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ABSTRACT 

The Wolfcamp Formation on the Northwest Shelf of the Delaware Basin formed in a low-

angle (<1̊ ) slope-to-basin depositional environment and is primarily composed of sediment  

gravity flows. Multi-scale heterogeneities within the Wolfcamp are reflected in its stratigraphic 

architecture, rock types, petrophysical properties, and their spatial distribution. The Wolfcamp  

Formation is informally divided into four stratigraphic zones, from top to bottom Zones A, B, C, 

D, in which reservoir quality was analyzed. Seismic-constrained 3D reservoir modeling was used 

to map the Wolfcamp mineralogy, rock types, and petrophysical and geomechanical properties to 

explore their spatial distribution and relate these parameters to hydrocarbon pore volume.    

The study area is west of Carlsbad, New Mexico and data include a 93 mi2 (240 km2) 3D 

seismic survey and logs from 45 wells within the survey that penetrate the entire Wolfcamp 

Formation. Across the study area, the Wolfcamp Formation gradually dips to the east-southeast 

or basinward, varies in elevation from -4764 to -5600 ft (-1454 to -1706 m), and varies in 

thickness from 106 to 1206 ft (32 to 367 m). Each stratigraphic zone displays proportional 

thickening in the depositional dip direction to the southeast.    

For the Wolfcamp Formation in the study area, shale volume (Vsh) ranges from 0-100% 

with an average ~30%. Higher values of Vsh are common in the lower and middle Wolfcamp  

Formation.  Total and effective porosity (t and e) for the Wolfcamp Formation both range from 

0-16% and average ~10% and 4%, respectively. t and e vary stratigraphically and general are

higher in dolomites and lower in limestones. Average water saturation (Sw) is 35%, ranges from 

0 to 100%, and increases moving stratigraphically upward. Lower values of Sw generally 

correspond to dolomite and high values vary between limestones and sandstones.   
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Based on ρmaa-Umaa analysis and a Vsh cut-off, the Wolfcamp Formation has 29% 

mudstone, 27% limestone, 22% sandstone, and 22% dolomite.  The stratigraphic distribution of 

rock types reflects the variability in mineral composition for the Wolfcamp Formation. The base 

of the Wolfcamp is primarily mudstone and mudstone percent decreases upward through the 

section. Limestone and dolomite percentages are greatest in Zones B and C, respectively. 

Sandstone percent is low in lower and middle Wolfcamp and is dominant in the upper 

Wolfcamp.  

Relationships between rock types and specific ranges in p-impedance values were 

established and used to map the distribution of rock types. 3D rock-type and petrophysical 

property models illustrate how reservoir quality varies by rock type and reservoir zone.  

Dolomites exhibit the highest effective porosity and hydrocarbon pore volume and poor reservoir 

quality is associated with limestones. Zone C has low Sw, relatively high brittleness index, 

contains a high proportion of dolomite, and would be an optimal interval to land horizontal wells 

for development.     
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INTRODUCTION 

The Permian Basin located in west Texas and southeastern New Mexico covers 

approximately 53 million ac (214,483 km2) and contains more than 7,000 fields producing from 

numerous Permian aged formations (U.S. Department of the Interior, 2018). Within the Permian 

Basin, the Delaware Basin has significant development from the Bone Spring and Wolfcamp 

formations. Previously assessed as a vertical target, advancement of unconventional drilling has 

been successful in the Wolfcamp. The Wolfcamp Formation in the Delaware Basin is largely an 

unconventional play with a median hydrocarbon mix of 60% light crude (>40.1 degrees API), 

20% wet gas and 20% dry gas (University of Houston Energy, 2019). The U.S. Geologic Survey 

in 2018 estimated an average of 46.3 billion barrels of oil, 281 trillion cubic feet of natural gas 

and 20 billion barrels of natural gas liquids of potential reserves within the Bone Spring and 

Wolfcamp formations, Delaware Basin. By providing additional insight to the stratigraphic 

variability and spatial distribution of reservoir quality, this study is relevant to hydrocarbon 

development strategies. 

The Wolfcamp Formation on the Northwest Shelf of the Delaware Basin (Figure 1) 

formed in a low-angle (<1̊ ) slope-to-basin depositional environment and is primarily composed 

of carbonate and clastic sediment gravity flows (Cook, 1983; Kvale et al., 2020). During the 

Wolfcampian a large carbonate channel-to fan complex developed in the northern Delaware 

Basin (Janson et al., 2019). Under normal sea-level conditions, the shelf margin formed close to 

sea level, providing a shallow broad backreef, restricting terrigenous sands from the distal basin 

(Silver and Todd, 1969). As sea level fell, clastic sands were deposited into the basin via 

submarine fan depositional processes (Cook, 1983). When sea level began to rise again, the 

carbonate shelf became active building up the barrier reef thus restricting the amount of clastic 
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Figure 1: Geologic province of the Permian Basin in west Texas and 
southeastern New Mexico. The study area is marked by the black square near 
the Northwest Shelf, Delaware Basin (figure modified from Silver and Todd, 
1969; Hills, 1984; Frenzel et al., 1988; Kosters et al., 1989; Ewing et al., 
1990; Kerans and Fitchen, 1995; Moede, 2018).
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sediment to the basin (Silver and Todd, 1969).  The Wolfcamp Formation in Eddy County, New 

Mexico has been shown to consist primarily of debris flows with orthoconglomerates having a 

calcareous siliciclastic mudstone matrix (Loucks et al., 1985).  

Kvale et al. (2020) studied the facies variability within a mixed carbonate-siliciclastic 

sea-floor fan of the upper Wolfcamp Formation in the Delaware Basin in southeast New Mexico 

(proximal to the study area). Three cores approximately 350 ft (100 m) thick, were collected that 

represent the frontal-to-distal fringe, off axis and lateral fringe parts of the fans. Through core 

description the Wolfcamp displays high stratigraphic and lateral variability in facies. The 

distribution of favorable reservoir facies was identified in part by measured estimates of porosity 

and permeability associated with the argillaceous siltstones and mudstones facies. The 

distribution of reservoir facies was mapped by constructing net carbonate percentages (using a 

gamma ray cut off) for stratigraphically defined intervals due to an inverse relationship between 

carbonate cement and reservoir facies. This resulted in a fan shaped lobe trending from 

northeast-southwest and sourced from the northeast. The net-to-gross carbonate percentage is 

highest in the axial part of the fan and decreases outwardly. Kvale et al. (2020) concludes the 

carbonate-siliciclastic deep-water fans of the Wolfcamp Formation are largely undocumented 

however their geometries can successfully be mapped using net-to-gross carbonate percentage to 

develop enhanced exploration strategies within the Delaware Basin (Kvale et al., 2020). 

Cross-plots of apparent matrix grain-density versus apparent matrix volumetric cross-

section (maa-Umaa cross-plots) are a type of multi-mineral, litho-density analysis and are 

specifically used for mineral composition identification. The method uses neutron, density, and 

photoelectric factor logs and is useful in formations with complex mineralogies, with variable 

grain densities in which porosity estimation is challenging (Theologou et al., 2015). Based on 
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mineral composition from maa-Umaa analysis, Wolfcamp Formation lithologies in the area 

primarily include mudstones, sandstones, limestones, and dolomites (Loucks et al., 1985).  

