that of carbonate-rich facies (Facies 

1-2). A compositional organofacies comparison between our derived chemo/litho facies (Figure 

8a) and organic matter type in the Skinner Ranch Formation is within the (Organofacies B) 

Siliceous Mudstone Class as defined by Donovan and others (2017). Additional interpretations of 

depositional environments are denoted in Table 1, as well as discussed in a later section. Further 

analysis of these basin-floor facies establishes a framework in which vertical and lateral 

heterogeneity within the Poplar Tank Member can be properly described.  

 
Table 1. Integrated geochemical and sedimentary characterization of facies based on clustering of 

normalized ED-XRF elements and petrographic thin section analysis. 
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Figure 7. Type thin section and outcrop representation of each respective facies.  
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Figure 8. (A) Compositional distribution of mudstones based on XRD-based mudstone 

organofacies classification modified from Donovan et al., (2017). (B) Average mineralogy 

measured from FTIR. 

 

4.1.2a Facies 1a (Skeletal Packstone/Grainstone) 

 The skeletal packstone/grainstone facies varies in color from light to dark gray. Grain sizes 

range from mud to gravel. Variations and nature of allochems lead the depositional units to 

comprise more than one lithofacies. Skeletal grainstone and packstone deposits typically contain 

intraclasts with skeletal grains. Additionally, the skeletal packstone lithofacies has a large diversity 

in marine fauna, including bioclasts such as gastropods, fusilinids, trilobites, crinoids, algae, 

brachiopods, bryzoans, and ostracods. Other constituents include limestone lithoclasts, chert 
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nodules, sandstone grains, siltstone grains, and phosphate grains. The skeletal grainstone and 

packstone deposits are grain supported with recrystallized micrite matrix; further reduction in 

porosity occurred due to later silica replacement. In both outcrop and thin section, this facies is 

massive with no observed grading. Within outcrop, this facies commonly has an erosional 

oscillatory base. 

4.1.2b Facies 1b (Skeletal Wackestone) 

The thin-bedded skeletal wackestone deposits are dark brown to black, with abundant fine-

grained bioclasts of calcareous sponge spicules, which typically are aligned with bedding. Skeletal 

debris of crinoids and brachiopods is observed in thin section as well. Within outcrop, this facies 

is intercalated with intervals of thin- to thick-bedded skeletal packstone and grainstone. The matrix 

is predominantly comprised of pure lime mud, but also contains terrigenous clay and organic 

material. Organic matter is seen in thin sections as irregular black, discontinuous lenses (Figure 

A8). Angular to rounded detrital quartz grains occur in this facies but is more common in Facies 

1a deposits. Similar to the skeletal packstone/grainstone facies, the skeletal wackestone deposits 

are massive. Additionally, there are no observed sedimentary structures indicating 

cohesive/fluidized flow. This facies is defined geochemically by containing high amounts of Ca 

and low concentrations of Si, Al, K, and TOC.    

4.1.2c Facies 2 (Calcareous Silty Mudstone) 

 The calcareous silty mudstone facies is thin bedded, and ranges between light gray to tan 

in color, and is characterized as containing both massive and thinly interbedded laminae, and is 

comprised of sub-rounded, very-fine sand grains and silt sized particles. These coarser grains are 

dispersed between discontinuous, lenticular dark clay laminae (Figure 7). This facies contains 
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roughly equal parts Si and Ca, and relatively low quantities of clay minerals. FTIR measurements 

show this facies contains an average TOC of 1.7 wt.%, and in thin section, the organic matter 

occurs as thin black seams. 

4.1.2d Facies 3 (Argillaceous Shale/Mudstone) 

 The argillaceous shale and mudstone facies of the Poplar Tank Member are medium to 

thick bedded locally and is the most volumetrically abundant facies in the study area. This facies 

commonly overlies the limestone deposits of Facies 1 and is interbedded with the mudstone and 

siltstone beds of Facies 4. These deposits are light to dark brown and vary in grain size (mud to 

coarse sand) and sorting (poor to moderate). Compositionally, this facies is distinguished between 

the other facies by its high clay content with average ED-XRF readings of 10.6 wt.% Al and 2.8 

wt.% K. Average TOC for facies 3 is 0.9 wt.%. Laminae are rich in argillaceous grains and occur 

as lenticular, wavy, and horizontal. In some areas, silt to very-fine sand grade into overlying clay 

laminae. Compaction or loading structures are rare where overlying silt grains penetrate underlying 

clay/mud. 

4.1.2e Facies 4 (Siliceous Mudstone/Siltstone) 

 The siliceous mudstone/siltstone facies outcrops as thin to medium thick beds of 

moderately laminated shale and massive siltstone. The laminae of the shale typically grade from 

silt to finer clay grains. In outcrop, this facies is fissile, breaking along bedding planes. 