Dommisse et al. (2018) successfully used the method of mineral interpretation using maa-Umaa 

analysis on the Spraberry and Wolfcamp formations in Midland Basin. The maa-Umaa analysis 

for 700 wells were compared to multi-mineral facies classifications and the interpretation was 

consistent with the geologic framework and core data measurements. As a result, the estimated 

mineral compositions and proportions contributed to exploring the influence of geologic trend on 

productivity within the Midland Basin (Dommisse et al., 2018).  In addition to mineral 

identification, maa-Umaa analysis provides an estimate of mineral volumetric proportion.  For the 

San Andres Formation in Vacuum Field, New Mexico, anhydrite commonly occurs in intervals 

with mixed lithologies and variable porosity, making reservoir quality difficult to map (Pranter et 

al., 2004). maa-Umaa analysis was used to quantitatively estimate anhydrite composition and 

proportion to accurately map its distribution, as well as reservoir quality. This method was 

preferred over single density logs or density-neutron cross-plots because a combined use of 

photoelectric factor, density, and neutron logs help to resolve more variables (Pranter et al., 

2004). 

To build upon these types of studies, this study further explores the mineralogy, rock 

types, and petrophysical and geomechanical properties associated with sediment gravity flows of 

the Wolfcamp Formation for an area of the Northwest Shelf. The spatial distribution of rock 

types, porosity, water saturation, and brittleness index are determined by integrating well-log and 

3D seismic data. For the Wolfcamp Formation for this area of the Northwest Shelf, Delaware 

Basin, this study addresses the following questions: 
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1. What are the dominant mineralogies and rock types? 

2. What is the stratigraphic architecture (reservoir zones)? 

3. How do seismic amplitudes and acoustic impedance relate to rock types and porosity? 

4. What is the stratigraphic variability of rock types, porosity, water saturation, and 

brittleness index associated with the reservoir zones? 

 The study area covers a 93 mi2 (240 km2) area of Eddy County, New Mexico.  Data 

include 45 wells that penetrate the entire Wolfcamp Formation, 20 wells with quad-combo log 

suite (gamma-ray, neutron and density porosity, bulk density, and resistivity), 10 wells with 

photoelectric factor and computed p-impedance logs, and the remaining wells contain various 

LAS files. In addition to well-log data, the study area is covered by a 93 mi2 (240 km2) 3D 

seismic survey that contains bin size of 82.5 ft (25 m) (Figure 2). This study includes 

petrophysical analysis using multi-mineral maa-Umaa cross-plots to determine log-defined rock 

types. Brittleness index is calculated using the mineral volumetric proportions from the multi-

mineral analysis. The stratigraphic framework was defined using well-log and seismic data. Well 

data were used to illustrate relationships between rock types, p-impedance, and porosity.  A 3D 

post-stack seismic inversion was conducted to derive a p-impedance volume to guide the spatial 

distribution of rock types. Significant petrophysical and geomechanical properties of the 

Wolfcamp debris flows was explored using seismic-constrained 3D reservoir models. 

 

GEOLOGIC SETTING 

 The Northwest Shelf and basin margins of the Permian Basin were well defined before 

Permian time (Oriel et al., 1967). The Permian Basin located in west Texas and southeast New 

Mexico formed from advanced basin development of the ancestral Tobosa Basin (Galley, 1958). 
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Figure 1. 
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The ancestral basin formed on a flat cratonic platform (present day North America) made up of 

broad open structures (Galley, 1958). Uplift of the Marathon-Ouachita Mountains during the 

Pennsylvanian through the early Permian defined the eastern and southern border of the Permian 

basin. Regional uplift shed large amounts of siliciclastic material into the Permian basin (U.S. 

Department of Energy, 2018). During the late Pennsylvanian, uplift of the Central Basin 

Platform and the Diablo Platform emphasized the sub-basin components of the Permian Basin; 

i.e., Delaware Basin, Midland Basin, Central Basin Platform, Northwest Shelf and Eastern Shelf 

(Figure 1, Galley, 1958). 

During the early Permian, the Delaware Basin was structural bounded by the uplifting 

Diablo Platform to the west, the uplifting Central Basin Platform to the east, the Northwest Shelf 

to the north-northwest, and the Marathon Ouachita Mountains to the south (Yang and Dorobek, 

1995). As the bounding uplifts continued rising, increased rate of subsidence provided 

accommodation for sediments that were being shed into the basin by submarine fan depositional 

processes forming debris flows and turbidite deposits (Cook, 1983; U.S. Department of Energy, 

2018). Allochthonous carbonates comprise the deposits that form wackestone to packstone 

calcarenite turbidities with biotic grains (Cook, 1983). Wolfcamp outcrops studied by Playton 

and Kerans (2002) estimate the localized paleo-water depth in the Delaware Basin was greater 

than 1000 ft (300 m) (Appendix A).  

The depositional interpretation during the lower Permian follows a reciprocal model of 

sedimentation. The reciprocal model refers to siliciclastics deposition during lowstands and 

carbonate deposition during highstands (Handford, 1981).  This provided the presence of 

siliciclastic sediment in basin-floor fans during times when sea level fell below the shelf and the 

presences of carbonate sediments near the basin margin (transported by carbonate debris flows 
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from the shelf platform) during times when sea level was above the shelf (Handford and Loucks, 

1993; Kvale et al., 2020).    

The Early Permian Wolfcamp Formation overlies the Pennsylvanian Cisco Formation. 

The Cisco Formation represents early development of a carbonate shelf in the northern portion of 

the Delaware Basin (Adams, 1965). The contact between the two formations is the 

Pennsylvanian-Permian unconformity. As tectonic motion and the rate of subsidence began to 

decrease throughout the late Wolfcampian, the carbonate shelf and rimmed edges began to 

develop in shallow warm waters in the northern Delaware Basin (Adams, 1965). The Wolfcamp 

Formation was deposited across the Delaware Basin, Central Basin Platform, and the Midland 

Basin with the thickest accumulation in the Delaware Basin (Vertrees et al., 1953; Gaswirth, 

2017; U.S. Department of Energy, 2018).  