Identification of structures within outcrops vary depending on quality of exposure. Bioturbation in 

thin sections show lenses of silt grains infilling downward. The siltstone beds of this facies tend to 

be massive and light to medium gray in outcrop. In some areas, there are gradational contacts with 

the under or overlying clay-dominated shale beds of Facies 4, but other exposures show sharp 
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contacts between this facies and that of the carbonate-rich limestone deposits. Sub-angular to 

rounded silt-size quartz grains are prominently dispersed within a brown clay matrix. ED-XRF 

analysis shows that this facies has high concentrations of Si, Ni, and U, and low Ca concentrations. 

TOC values in this facies range as high as 2.8 wt.%.  

4.1.2f Facies 5 (Siliceous Shale/Siltstone) 

 The siliceous shale/siltstone facies that comprise the lower Dugout Mountain Member 

outcrops as orange to yellow-colored strata of varying thin to medium thick beds. Similar to Facies 

4, the shale in this facies tends to be platy and fissile. This facies weathers pink, red, and purple 

and commonly has Liesegang rings or banding. Contacts are sharp between the interbedded 

siltstone and shale and are rarely capped by beds of pebble conglomerate. Analysis from thin 

sections show that this facies is comprised of sub-angular to sub-rounded silt-sized quartz grains. 

In some areas, dark argillaceous laminae are dispersed between silt grains, however, this facies is 

commonly massive and lacks sedimentary structures.  

Geochemically, the bulk composition of Facies 5 is similar to that of Facies 4, however, 

TOC abundance is considerably less with an average value of 0.1 wt.% (Figure 8B). Average 

quartz and clay (illite/smectite/mica) measure at 48.8 wt.% and 28.7 wt.%, respectively. The 

partitioning index ranking elemental importance from ED-XRF measurements illustrate that this 

facies is distinguished by high amounts of detrital elements (Zr, Th, and V), as well as low 

concentrations of elements (Ni and U) associated with bioproductivity (Figure A2).  

4.2 Elemental Distribution and Proxies 

SGR and ED-XRF measurements were analyzed to determine the depositional record of 

the rocks of the Poplar Tank Member. Controls include changes in provenance, paleoredox, and 
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bioproductivity/paleoproductivity. Elements and elemental ratios plotted for chemostratigraphy 

include: silicon (Si), aluminum (Al), potassium (K), zirconium (Zr), zirconium/thorium (Zr/Th), 

and silicon/zirconium (Si/Zr) (Clastic/Terrigenous/Detrital Proxies); molybdenum (Mo), 

vanadium/ vanadium+nickel (V/V+Ni), vanadium/chromium (V/Cr), and uranium/thorium (U/Th) 

(Paleoredox proxies); and chromium (Cr), nickel (Ni), and uranium (U) (bioproductivity proxies). 

The elements and their respective proxies are also outlined in Table 2.  

 
Table 2. List of elements/elemental ratios and their interpreted proxies. 

For paleoredox interpretations of each facies, we averaged Mo, V/ V+Ni, V/Cr, and U/Th 

values from the three measured sections (Figures 9a and 9b). For Mo and V/V+Ni, Facies 5 records 

the greatest averages at 5.3 ppm and 0.7, respectively. Average V/Cr is greatest in Facies 1 at 2.3 
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(Figures 9, A4, A5). Likewise, Facies 3 and 4 record similar averages of 0.9. Average U/Th data 

shows that the carbonate-rich facies (Facies 1 and 2) have the greatest values of 1.2 and 1.3, 

respectively. Bioproductivity proxies Cr and Ni are established in linear regressions compared to 

TOC (Peavey et al., in prep). Plotted correlation coefficients for Cr is 0.7 and 0.5 for Ni. Both 

U/Th and Ni distributions increase around the maximum flooding surface (Figures 9a and 10). 

Figures A6 and A7 show similar increases in paleoproductivity proxy values of U and Cr at the 

maximum flooding surface. 

 
Figure 9. (A) Paleoredox through time at each measured section is illustrated and denoted by 

elemental distribution of U/Th values. Anoxic/suboxic conditions (Facies 1 and 2, red color), 

oxic/suboxic (Facies 3 and 4, yellow color), oxic (Facies 5, dark green color). Sequence 

stratigraphic interpretations denoted by the transgressive surface (WC75ts and WC90ts – green 

line), maximum flooding surface (WC75mfs – blue line), and sequence boundary (WC90sb – red 

line). (B) Average values of paleoredox proxies and interpreted redox conditions of the paleo-

environment denoted in table. 
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Figure 10. Paleoproductivity/bioproductivity illustrated by measured values of nickel (Ni), colored 

by Facies representation at each measured section. Sequence stratigraphic interpretations denoted 

by the transgressive surface (WC75ts and WC90ts – green line), maximum flooding surface 

(WC75mfs – blue line), and sequence boundary (WC90sb – red line). Increase in nickel values 

indicate zones with higher TOC content, as seen around the WC75mfs. Average value of nickel 

trends higher moving each section to the right, interpreted as greater organic accumulation. 