The Delaware Basin was filled with deposits that are Wolfcampian, Leonardian, 

Guadalupian, and Ochoan in age. Directly overlying the Wolfcamp Formation is the Leonardian 

Bone Spring Formation which is characterized by reciprocal sedimentation with alternating 

carbonate deposition during highstand periods and clastic deposition during lowstand periods 

(Bickley, 2019). During the Guadalupian, the shelf became more defined thus increasing the 

carbonate development on the shelf margin. Over time, the reef development resulted in 

restricting the Delaware Basins environment (Adams, 1965). By the end of the Permian during 

the Ochoa, the Delaware Basin was a completely restricted environment comprised of evaporitic 

lagoons and was capped by a thick layer of evaporite known as the Castile Formation (Adams, 

1965). 
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METHODS 

Estimating Petrophysical and Geomechanical Properties, Mineralogy, and Rock Types 

Mineralogy, rock types, and petrophysical and geomechanical properties were calculated 

to assess their variability and spatial distribution in the Wolfcamp Formation. All gamma-ray and 

neutron porosity logs were normalized to Well 3 (Figure 3) in the study area before petrophysical 

properties were calculated. The caliper log was used to quality check erroneous data indicated by 

log spikes (>12 in; 30 cm). Spikes in the caliper log suggest borehole rugosity and zones of 

wash-out resulting in invalid tool measurements for pad or skid-type devices (e.g., Formation-

Density Compensated: FDCsm) (Market and Parker, 2011). Shale volume, total porosity, and 

water saturation logs were calculated using the well-log data. 

 Shale volume (Vsh; Equation 1) is calculated using the Stieber method, a two-part 

equation that incorporates the gamma-ray shale index (Ish; Equation 2) as an input parameter 

(Thomas and Stieber, 1975). The baseline values (γmin, γmax) were identified by plotting the 

frequency histogram of gamma-ray logs for all 45 wells. The 10th percentile (38 API) and the 

90th percentile (118 API) were defined as the sandstone and mudstone baseline values, 

respectively (Appendix B).  

Total porosity (𝜙𝑡; Equation 3) is calculated as the root-mean-square of neutron and 

density porosity (Asquith and Gibson, 1982). Effective porosity (𝜙𝑒; Equation 4) is calculated 

using the average density porosity in a mudstone interval (identified by Vsh log) as opposed to 

the neutron porosity to minimize the potential impact of shale effect observed in the neutron 

porosity log. Additionally, density porosity is preferred over neutron porosity in the e 

calculation because it is less sensitive to potential error in Vsh calculation (Bassiouni, 1994). 
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 Water saturation (𝑆𝑤; Equation 5) is calculated using the Archie equation (Archie, 1947). 

Due to limited data, formation water resistivity (Rw) data was estimated based on a previous case 

study by Asquith (2016) that used of 0.05 Ω.m as the formation water resistivity in Archie’s 

(1947) Sw equation for the Permian Wolfcamp. The a (1), m (2), and, n (2) parameters used were 

those calibrated to carbonate rocks and the porosity used was t (Doveton, 1999). 

 𝑉𝑠ℎ =
𝐼𝑠ℎ

3−2∗𝐼𝑠ℎ
           (1) 

where, 

𝑉𝑠ℎ, volume of shale (v/v) 

Ish, Shale Index (v/v) 

 

 

𝐼𝑠ℎ =  
Υ𝑙𝑜𝑔−Υ𝑚𝑖𝑛

Υ𝑚𝑎𝑥−Υ𝑚𝑖𝑛
       (2) 

where, 

𝐼𝑠ℎ, shale index (v/v) 

ϒlog, gamma-ray log (API) 

ϒmin, sandstone baseline (API) 

ϒmax, mudstone baseline (API) 

 

 

𝜙𝑡 =  √𝜙𝐷
2+𝜙𝑁

2

2
         (3) 

where,              

𝜙𝑡, total porosity (v/v) 

𝜙𝐷, density porosity (v/v) 

𝜙𝑁, neutron porosity (v/v) 

 

  

𝜙𝑒 =  𝜙𝑡 − (𝑉𝑠ℎ ∗ 𝜙𝑠ℎ)        (4) 

where,  

𝜙𝑒, effective porosity (v/v) 

𝜙𝑡, total porosity (v/v) 

Vsh, volume of shale (v/v) 

𝜙𝑠ℎ, density porosity of shale (v/v)   

 

 

𝑆𝑤 = (
𝑎∗𝑅𝑤

𝜙𝑡
𝑚∗𝑅𝑡

)

1

𝑛
         (5) 

where,  

𝑆𝑤, water saturation (v/v) 
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a (1), m (1), and n (2) parameters calibrated to 

carbonate rocks 

Rw, formation water resistivity (Ωm) 

𝜙𝑡, total porosity (v/v) 

Rt, rock resistivity (Ωm) 

 

Well-log based, multi-mineral, litho-density maa-Umaa cross-plots were computed to 

estimate the types and amount of minerals that commonly comprise the Wolfcamp Formation.  

The relationship between maa and Umaa is derived from the bulk density (RHOB) and 

photoelectric factor (PeF) logs. The maa parameter is the apparent matrix grain density, 

calculated from the RHOB log (Equation 6), and Umaa is the apparent matrix volumetric cross-

section, computed from the PeF log and calculated photo-electron density constant (Equations 7 

and 8). The maa-Umaa cross-plot has an imposed ternary diagram with trend lines for quartz, 

calcite, dolomite (QCD) and regions for clays and anhydrites. The maa-Umaa cross-plot provides 

the abundance of quartz, calcite, and dolomite from the ternary diagram in volumetric proportion 

(%). Out of the 45 wells, 10 wells have the PeF log and were used in the multi-mineral analysis 

(Figure 2).  

𝜌𝑚𝑎𝑎 =
𝜌𝑏−𝜙𝑡𝑎∗𝜌𝑓

1−𝜙𝑡𝑎
      (6) 

where, 

𝜌𝑚𝑎𝑎, apparent matrix grain density (g/cm3) 

ρb, bulk density (g/cm3) 

𝜙𝑡𝑎, apparent porosity (v/v) 

ρf, flush zone pore fluid density (~1.0 g/cm3 for 

fresh-water mud filtrate) 

 

 

𝜌𝑒 =
𝜌𝑏+0.1883

1.0704
        (7) 

where, 

𝜌𝑒, electron density (g/cm3) 

ρb, bulk density (g/cm3)    
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𝑈𝑚𝑎𝑎 =  
𝑃𝑒𝜌𝑒−𝜙𝑡𝑎∗𝑈𝑓

1−𝜙𝑡𝑎
        (8) 

where, 

𝑈𝑚𝑎𝑎, apparent matrix volumetric cross-section 

(barns/cm3) 

Pe, photoelectron index (barns/electron) 

𝜌𝑒, electron density (g/cm3) 

𝜙𝑡𝑎, apparent total porosity (v/v) 

Uf, Volumetric photoelectric absorption of the 

flushed zone pore fluid (~0.398 barns/cm3)  

 

 

 The results of the multi-mineral analysis were used to compute well-log derived rock 

type logs. The maa-Umaa cross-plot determines the quartz, calcite, and dolomite abundance in 

volume percent. Thus, the rock type was interpreted based on the mineral with >33% of the total 

rock composition. The rock types derived from the maa-Umaa cross-plot consist of sandstone 

indicated by the quartz proportion, limestone indicated by the calcite proportion, and dolomite 

indicated by the dolomite proportion. 