 

Cross-plotting Si with Zr on a per facies basis suggests a positive correlation between the 

two elements within Facies 2 and 5 (Figure 11). By these methods, we determine that the silica 

within these facies are of detrital origin (Driskill et al., 2018; Wilson et al., 2020). Inversely, Facies 

3 and 4 silica is negatively correlated to zirconium, which suggests an authigenic/biogenic source 

(Figure 11). Facies 1 does not have a significant observable trend. Additional qualitative analysis 

of the terrigenous/detrital proxies was performed to record stratigraphic variations throughout our 

transgressive systems tract and highstand systems tract within our depositional sequence. This is 

discussed in further detail in a later section.  
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Figure 11. Cross plot of ED-XRF measured silica (SiO2) Zr at Section 8. Detrital silica trend 

shown in black. Biogenic/authigenic silica trend shown in red. Data points are colored by their 

respective facies. Facies 1 does not show a correlation. Facies 2 and 5 have a detrital silica trend. 

Facies 3 and 4 trend along with biogenic/authigenic silica. 

 

4.3 Vertical and Lateral Distribution and Depositional Architecture 

 Seismic-scale geometries observed from outcrop photography aid in the deduction of the 

depositional history between the three members. Within our digital drone model of the Lenox 

Hills, we delineate unconformities at the base of the Decie Ranch and Sullivan Peak members 

(Figure 12). These two members appear to contain more resistant beds in outcrop, as opposed to 

the mixed carbonate-siliciclastic deposition of the shale, mudstone, and limestone beds within the 

Poplar Tank Member, which is poorly exposed due to its finer grain size and increased weathering. 

Analysis of the integrated facies within the three measured sections and the digital drone model 

show a laterally discontinuous Poplar Tank deposition. Thickness of this member ranges between 

88 ft.-245 ft., and is greatest at the type section (Hill 5300) before it decreases Northeast until 

eventually lapping out onto the underlying Decie Ranch Member at Hill 5021, where the Decie 
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Ranch Member and Sullivan Peak Member are in contact (Figures 12 and A12). Architecture of 

the basinal contact is shaped by the discontinuous geometry of the underlying carbonate-rich 

conglomerate beds of the Decie Ranch Member (Figure 12). Likewise, the top contact is 

undulatory, where the overlying sediments of the Sullivan Peak Member truncate the top of the 

Poplar Tank Member, defining the unconformity.  

Distribution of the facies varies between the measured sections (Figure 13). Facies 1 and 

2, the carbonate-rich facies, increase in deposition from Section 8 (15% and 7%) to Section 10 

(23% and 10%). This is at the expense of the argillaceous shale/mudstone facies, which decreases 

in deposition from the southwest (66%) to northeast (45%). Facies 4, the siliceous 

mudstone/siltstone facies, generally increases from Section 8 (12%) to Section 10 (22%). 

 

 
Figure 12. Gray-scaled (top) and ultra-violet light (bottom) of the digital outcrop model (DOM) of 

the Lenox Hills. Measured section locality illustrated in yellow. Depositional architecture is 

detailed in the red outline of the exposed members, which was captured by roughly 2.5 miles of 

collected drone photogrammetry. Interpreted faults are shown in white, along with direction of 

fault displacement. 
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Figure 13. Gray-scaled digital outcrop model (DOM) of the Lenox Hills. Locality of sections and 

members are denoted in yellow. Geometries of the Decie Ranch and Sullivan Peak members are 

outlined in red.  Quantitative vertical distribution of facies abundance at each measured section is 

illustrated by the associated pie charts. Facies 1 and 4 distributions vary between sections. Facies 

2 increases from the southwest to northeast. Inversely, distribution of facies 3 decreases from 

southwest to northeast. Facies 5 not shown because its total thickness is not determined.  
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5 DISCUSSION 

 

5.1 Chemo/Sequence Stratigraphy and Depositional Model 

Reconstruction of the depositional history of the mixed carbonate-siliciclastic system of 

the Upper Wolfcamp Formation is facilitated by geobody architecture of the facies, integrated with 

geochemical process of the paleoenvironment.  Figure 14 summarizes the depositional evolution 

associated within the reciprocal sedimentation model for the Upper Wolfcamp Formation. Chemo 

- and sequence stratigraphic interpretations of the Upper Wolfcamp Formation are determined on 

the distribution and trends of the facies, total gamma ray values, and elemental proxies (Figure 

15).  

5.1.1 Depositional Model  

 Geochemical and sedimentary analysis shows evidence of anoxic/suboxic to oxic 

conditions during Upper Wolfcamp Formation deposition. The presence of shallow marine fauna, 

phosphate nodules, and high redox proxy values of the mudstone interbedded with skeletal 

packstone/grainstone strata (Figure 14a) suggests deposition along an overall anoxic/suboxic 

depositional slope, primarily during the late highstand, when there is a change to a carbonate 

dominated shelf. The sharp erosional/oscillatory basal contact of the beds containing Facies 1a, 

combined with the lack of observed grading and other sedimentary structures, suggests reworked 

storm-event deposits of relatively shallow marine limestone beds along an upper depositional 

slope. Likewise, the lack of observed sedimentary features and high redox indicate an 

anoxic/suboxic setting of undisturbed sedimentation of skeletal wackestone. This facies is 

commonly interbedded with argillaceous shale/mudstone, calcareous siltstone, and infrequent 

storm event deposits of bioclastic (skeletal) packstone/grainstone. The skeletal wackestone of 
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Facies 1b are more abundant in mud/clay grains and lack both grading and structure, indicating a 

lower energy depositional environment, likely along a depositional slope below the storm wave 

base. Late highstand deposition of carbonate-rich strata to the basin likely was coincident with 

maximum carbonate production (Schlager et al., 1994). We interpret that dilution of the carbonate 

facies occurs within the early highstand where hemipelagic sedimentation of siliciclastic beds and 

bedsets are more prominent (Figures 13 and 14a). We interpret that siliceous mudstone and 

siltstone beds (Facies 4) represent hemipelagic sedimentation on the sea floor, as well as along the 

lower and middle depositional slope, punctuated by intermittent deposition of Facies 1-3. 

Argillaceous shale and mudstone are comprised of terrigenous/detrital siliciclastic grains (Figure 

11). Deposition of these mudstone are attributed to traction and suspension settling from waning 

turbidity flows (Schieber et al., 2010; Kvale et al., 2019; Wilson et al., 2020). Soft sediment 

deformation and discontinuous laminae observed in thin section suggest deposition as a result of 

rapid loading of sandy turbidites onto unconsolidated clay-rich sediment. Furthermore, textural 

constituents, terrigenous matrices, and general lack of sedimentary structures of the fissile, clay 

shale suggests normal marine hemipelagic deposition prior to turbidity disturbance. Minor organic 

matter content and presence of silty lenses suggests oxygenated conditions reworked by bottom 

currents. TOC is greatest in the siliceous mudstone/siltstone associated with slow accumulation 

and preservation of marine organic matter (Organofacies B) during suboxic to oxic conditions.  

 Lastly, limestone and mixed limestone/siliciclastic conglomerate deposition records 

lowstand shedding of mass-transport deposits caused by nearby slope and shelf margin failure, 

resulting in fauna-rich, massive, cohesive debris flows (Figure 14b). Mudstone lithoclasts at the 

base of the deposits indicate rapid transport and mixing of unconsolidated sediment from erosion 

of underlying shale within the HST. Within the LST of the Sullivan Peak Member of the Upper 
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Wolfcamp Formation, an increase in silica, bedding thickness, as well as continuous sheet-like 

geometry from a point source indicates a mixed carbonate-siliciclastic fan dominated by sediment 

gravity flows (Kvale et al., 2019). In some areas of the Sullivan Peak Member, carbonate debris 

flows are similar to those of the LST at the base of the Upper Wolfcamp Formation (Decie Ranch 

Member), which is characteristically different, and discussed in a later section. In other areas, 

hybrid event beds of linked debrites underlie normal-graded bedded sandstone (Kvale et al., 2019).   

 
Figure 14. Interpreted depositional model of the Lower Member (Decie Ranch and Poplar Tank 

members) of the Upper Wolfcamp Formation. Dominant lithotypes throughout the depositional 

sequence are illustrated in the lower right box. Modified from Li et al., (2015). 

 

5.1.2 Lowstand Systems Tract (LST)  

 Two sequence boundaries, one at the base of the Decie Ranch Member (Wc75sb), and one 

at the base of the Sullivan Peak Member (Wc90sb), are interpreted at the base of these limestone-

rich conglomerate zones. These interpreted sequence boundaries coincide (Figures 15, A10, A11) 
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with a decrease in total gamma ray, as well as erosion or non-deposition of overlying mudstone 

due to limestone conglomerate deposition, which we interpret as the onset of our LST. The LST 

caps an upward increase in the detrital proxies Zr and Zr/Th that occurs in the underlying HST, 

which reflect an increased proximity to a siliciclastic source during a basinward shift in facies and 

prograding continental strata. In outcrop, LST deposition is observed as an abrupt change in 

depositional facies separated by an erosional, undulatory base, which we interpret as a sequence 

boundary. This sharp contact occurs at the base of the conglomerate in both the Sullivan Peak and 

Decie Ranch members. Scouring at the base of the carbonate-rich gravity flows is indicated by 

shale lithoclasts near its base that was brought by basinward transport of shelf margin and slope 

shedding (Ross and Ross, 2003). Carbonate beds (skeletal packstone, grainstone) and limestone 

boulder conglomerate beds are observed in the Decie Ranch Member LST. Similarly, the Sullivan 

Peak Member is conglomerate-rich but comprised more commonly with mixed 

carbonate/siliciclastic beds interpreted as LST mass transport deposits. 