Mudstone was classified for intervals with Vsh>=50%. The amount of mudstone was 

determined separately and graphically by plotting the cumulative hydrocarbon pore thickness 

versus Vsh. The cumulative hydrocarbon pore thickness was calculated for the entire interval by 

multiplying different proportions of net-reservoir rock thickness, e, and hydrocarbon saturation 

(1-Sw) by the gross thickness of the Wolfcamp interval. The net-reservoir rock thickness is the 

amount of reservoir rock within the total thickness of the Wolfcamp and was determined by 

applying different Vsh cut off values beginning with 0% increasing by 5% each time to 100%.  

For example, a 40% Vsh cut off would indicate any rock containing 40% or greater Vsh is non-

reservoir rock while values below 40% Vsh is reservoir rock. Then the results were normalized 

out of 100%. The cumulative hydrocarbon pore thickness suggests the amount of reserves within 

the reservoir. As the amount of reserves increases, the amount of reservoir rock decreases. 
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Ideally, the cut off is determined by maximizing reserves while minimizing non-reservoir (in this 

case, mudstone) rock (Appendix C). The cross-plot of cumulative hydrocarbon pore thickness 

and Vsh show 3 different slopes whose inflection points occur at 50% and 70% Vsh. This is 

interpreted to represent 3 classes of reservoir quality associated with a decrease in reservoir 

quality with increasing shale (mudstone) volume. Relatively higher reservoir quality is 

associated with Wolfcamp intervals with <50% shale volume (mudstone).  Approximately 75% 

of the Wolfcamp hydrocarbon pore thickness exhibits relatively higher reservoir quality. 

Moderate reservoir quality contains between 50-70% Vsh, while lower reservoir quality 

corresponds to intervals with Vsh>70%. The Vsh cut off used to classify mudstone rock type of 

the Wolfcamp is based on the inflection point from good to moderate reservoir quality; a value of 

50% (Figure 4).  

Brittleness index (BI; Equation 9) was calculated using a modified version of the Wang 

and Gale (2009) equation for BI that does not include total organic carbon (TOC) due to limited 

data. Mineral logs for quartz, calcite, and dolomite were derived from the maa-Umaa cross-plots 

(similarly to XRD data) and clay content was represented by the Vsh log. The 4 logs were 

normalized to 100%, converted from volume percent to weight percent (Equation 10), and used 

to calculate BI. 

𝐵𝐼 =
𝑄𝑡𝑧+𝐷𝑜𝑙

𝑄𝑡𝑧+𝐷𝑜𝑙+𝐶𝑎𝑙+𝐶𝑙𝑎𝑦
      (9) 

where, 

𝐵𝐼, Brittleness Index 

Qtz, quartz content (Wt%) 

Dol, dolomite content (Wt%) 

Cal, calcite content (Wt%) 

Clay, clay content (Wt%) 

 

𝑊𝑡% =
𝜌𝑔∗𝑉𝑜𝑙 %

𝜌𝑏
       (10) 

where, 
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Figure 4: The cumulative hydrocarbon pore thickness versus Vsh cross-plot 
was used to determine the mudstone rock type cut off. The cross-plot illustrates 
3 classes of reservoir quality associated with a decrease in reservoir quality 
with increasing shale (mudstone) volume. Ideally, the cut off is determined by 
maximizing reserves while minimizing non-reservoir. The Vsh cut off used to 
classify mudstone rock type of the Wolfcamp is based on the inflection point 
from good to moderate reservoir quality; a value of 50%.
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𝑊𝑡%, mineral weight percent (%) 

𝜌𝑔, grain density component (g/cm3) 

𝑉𝑜𝑙 %, mineral volume percent (%) 

𝜌𝑏, bulk density (g/cm3) 

 

 

Stratigraphic and Structural Framework 

The Wolfcamp Formation stratigraphic framework and key stratigraphic surfaces were 

interpreted based on a 93 mi2 (240 km2) 3D seismic survey and log data for 45 wells that 

penetrate the entire Wolfcamp Formation within the seismic survey. Informally, the Wolfcamp 

Formation is divided into four operational zones, A-D, as described by the U.S. Department of 

Energy (2018); this study follows the EIA zonation for the Wolfcamp Formation. For reference, 

the structural elevations interpreted on well logs for the top and base of the Wolfcamp Formation 

were also compared to formation tops from the New Mexico Oil Conservation Division. Internal 

Zone tops were interpreted on well logs using trends in the rock-type log and distinct 

characteristics of the gamma-ray log as observed on cross-sections. 

 Four seismic-to-well ties (Figure 2; Appendix D) were done to relate the zone tops (in 

depth; SSTVD) to seismic amplitude reflectors (in time; ms) using synthetic traces. The top of 

the Wolfcamp and Cisco (base Wolfcamp) formations were identified in the 3D seismic survey 

as distinct continuous low amplitude reflectors and their horizons were mapped across the study 

area. A cosine of phase seismic attribute was applied to the entire volume to enhance the 

reflection continuity and interpretation (Barnes, 2007). The internal surfaces that define Zones B, 

C, and D are below seismic resolution, and those horizons were interpreted on well logs but not 

interpreted on seismic data (Appendix D).  

A velocity model was used to depth convert the seismic horizons in two-way-time (TWT) 

to depth (Z) using time-depth relationships (TDR) established from the seismic-to-well ties. The 
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depth converted seismic and well-top data were integrated to construct structure-contour maps 

for the top Wolfcamp and top Cisco (base Wolfcamp) formations. The internal structure-contour 

maps for Zones B, C, and D were constructed using conformal gridding. This method utilizes the 

top Wolfcamp and Cisco structure-contour maps as seismically constrained reference surfaces 

and generates structure-contour maps for the internal zones by using their well-top data while 

following the trends of overlying and underlying surfaces. The structure-contour map for Zone D 

is conformably gridded using the top Wolfcamp and Cisco as reference surfaces. The structure-

contour map for Zone C is mapped using the top Wolfcamp and Zone D structure-contour maps 

as reference surfaces. Constructing the internal zones maps in their upward stratigraphic order 

provides mapping control that decreases error associated with data extrapolation, such as internal 

surfaces intersecting one another. This method also honors the seismically constrained surfaces 

(Figure 5).  

Isopach maps were constructed for each zone using an isochore interpolation method. 

Well tops were converted into isochore points (the thickness between well tops for each zone). 

The minimum and maximum thickness from the well-top points of each zone were used to limit 

data extrapolation in areas with sparse well control.   

Post-Stack Inversion 

A general relationship was observed between various ranges of well-log-based p-

impedance values and rock types. Therefore, a post-stack inversion was done to derive a 3D p-

impedance volume that could be used to constrain the spatial distribution of rock types in the 

Wolfcamp Formation. P-impedance (Zp) is a product of wave velocity (Vp) and rock density (ρ). 

The seismic trace (St) is a convolution of the wavelet and reflection coefficient (Equation 10). 