5.1.3 Transgressive Systems Tract (TST) 

 The onset of argillaceous and siliceous mudstone/shale deposition, in concurrence with a 

spike in the total SGR values is interpreted as the transgressive surface (Figures 15, A10, A11), 

which we denote as Wc75ts and Wc90ts. The Transgressive Systems Tract (TST), bounded by 

the transgressive surface and maximum flooding surface, is marked by a general increase in 

gamma ray values. Terrigenous and detrital proxies (Al, K, Zr, Zr/Th) decrease as sea level 

increased, indicating a shift of deposition from the paleo-shelf to more distal siliciclastic 

sediment sources. Widespread basinal depositions of siliciclastic dominated Facies 3 and 4 occur 

most frequently within the TST and are interpreted as turbidites and event bed packages. 

Previous studies of the Wolfcamp A interval elsewhere in the Permian Basin (Ward, 2013; 
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Baumgardner, 2014; Driskill et al., 2018; Bievenour and Sonnenberg, 2019; Colborne et al., 

2019) have shown similar observations and made similar interpretations. The top of the TST is 

marked by the occurrence of calcareous siltstone, mudstone, and limestone deposition at and 

around the maximum flooding surface (mfs). This is expressed as discrete fluctuation of 

carbonate-prone Facies 1 and 2, as well as localized highs in the redox-sensitive proxies Mo, 

U/Th, and V/Cr. We denote this as Wc75mfs within our cross sections, and it is interpreted to 

mark the most distal marine deposition within the Wolfcamp A Formation. The high SGR values 

reflect increases in uranium caused by organic-rich mudrock successions (Figures 15, A10, 

A11). This coincides with spikes of biogenic/authigenic silica (Si/Zr) during carbonate Facies 1 

and 2 deposition. 

5.1.4 Highstand Systems Tract (HST) 

 Deposition of siliciclastic prone facies is intermittently disturbed by carbonate siltstone, 

mudstone, and limestone within the early Highstand Systems Tract (HST). The shift from a mixed 

carbonate siliciclastic shelf to a carbonate dominated shelf reflect more more frequent carbonate-

prone facies successions within the Poplar Tank Member comprise the late Highstand Systems 

Tract (HST). Bounded below by the Wc75mfs, there is an overall decrease in total SGR values 

and siliciclastic input. Detrital/Terrigenous proxies Al, K, Zr, Zr/Th increase, whereas redox-

sensitive proxies decrease within the HST. Those simultaneous changes reflect depositional 

environment shift from distally sourced terrigenous clastic and anoxic deposition during sea level 

rise, to more proximal facies as sea level fell. Coarse-grained sedimentation of Facies 1a, 2, and 4 

dominate the generally thicker packages within the upper half of the HST, likely during a period 

of a slower sea level rise, when strata was derived from shallow marine carbonate, and a shift to a 

carbonate dominated shelf.   
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Figure 15. Elemental distribution, outcrop description, total gamma ray, and facies of Section 8. 

Sequence boundary (red), transgressive surface (green), and maximum flooding surface (blue) 

based on observed outcrop sedimentology, total gamma ray, and chemostratigraphic proxies. 

 

5.2 Geochemistry  
 

5.2.1 Upper Wolfcamp Formation  

 The bulk geochemistry of the Upper Wolfcamp Formation outcrop records distinct changes 

in mineralogy and paleoenvironment of the sediment deposited within the North American 

Wolfcampian and Leonardian stages. Stark differences in conglomerate composition, specifically 

the increase in silica content within the Sullivan Peak Member indicates a higher influx of detrital 

silica and suggests sea level was lowered, allowing increased siliciclastic input. The conglomerate 

within the Decie Ranch Member lacks silica, possibly due to a difference in sediment sourcing 

from a nearby carbonate platform, less accommodation, and a more humid environment, per 

similar depositional analogs (e.g., Tabor et al., 2008; Li et al., 2015; Zeller et al., 2015; Kvale et 

al., 2019). Another possible explanation is an alleviation in basin subsidence and rapid sea level 
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rise that moved the supply of siliciclastic grains landward throughout the North American 

Wolfcampian Stage, thus leading to carbonate-rich deposition. A change from a humid to arid 

depositional environment, as well as sediment source occurred during transitional icehouse-

greenhouse climatic conditions (Gastaldo et al., 1996; Tabor et al., 2008; Ward, 2013; Ruppel, 

2019). Some interpret the initiation of Leonardian deposition within the Permian Basin to be 

coincident with sedimentation of shallow marine, tidal-flat facies comprised of sandstone, 

anhydritic shale, bedded evaporites, and dolomite (Silver and Todd, 1969; Mazzullo and Reid, 

1989; Fitchen, 1997; Kerans et al., 2000). Our observations of the Skinner Ranch members within 

our study area do not show such depositional facies. 