Assuming the seismic ray of incident is at a normal angle to the rock interface, the reflection 
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Figure 5: The structure-contour maps display depositional dip to east-southeast of the study 
area. The top Wolfcamp and Cisco Formation structure-contour maps were made by 
integrating well tops and depth-time converted seismic horizons. The internal 
structure-contour maps for Zones B, C, and D were constructed using conformal gridding. 
This method utilizes the top Wolfcamp and Cisco structure-contour maps as 
seismically-constrained reference surfaces, and generates structure-contour maps for the 
internal Zones by using their well-top data while following the trends of overlying and 
underlying surfaces. C-C’ is a north-south cross-section through each the structure-contour 
maps illustrating their 3D spatial geometry. 
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coefficient (Ri) is equal to the p-impedance (Equation 11). The post-stack inversion reverses the 

forward modeling procedure by deriving an impedance volume from the reflectivity (Jafari et al., 

2017). The inversion process obtains the reflection coefficient by convolving the seismic trace 

and inverse wavelet (Equation 12). The reconstructed p-impedance (Zp) is then obtained by using 

the inverted seismic signal (Equation 13, Lindseth, 1979). 

𝑆𝑡 = 𝑊𝑡 ∗ 𝑅𝑡 + 𝑁𝑡     (11) 

where, 

𝑆𝑡, seismic trace  

𝑊𝑡, seismic wavelet 

𝑅𝑡, reflection coefficient  

𝑁𝑡, noise series 

 

 

𝑅𝑖 =
𝜌𝑖𝑣𝑖−𝜌𝑖−1𝑣𝑖−1

𝜌𝑖𝑣𝑖+𝜌𝑖−1𝑣𝑖−1
=

𝑍𝑖−𝑍𝑖−1

𝑍𝑖+𝑍𝑖−1
    (12) 

where, 

𝑅𝑖, reflection coefficient of the ith layer  

𝜌𝑖, density of the ith layer (g/cc) 

𝑣𝑖, velocity of the ith layer (µs/ft) 

𝑍𝑖, p-impedance of the ith layer (ft*s)(g/cc) 

 

 

𝑅𝑡 = 𝑠𝑡 ∗ 𝑎𝑡      (13) 

where, 

𝑅𝑡, reflection coefficient 

𝑠𝑡, seismic trace  

𝑎𝑡, inverse wavelet 

 

𝑍𝑖+1 = 𝜌𝑖+1𝑣𝑖+1 = 𝜌𝑖𝑣𝑖
1+𝑅𝑖

1−𝑅𝑖
= 𝑍𝑖

1+𝑅𝑖

1−𝑅𝑖
   (14) 

where, 

𝑍𝑖+1, p-impedance of the i+1 layer (ft*s)(g/cc) 

𝜌𝑖, density of the ith layer (g/cc) 

𝑣𝑖, velocity of the ith layer (µs/ft) 

𝑍𝑖, p-impedance of the ith layer (ft*s)(g/cc) 

𝑅𝑖, reflection coefficient of the ith layer 
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 A model-based inversion was done which uses an initial p-impedance volume that is 

convolved with the wavelet to obtain a synthetic response which is compared to the actual 

seismic signal (Figure 6). An initial background p-impedance volume was created for the 

Wolfcamp interval using the 4 wells. The quality of the initial volume was reviewed at each well 

location by analyzing the difference between the synthetic trace (computed by the inversion) to 

the composite seismic trace. Seismic well ties were used to extract a statistical wavelet from the 

Wolfcamp interval that assumed a zero phase. The wavelet was manually adjusted in 4 wells 

included in the volume by comparing the synthetic trace to the actual composite seismic trace. 

Accuracy was reviewed by checking the cross-correlation and a refined wavelet phase was 

extracted for each well. Once the error was appropriately reduced the final p-impedance volume 

was established. 

 A depth-converted p-impedance volume and average p-impedance map for the 

Wolfcamp interval was used to guide the 3D geostatistical modeling of rock types. This was 

conducted by using normalized trend (probability) maps and volumes for each rock type based 

on the ranges of p-impedance values associated with rock types. A linear gradient was applied to 

areas between high and low probability. Additionally, the p-impedance and t cross-plot had a 

negative relationship. When filtered by rock type, relative trends of high and low t were 

observed for each rock type.  

3D Reservoir Modeling 

3D reservoir models of the Wolfcamp Formation were built to map and evaluate the 

spatial distribution and stratigraphic variability of rock types and associated petrophysical and 

geomechanical properties. The areal grid dimensions were determined based on, in part, the 

average distance between wells, and the vertical resolution was set to preserve the stratigraphic 
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Figure 6: Generalized post-stack seismic inversion workflow (Farfour et al., 2015). The 
seismic horizons, well logs (Sonic and RHOB), and well-top data were used to perform 
seismic-to-well ties which define a time-depth relationship (TDR) allowing a wavelet phase to 
be extracted. An initial p-impedance background volume is created and the results are 
analyzed by comparing the synthetic trace to the actual seismic trace. Once the error is 
reduced by manually adjusting the wavelet phase, the final inversion model is established.
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variability of rock types while maintaining a reasonable number of cells in the grid.  The 

Wolfcamp Formation structure-contour maps were used to define 4 model zones (A-D).  Within 

each zone, proportional layering was used for the stratal geometry. The number of layers for 

each zone was determined by dividing the average thickness of each Zone by the vertical cell 

height. 

Rock-type, petrophysical, and geomechanical logs were upscaled to the resolution of the 

3D grid. The rock-type logs were upscaled first, and the subsequent petrophysical and 

geomechanical logs upscaled biased to the rock-type logs. The accuracy of the upscaling was 

validated by comparing the original and upscaled logs with frequency histograms (for rock-type 

proportions) and cross sections (for rock-type presence). 

Two rock type models were made using average p-impedance trend maps or p-impedance 

trend volumes for each rock type. The rock type models were stochastically modeled using 

sequential-indicator-simulation (SIS) constrained to the (1) stratigraphic framework (3D grid), 

(2) upscaled rock-type logs, (3) rock-type percentages by zone, (4) vertical rock-type proportion 

curves, (5) vertical and horizontal variogram parameters by rock type and zone, and (6) p-

impedance trend maps or volumes for each rock type. Assuming the geometry of debris flows in 

the Wolfcamp Formation are relatively thin sheet-like deposits, the range for major and minor 

directions of horizontal variogram parameters were set assuming no preferential direction of 

anisotropy. Multiple rock-type vertical proportion curves were tested within the area to more 

fully account for potential lateral variations of rock types. However, the limited distribution of 

wells with rock-type logs did not allow the area to be subdivided for the use of multiple vertical 

rock-type proportion curves. For that reason, the rock-type model was constrained to a single 

vertical proportion curve.  Thirty realizations of each model were computed to capture the range 
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uncertainty in rock types and associated e, Sw, pore volume, and HCPV.  The P10 (most 

conservative), P50 (middle), and P90 (most optimistic) cases were determined and models for 

the P50 cases are presented.  

The Vsh, t, Sw, and BI models were constrained to the (1) stratigraphic framework (3D 

grid), (2) their respective upscaled logs, (3) rock-types, (4) calculated vertical and horizontal 

variograms, and (5) histograms for each property. The modeling method used was sequential-

Gaussian-simulation (SGS). The vertical and horizontal variograms major and minor ranges were 

less than the rock-type variogram ranges given the property variability within each rock type. 

The range for major and minor directions of horizontal variograms was set assuming no 

preferential direction of anisotropy, similarly to the rock-type model. 

The e model was calculated from the t and Vsh models. This was done to constrain the 

e model directly to those models. The e model was calculated by subtracting the mudstone pore 

volume from the t (Equation 4). The mudstone rock type was set to 0.0% for e.  

   

RESULTS 

Petrophysical and Geomechanical Properties, Mineralogy, and Rock Types  

Vsh was calculated using the Stieber equation (Thomas and Stieber, 1975) to avoid 

misinterpretation observed when Vsh is calculated using gamma-ray alone. The Stieber equation 

(Equation 1) is based on an empirical relationship that is more reliable and applied for rocks 

deposited for the geologic age of the Wolfcamp Formation (Bassiouni, 1994). An assumed 

simplistic linear relationship between high gamma-ray values and the presence of mudstone 

often leads to an over-estimation of Vsh (Thomas and Stieber, 1975; Bassiouni, 1994). The over-

estimation occurs because this method assumes all radioactive minerals are associated with 
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mudstone. However, this becomes an issue when uranium and other non-sedimentary rock 

forming mineral are present. For the Wolfcamp in the study area, Vsh ranges from 0-100% with 

an average ~30% (Figure 3). Higher values of Vsh are common in the lower and middle 

Wolfcamp Formation. 

 t and e (Equation 3 and 4) for the entire Wolfcamp Formation both range from 0-16%, 

and average ~10% and 4%, respectively. Both t and e vary stratigraphically and general are 

higher in dolomites and lower in limestones (Figure 3). The average Sw (Equation 5) for the 

entire Wolfcamp Formation is 35% and ranges from 0 to 100%. The stratigraphic distribution of 

Sw increases moving stratigraphically upward. Lower values of Sw generally correspond to 

mudstone and high values vary between limestones and sandstones (Figure 3). BI is relative to 

each case study.  The entire Wolfcamp Formation shows a relative high proportion of brittle rock 

with BI ranging from 0-0.97 with an average 0.64. The stratigraphic distribution of BI is highly 

variable. Lower BI values correlate to limestones and mudstone and higher BI values correlate to 

sandstones and dolomites (Figure 3).   

Based on maa-Umaa analysis, the Wolfcamp Formation has 29% mudstone, 27% 

limestone, 22% sandstone, and 22% dolomite (Figure 3).  The stratigraphic distribution of rock 

types reflects the variability in mineral composition throughout the Wolfcamp Formation. The 

base of the Wolfcamp is primarily composed of mudstone and decreases moving upward through 

the section. Dolomite and limestone proportions are limited at the base of the interval and 

increase as mudstone decreases however before they reach the top of the section they both begin 

to decrease. Sandstone percent is low in lower and middle Wolfcamp and is dominant in the 

upper Wolfcamp. 

Stratigraphic and Structural Framework 
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The Wolfcamp Formation (top Wolfcamp) gradually dips to the east-southeast or 

basinward and varies in elevation from -4764 to -5600 ft (-1454 to -1706 m).  Based on well-log 

signatures and seismic response, the Wolfcamp Formation is divided into 4 operational units, 

from top to bottom, Zones A-D (top Wolfcamp represents the top of Zone A; top Cisco 

represents the base of the Wolfcamp interval) and are laterally continuous throughout the study 

area. West-east inlines from the seismic volume illustrate the depositional dip of the Wolfcamp 

Formation and the proximal-to-distal variation in thickness (Figure 7). Structural cross-sections 

(Figure 8) and isopach maps illustrate the structural and stratigraphic variability of Wolfcamp 

operational units. The depositional dip and thickness variation of the Wolfcamp are results of 

high frequency changes in sea level and mild tectonic activity that influenced major 

developmental factors of the reef margin and initiated deep-seated faults associated with 

differential subsidence (Hurst and Surlyk, 1984; Mazzullo, 1984; Hobson et al., 1985; Shumaker, 

1992).  Structure-contour maps show that the Wolfcamp is structurally high in the north-

northwest and gradually deepens to the east-southeast (Figure 9).  Isopach maps illustrate that the 

Wolfcamp Formation ranges in thickness from 500 to 1200 ft (152 to 365 m) and becomes 

thicker to the east-southeast in the distal region of the study area. The range in thickness varies in 

Zone A from 129-500 ft (39-152.4 m); Zone B from 171-508 (52-154.8 m); Zone C from 67-395 

ft (20.4-m120.3); and Zone D from 78-323 ft (23.7-98.4 m). The average thickness of each Zone 

ranges from 227-508 ft (69-154.8 m) and all zones thicken to the east-southeast (Figures 9 and 

10).   

P-Impendance, Rock Types, and Porosity Trends 

Ranges in well-log p-impedance values approximately correspond to different rock types 

with moderate overlap. Mudstones have relatively low values, sandstones and dolomites have 
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Figure 7: A) West-east oriented seismic inline displays the horizon tops for the Wolfcamp and 
Cisco (base Wolfcamp) Formations were picked on low amplitude reflectors. B) The seismic 
amplitude volume and top Wolfcamp and Cisco mapped surfaces illustrate the east-southeast 
depositional dip and proximal-to-distal spatial variation in thickness within the study area.
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Figure 8: A-A’ is a west-east oriented structural cross-section illustrating the structural dip, 
stratigraphic variation in rock type, and Zone thickness. B-B’ is a southwest-northeast 
structural cross section illustrating less variation in zone thickness. This is consistent with 
structure-contour and isopach maps that show zones thicken proportionately in the direction of 
depositional dip. Location of cross-sections are shown in Figure 1. *Note that well are equally 
spaced. 
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Figure 9: A) The top Wolfcamp structure-contour map and location of the wells within the 
study area. Map displays the gradual dip to the east-southeast. B) The Wolfcamp interval 
isopach map and the location of the wells within the study area. The Wolfcamp becomes more 
thick to the east-southeast reaching its maximum thickness ~1200 ft (365 m). 
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Figure 10: Isopach maps and well locations for A) Zone A, B) Zone B, C) Zone C, and D) 
Zone D illustrate proportional thickening to the east-southeast. The range in thickness varies 
in Zone A from 129-500 ft (39-152.4 m); Zone B from 171-508 (52-154.8 m); Zone C from 
67-395 ft (20.4-120.3 m); and Zone D from 78-323 ft (23.7-98.4 m).
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intermediate values, and limestones have relatively high values of p-impedance.  Approximate 

log-based p-impedance values for each rock type are: mudstones from 20,000-40,000 

(ft*s)(g/cc); sandstones from 40,000-50,000 (ft*s)(g/cc); limestones from 48,000-68,000 

(ft*s)(g/cc); and dolomites from 32,000-48,000 (ft*s)(g/cc) (Figure 11).  