5.2.2 Upper Wolfcamp Group Mudstone  

 Major and trace elements, such as Si, Al, K, Th, and Zr are reliable indicators of siliciclastic 

and/or detrital input. Th-K cross plots demonstrate a dominant mixed-layer illite clay-type for the 

mudstone within the Upper Wolfcamp Formation. Additionally, a strong linear relationship 

between ED-XRF measured aluminum and total clays from FTIR show that aluminum is adequate 

in representing bulk clay abundance. A similar interpretation is made for the silica fraction based 

on its correlation to the quartz measured from FTIR (Figure 6). The ED-XRF derived bulk 

compositional profile, as well as average mineralogical abundance from FTIR of the mudstone 

reveal that they are quartz-dominated. Inversely correlated Si and Zr indicate that the bulk of silica 

within the Upper Wolfcamp are primarily of biogenic and/or authigenic origin. Similar 

observations were made based on core studies within the Delaware Basin (Nance and Rowe, 2015; 

Ratcliffe et al., 2015; Driskill et al., 2018; Peavey et al., 2022).  
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TOC comparison between carbonate and siliciclastic beds within the Upper Wolfcamp 

Formation are comparable and demonstrate that bulk composition does not coincide with organic 

richness. Instead, major/trace elements and ratios such as Ni, U, Cr, Mo, V/Cr, and U/Th associated 

with bioproductivity and redox-sensitive proxies indicate a greater propensity for organic matter 

preservation. Ni and Cr are soluble in oxygenated surface waters, and act as micronutrients for 

microbial marine organisms (Tribovillard et al., 2006). Wolfcamp A studies indicate Ni, Cr, and 

U are strongly correlated to TOC (Meyers, 1994; Tribovillard et al., 2006; Algeo and Rowe, 2012; 

Mu et al., 2013; Sano et al., 2013; Baumgardner et al., 2014; Ratcliffe et al., 2015; Driskill et al., 

2018). The partitioning index of our facies quantitatively supports the link between these elements 

and TOC. The mudstone, shale, and siltstone beds with the greatest TOC in the Upper Wolfcamp 

Formation coincide with relatively higher amounts of Ni, U, and Mo. 

  

5.3 Wolfcamp A Delineation: Outcrop to Subsurface Correlation  

Geochemistry of the Upper Wolfcamp Formation in the Lenox Hills outcrops provide a 

vertical succession to compare and delineate the North American Wolfcampian and Leonardian 

depositional boundary. Gross lithological variations, as well as organic composition of the fine-

grained strata within the Upper Wolfcamp Formation denote a shift from organic-rich, mixed 

carbonate-siliciclastic sedimentation of the Poplar Tank Member to the poor TOC, silica-

dominated shale/siltstone beds of the basal Dugout Mountain Member. Similar trends occur within 

the subsurface between the Wolfcamp A and X,Y, and Z Sands (Driskill et al., 2018). Other 

petrophysical parameters were used to define this boundary within core and other subsurface data, 

however the outcrop boundary is more difficult to determine. Within the outcrops, we place the 

Base Leonardian Unconformity at the base of the Wedin Member based on our observations in 
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depositional facies evolution. Furthermore, biostratigraphic and sequence stratigraphic 

relationships aid in confining the depositional age of the Skinner Ranch Formation. This 

interpretation designates the Upper Wolfcamp Formation in the Glass Mountains within the North 

American Wolfcampian Stage, as coeval to the Wolfcamp A Formation in the subsurface of the 

Delaware Basin (Nance and Rowe, 2015; EIA, 2020; Richards et al., 2022; Peavey et al., 2022). 

This placement agrees with the basinal Skinner Ranch Formation being Wolfcampian (Cooper and 

Grant, 1964, 1966, 1972, 1973). An added complexity is the correlation of the shale/mudstone 

beds within the Dugout Mountain Member that overlie the Sullivan Peak Member southeast of the 

Lenox Hills. Lack of accessibility means we were not able to sample and characterize this member 

at its type locality. Based on our interpretations, we hypothesis that the Dugout Mountain Member 

also is Wolfcampian. 

 

5.4 Implications for Reservoir Heterogeneity 

  
Understanding the mechanisms governing the changes in the mixed depositional system 

is of key importance in evaluating and understanding facies and reservoir heterogeneity of the 

Upper Wolfcamp (Wolfcamp A) Formation. In the context of petroleum exploration, Facies 2 

(calcareous silty mudstone) and Facies 4 (siliceous mudstone/siltstone) yield the highest TOC 

(Figure A9) and are more commonly preserved northeast in the study area, at and around the 

Upper Wolfcamp maximum flooding surface (Wc75mfs). Chemostratigraphic methods indicate 

that these hydrocarbon-bearing units could possibly act as source beds due to their potential for 

accumulating and preserving organic matter. Dolomitized carbonate are principal hydrocarbon 

reservoirs in the Wolfcampian and Lower Leonardian (Lucia and Ruppel, 1996; Caf and Pigott, 

2021); however, in our study area organic accumulation within these facies (Facies 1) is 
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minimal. Due to its high clay content and volumetric significance, Facies 3 (argillaceous 

shale/mudstone) may act as a geomechanical barrier inhibiting fracture propagation and 

development (Evenick, 2016; Donovan et al., 2017). Carbonate dominated successions within 

the TST may have a greater propensity for fracture maturation and connectivity of vertically 

stacked reservoirs. 
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6 FUTURE WORK 

 

 Additional sedimentology studies are needed on the conglomerate beds of the Upper 

Wolfcamp Formation (Decie Ranch and Sullivan Peak members) in order to provide an improved 

understanding of their compositional and textural differences to their specific depositional setting. 