An average error between the well-log calculated p-impedance and the inversion p-

impedance is 0.39, mostly occurring in the lower Wolfcamp and above the interval of interest 

(Figure 12). Based on the seismic inversion, values of p-impedance range from 0-68,700 

(ft*s)(g/cc). Average p-impedance for the Wolfcamp Formation derived from the inversion 

volume ranges from 35,000-50,000 (ft*s)(g/cc). Spatially, higher p-impedance values occur in 

the northwest portion of the study area (Figure 13A).  

Using the average p-impedance map and the depth converted p-impedance volume for the 

Wolfcamp Formation, the spatial distribution for each rock type was guided by their respective 

ranges in p-impedance values. The spatial distributions for mudstone and limestone are more 

distinct than sandstone and dolomite. Limestone is dominant in the northwestern portion of the 

study area and mudstone increases to the east-southeast. Dolomite and sandstone generally have 

less distinct trends with an exception in the northwest in which both rock types are less common. 

Mudstone, sandstone, and dolomite are less abundant in the northwest which corresponds to a 

structurally higher area with relatively thin zones and higher p-impedance values (Figure 13) 

(Appendix E).  

The negative relationship between total porosity (t) and p-impedance (Zp) illustrates that 

high t corresponds to low p-impedance. Given the relationship among t, rock-types, and p-

impedance values, areas of low p-impedance have greater proportions of mudstone, sandstone, 
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Figure 11: Total porosity and well-log p-impedance cross-plots for A) mudstone, B) 
sandstone C) limestone and D) dolomite identify specific range of p-impedance values for 
each rock-type; mudstone 28,000-40,000 (ft*s)(g/cc), sandstone 40,000-50,000(ft*s)(g/cc), 
limestone 48,000-68,000(ft*s)(g/cc), and dolomite 32,000-48,000(ft*s)(g/cc). The relationship 
established between well-log p-impedance and rock types suggested use of inversion derived 
p-impedance to spatial distribute rock types within the study area.
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Figure 12: (A) The cross-correlation of an extracted statistical wavelet from one of the wells 
in the volume. (B) The results of the inversion volume. The first track shows p-impedance 
computed from well logs (blue) and the inversion p-impedance (red). The error between the 
two is 0.397 mostly occurring in the base Wolfcamp and above the interval.
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Figure 13: A) The average p-impedance map derived from the p-impedance inversion was 
used to map the rock types based on their corresponding range of p-impedance values. The 
spatial trend maps B) mudstone, C) sandstone, D) limestone, and E) dolomite were 
normalized and rescaled in such a way that 1 represents a high probabilty of specified rock 
type distribution and 0 indicates a low probability of specified rock type distribution. A 
gradational trend was applied between areas of high and low probability. The mudstone and 
limestone maps display distinct trends in distribution while sandstone and dolomite do not 
with the exception of the northwest portion of the study area.
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and dolomite and higher t values. Areas of high p-impedance are associated with limestone and 

lower t values.  

Spatial Distribution of Rock Types, Petrophysical and Geomechanical Properties 

For the Wolfcamp Formation, thirty rock-type and petrophysical and geomechanical 

realizations were generated as well as their associated pore volume and hydrocarbon pore 

volume (HCPV) to evaluate the spatial variability and range of uncertainty of these properties. 

Rock type, e, Sw, and BI were modeled within the Wolfcamp stratigraphic framework as 

represented by a three-dimensional reservoir model grid that contain cells with dimensions of 

200 X 200 ft (60 X 60 m) areally (I and J directions) and ~2 ft (~0.6 m) vertically (K direction).  

The 3D grid has 29,434,581 cells (Figure 14).  

For the rock-type models (map-based and volume-based), for all rock types, vertical 

variogram ranges were estimated to be ~20 ft (~6 m) and horizontal variograms are set to 10,000 

(3,048 m) for the major and minor directions. For petrophysical and geomechanical models, 

vertical variogram ranges are 7-15 ft (2-4.5 m) and horizontal variogram ranges are set to 8,000 

(2,438 m) for the major and minor directions.  

In terms of the rock type distribution, the trend maps for limestone and mudstone show 

distinct trends that are reflected in the spatial distribution of these rock types (Figure 15). Each 

stratigraphic zone has a dominant mineralogy and rock-type composition; e.g., Zone A (quartz, 

sandstone), Zone B (calcite, limestone), Zone C (dolomite), and Zone D (clay, mudstone) 

(Figures 3 and 16). The lithology at the base of the Wolfcamp is dominantly mudstone in Zone 

D. Moving stratigraphically upward through the Wolfcamp, the lithologies becomes more

carbonate-rich (limestones and dolomites) in Zones C and B. In Zone A, the lithology 

composition transitions from carbonate-rich to primarily sandstones (Figures 3 and 16). 
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Figure 14: A) The interpreted stratigraphic Zones of the Wolfcamp Formation within the study 
area with areal dimension of 74300 ft (~22,646 m) X 35752 ft (~10,897 m) and ~ 1000 ft (304 
m) thick. B) A 3D reservoir model grid of the Wolfcamp Formation was built to model and
evaluate the spatial distribution and stratigraphic variability of rock types and associated
petrophysical and geomechanical properties. The Wolfcamp Formation structure-contour maps
were used to define 4 model Zones (A-D).  Within each Zone, proportional layering was used
for the stratal geometry. The number of layers for each zone was determined by dividing the
average thickness of each Zone by the vertical cell height. C) The areal grid dimensions were
determined based on, in part, the average distance between wells, and the vertical resolution
was set to preserve the stratigraphic variability of rock types while maintaining a reasonable
number of cells in the grid.  The 3D reservoir model grid contains cells with dimensions of 200
X 200 ft (60 X 60 m) areal (I and J directions), ~2 ft (~0.6 m) vertically (K direction), with a
total of 29,434,581 cells.
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Figure 15: North-south and west-east profiles through the rock-type model reflect the distinct 
distribution trends observed in the A) limestone and B) mudstone trend maps. Limestone 
shows more distribution in the northwest portion of the study area while mudstone shows 
limited distribution in the northwest and increases to the east-southeast.
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Figure 16: The ρmaa-Umaa analysis per Zone illustrates the stratigraphic variability of 
mineral composition for A) Zone A, B) Zone B, C) Zone C and D) Zone D. Each 
stratigraphic zone has a dominant mineralogy and rock-type composition; e.g., Zone A 
(quartz, sandstone), Zone B (calcite, limestone), Zone C (dolomite), and Zone D (clay, 
mudstone) The lithology at the base of the Wolfcamp is dominantly mudstone in Zone D. 
Moving stratigraphically upward through the Wolfcamp, the lithologies becomes more 
carbonate-rich (limestones and dolomites) in Zones C and B. In Zone A, the lithology 
composition transitions from carbonate-rich to primarily sandstones. The dominant mineral 
composition of each zone is reflected in the rock-type vertical proportion curve (Figure 3).
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Limestone percent increases upward through the Wolfcamp (mean percentages of 7%, 33%, 52% 

from Zones D, C, and B, respectively) (Figure 17).  