Furthermore, coupling this with high-resolution drone photogrammetry could provide insights in 

the evolution of the bedding architecture throughout LST deposition during the Late Wolfcampian. 

Further analysis is needed to evaluate diagenetic constraints affecting the permeability and 

porosity between these facies to better understand hydrocarbon retention and migratory pathways 

within these source and tight-rock systems. Chemostratigraphic studies in the shale and siltstone 

of the Dugout Mountain Member, which overlies the Sullivan Peak Member and comprise the 

HST and TST of the second depositional sequence within the Upper Wolfcamp Formation are 

necessary. Depositional controls concurrent with carbonate siliciclastic deposition should be 

further explored to improve upon the understanding of the sourcing of siliciclastic sediment that 

accumulate beyond the carbonate zone. Although there were recent studies on the Upper 

Wolfcampian slope facies (Skinner Ranch Formation) at its type locality further northeast of the 

Lenox Hills (Janson et al., 2017), there is a need to improve upon this analysis by integrating the 

chemostratigraphic findings of this study which emphasizes the deposits at the basin and slope 

margin. Lastly, we encourage U-Pb dating of bentonite samples within the Poplar Tank Member 

to more accurately constrain the age and rate of deposition within the Upper Wolfcamp Formation. 

Additionally, integrating these methods should provide a more robust subsurface correlation for 

future regional studies. 
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7 CONCLUSIONS 

 

 The Upper Wolfcamp Formation was identified within outcrop at the Lenox Hills by its 

bulk mineralogical and depositional characteristics, as a mixed carbonate-siliciclastic depositional 

system. The conglomerate beds of the Upper Wolfcamp (Decie Ranch and Sullivan Peak 

members) are interpreted as LST deposition, resulting from down slope transport of sediment 

initiated from upper slope failure or carbonate highstand shed due to decreased accommodation 

space due to relative falls in sea level. Seismic-scale geometries of these conglomeratic units 

indicate carbonate-dominated gravity flow deposits of toe-of-slope debris flow aprons (Decie 

Ranch and Sullivan Peak Members) and mixed hybrid event beds (Sullivan Peak Member). 

 Reciprocal sedimentation within the Wolfcamp A (Poplar Tank Member) interval is 

indicated by integrated chemo/litho facies. These changes in sedimentation occur as a direct result 

of local variations in source (carbonate vs siliciclastic) and chemistry of the paleoenvironment 

during the deposition of the Upper Wolfcamp Formation throughout transgressive and highstand 

systems tract (HST & TST) deposition. As a result, we interpret that the reservoir stratigraphy is 

reflective of the environment in which they were deposited, thus influencing properties such as 

composition, organic abundance, and distribution or architecture. Furthermore, analysis of the 

sedimentological characteristics and geochemical proxies of the facies within the Poplar Tank 

Member lead us to the following: 

(1) The high values of redox-sensitive proxies, absence of sedimentary structures, lack of 

mud, and presence of shallow marine fauna within Facies 1a (skeletal 

packstone/grainstone) indicate storm event deposition of slope-attached carbonate 
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storm beds occurred within an anoxic/suboxic environment during interpreted 

highstand in sea level.  

(2) The abundance of mud/clay grains, lack of grading and sedimentary structures, high 

redox proxy values, and low detrital proxy values of Facies 1b (skeletal wackestone) 

indicate a lower energy, anoxic/suboxic depositional environment, likely along a 

depositional slope ramp setting below the storm wave base. 

(3) Low redox proxy values, and high detrital proxy values indicate deposition of Facies 3 

and 4 occurred within an oxic/suboxic environment during early-to-mid TST and HST. 

(4) Dilution of the carbonate strata occurs at the expense of hemipelagic sedimentation of 

fine-grained siliciclastic grains.   

(5) Carbonate-rich deposits (Facies 1 and 2) are interbedded with siliceous/argillaceous 

mudstone within the HST and is indicative of Upper Wolfcamp mixed carbonate-

siliciclastic reciprocal sedimentation.  

 Geochemical analysis of the mudrock successions within the Lenox Hill outcrops aid in 

our correlation of the Upper Wolfcamp Formation as being coeval to the Wolfcamp A Formation 

in the subsurface of the Delaware Basin. The Base Leonardian Unconformity is picked at the base 

of the Wedin Member of the Cathedral Mountain Formation, which appears to correlate to the base 

of the Bone Springs in the subsurface of the Delaware Basin. This study establishes a consistent 

regionally correlative framework, which provides sequence stratigraphic significance to the Upper 

Wolfcamp (Skinner Ranch) Formation in outcrops. Furthermore, this evaluation aids in 

understanding spatio-temporal variations, as well as lithologic and geochemical heterogeneity of 

basin-floor strata, which comprise the unconventional source rock plays of the Wolfcamp A 

Formation. Modern chemostratigraphic techniques indicate that redox influences sediment 
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chemistry, organic matter accumulation, and when coupled with bioproductivity proxies and other 

geochemical markers, can be useful in interpreting units with hydrocarbon potential. 
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Table A 1. 648 rows of data from ED-XRF measurements from samples collected from the Decie 

Ranch, Poplar Tank, Sullivan Peak, Dugout Mountain members.  

 

 

 
 

 

 
Figure A 1. Dendogram visualization tree produced in TIBCO Spotfire. Rows of ED-XRF data are 

clustered together (y-axis) and based on similarity of elemental data, specifically relative 

abundance clastic/detrital, carbonate, redox, and bioproductivity/paleoproductivity proxies (x-

axis). Higher measured elemental abundance is colored red, lower abundance in blue. 
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Figure A 2. Partitioning index displaying elemental distribution between each facies derived from 

hierarchal clustering. Elements are colored and listed in order of significance for each facies. 

 

 

 

 

 
Figure A 3. Th-K cross plots demonstrating clay mineralogy within the Poplar Tank Member at 

each measured section. Plots indicate that the dominant clay mineralogy is illite and mixed layer.   
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Figure A 4. (A) Paleoredox through time at each measured section is illustrated and denoted by 

elemental distribution of V/Cr values. Anoxic/suboxic conditions (Facies 1 and 2, red color), 

oxic/suboxic (Facies 3 and 4, yellow color), oxic (Facies 5, dark green color). Sequence 

stratigraphic interpretations denoted by the transgressive surface (WC75ts and WC90ts – green 

line), maximum flooding surface (WC75mfs – blue line), and sequence boundary (WC90sb – red 

line). (B) Average values of paleoredox proxies and interpreted redox conditions of the paleo-

environment denoted in table. 
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Figure A 5. (A) Paleoredox through time at each measured section is illustrated and denoted by 

elemental distribution of V/(V+Ni) values. Anoxic/suboxic conditions (Facies 1 and 2, red color), 

oxic/suboxic (Facies 3 and 4, yellow color), oxic (Facies 5, dark green color). Sequence 

stratigraphic interpretations denoted by the transgressive surface (WC75ts and WC90ts – green 

line), maximum flooding surface (WC75mfs – blue line), and sequence boundary (WC90sb – red 

line). (B) Average values of paleoredox proxies and interpreted redox conditions of the paleo-

environment denoted in table. 
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Figure A 6. Paleoproductivity/bioproductivity illustrated by measured values of uranium (U), 

colored by Facies representation at each measured section. Sequence stratigraphic interpretations 

denoted by the transgressive surface (WC75ts and WC90ts – green line), maximum flooding 

surface (WC75mfs – blue line), and sequence boundary (WC90sb – red line). 

 
Figure A 7. Paleoproductivity/bioproductivity illustrated by measured values of chromium (Cr), 

colored by Facies representation at each measured section. Sequence stratigraphic interpretations 

denoted by the transgressive surface (WC75ts and WC90ts – green line), maximum flooding 

surface (WC75mfs – blue line), and sequence boundary (WC90sb – red line). 
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Figure A 8. Skeletal wackestone with numerous fine-grained bioclasts. Abundant calcareous 

sponge spicules as well as lime mud. Organic matter occurs as black discontinuous lenses. 
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Figure A 9. Box plot comparison of measured TOC from each facies. Median and mean of TOC 

is denoted by the solid black line and x, respectively, within each box. Higher average TOC values 

are plotted within Facies 2 (calcareous silty mudstone) and Facies 4 (siliceous mudstone/siltstone). 

Basal Dugout Mountain shale and siltstone of Facies 5 contains the lowest TOC content.

 

 
Figure A 10. Elemental distribution, outcrop description, total gamma ray, and facies of Section 

8B. Sequence boundary (red), transgressive surface (green), and maximum flooding surface (blue) 

based on observed outcrop sedimentology, total gamma ray, and chemostratigraphic proxies. 
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Figure A 11. Elemental distribution, outcrop description, total gamma ray, and facies of Section 

10. Sequence boundary (red), transgressive surface (green), and maximum flooding surface (blue) 

based on observed outcrop sedimentology, total gamma ray, and chemostratigraphic proxies. 

 

 
Figure A 12. Stratigraphic correlations between measured sections of the study area. Outcrop 

description, total gamma ray, and gross compositional profiles of the respective members were 

illustrated within Easycore software. Sequence stratigraphic interpretations denoted by the 

transgressive surface (WC75ts and WC90ts – green line), maximum flooding surface (WC75mfs 

– blue line), and sequence boundary (WC90sb – red line). 

 