Zone C has the highest e with a range of 1 to 12% and an average of 6%. Higher e 

within Zone C is observed in dolomite and low e is associated with limestone (Figures 18 and 

19). This observation is consistent with the higher range in p-impedance for limestone (48,000-

68,000 (ft*s)(g/cc)) and lower values associated with dolomite (32,000-48,000 (ft*s)(g/cc)) 

(Figure 11).  e is lowest for Zone D and ranges from 0 to 12% with a mean of 3.5%.  The lower 

values are associated with the larger proportion of mudstone in Zone D. Zones A-C show an 

upward decrease in mean e from 5.8% to 4.3% to 3.9%. 

The average Sw for the entire Wolfcamp interval is 35% and Sw ranges from 0 to 100%. 

Mean Sw shows an upward increase in the Wolfcamp Formation from 16% in Zone D, 32% in 

Zone C, 36% in Zone B, to 48% in Zone A, with Zone A being primarily composed of sandstone 

(Figures 18 and 19).  

BI ranges from 0-0.97 with a mean of 0.67. By zone, mean BI varies from 0.76 in Zone 

A, 0.52 in Zone B, 0.65 in Zone C, and 0.66 in Zone D. This reflects the dominate mineralogy 

and rock type for each zone (Figures 18 and 19). The zone with the lowest BI (Zone B) is largely 

composed of limestone while the zones with higher BI (especially Zones A and C) are primarily 

composed of sandstone and dolomite, respectively. Moderate ranges of BI are favorable for 

drilling environment, hole integrity and hydraulic fracturing.   

Pore volume and hydrocarbon pore volume increase moving stratigraphically upward 

through the Wolfcamp Formation. Dolomite has highest pore volume and HCPV but is least 

represented in terms of bulk volume within the Wolfcamp (Table 1). Relatively poor reservoir 
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Figure 17: The spatial distribution of rock types and associated reservoir quality are illustrated 
by the percentage of each type in A) Zone A, B) Zone B, C) Zone C, and D) Zone D. Zone A 
and B are primarily composed of sandstone and mudstone, which both exhibit over all poor 
reservoir quality in terms of Фe, BI, and Sw.  Zone B-D illustrate an upward increase of 
limestone. 
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Figure 18: West-east orientated profiles through the 3D model A) illustrate the stratigraphic 
Zones and their variation in thickness, B) illustrate the spatial distribution in rock types 
modeled by average p-impedance trend maps and, C) illustrate the spatial distribution in 
rock types modeled by p-impedance trend volumes of the Wolfcamp Formation. The base of 
the Wolfcamp is primarily composed of mudstone and decreases moving upward through 
the section. Dolomite and limestone proportions are limited at the base of the interval and 
increase as mudstone decreases however before they reach the top of the section they both 
begin to decrease. Sandstone shows little to no distribution at the base of the interval and 
increases as mudstone, limestone, and dolomite began decreasing toward the top of the 
section. The top of the section is nearly all composed of sandstone. The Wolfcamp 
Formation has 29% mudstone, 27% limestone, 22% sandstone, and 22% dolomite (Figure 
3). The models shown represent the P50 realization based on uncertainty analysis discussed 
in the Spatial Distribution of Rock types, Petrophysical and Geomechanical Properties 
sections.
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Figure 19: West-east oriented profiles through the 3D models A) illustrate the spatial 
distribution of Фe within the study area. Фe is highly variable but generally increases in 
dolomites and decreases in limestones (Figure 18). Highest Фe values are located distal from 
the north-northwest within Zone B and C (mean= 4.3%, 5.8%, respectively). B) Illustrates the 
spatial distribution of Sw within the study area. Generally moving up section Zone A-D 
increases in Sw (means= 48%, 36%, 32%, 16%, respectively). C) Illustrates the spatial 
distribution of BI within the study area. Moving up section, Zones C and D show high BI 
(mean= 0.65, 0.66, respectively). Zone B displays the lowest value in BI and Zone A contains 
the highest value of BI (mean= 0.52, 0.76, respectively). Low values of BI correspond to 
limestones and mudstones while high values correspond to sandstones and dolomites (Figure 
17).
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Table 1: Summarizes the pore volume and hydrocarbon pore volume (HCPV) of 
the Wolfcamp by stratigraphic Zone and rock type. HCPV stratigraphically 
increases moving up through the section in Zone B-D. The rock type with the 
highest pore volume and HCPV is dolomite, even though it is least represented 
within the Wolfcamp interval in terms of bulk volume. 

Bulk Volume 
(*109 RB)

Pore Volume (*109

RB)
Hydrocarbon Pore Volume 

(*109 RB)
Zone A 116 4.5 2.3
Mudstone 9.9 0 0
Sandstone 85.4 3.6 1.6
Limestone 14.2 0.6 0.4
Dolomite 6.3 0.3 0.2
Zone B 136 6.1 3.9
Mudstone 26.2 0 0

Sandstone 12.7 0.9 0.7
Limestone 71.9 3 1.7
Dolomite 25.1 2 1.4
Zone C 94.7 5.5 3.6
Mudstone 21.4 0 0
Sandstone 7.6 0.6 0.4
Limestone 28.8 1.6 0.9
Dolomite 36.7 3.2 2.2
Zone D 92.8 3 2.4
Mudstone 68.5 0 0
Sandstone 1.7 0.2 0.2
Limestone 5 0.5 0.4
Dolomite 17.4 2.1 1.8
Total 439.7 19.3 12.4
Mudstone 126.2 0 0
Sandstone 107.6 5.5 3
Limestone 120 5.8 3.5
Dolomite 85.7 7.9 5.8
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quality is associated with limestones given their low values for t, e, and BI and relatively high 

Sw (with p-impedance range of 48,000-68,000 (ft*s)(g/cc)). 

DISCUSSION 

Rock Types and Petrophysical and Geomechanical Properties related to Reservoir Quality 

 Within the study area, the Wolfcamp Formation exhibits stratigraphic variability and 

spatial distribution of mineralogy, rock types, and petrophysical and geomechanical properties. 

As a result, preferential intervals of ideal reservoir quality are identified (for this discussion, 

mudstone is considered non-reservoir). Stratigraphically, carbonate-rich minerals (calcite and 

dolomite) and rock types (limestone and dolomite, respectively) increase upward through the 

section in Zone B-D then transition to clastic-rich (quartz; sandstone) composition in Zone A. 

The stratigraphic variability in mineral composition and rock types is reflected in the distribution 

of BI. Generally higher BI correspond to high distribution of quartz and dolomite mineral-

derived rock types (sandstone and dolomite).  e is variable throughout the stratigraphic section 

but show preferential distribution in rock types that contain high or low values; higher values of 

e correspond to dolomite while lower e values correspond to limestone. Stratigraphically, Sw 

increases moving up the section in Zone A-D (mean= 48%, 36%, 32%, to 16%). The 

stratigraphic variability among rock types and petrophysical and geomechanical properties 

associate dolomite with high e, high BI and low Sw, limestone with low e, low BI and high Sw, 

and sandstone with low e, high BI and high Sw. Additionally, hydrocarbon pore volume was 

highest for dolomite, irrespective of bulk volume. In terms of rock type, dolomite illustrates a 

balance of ideal reservoir quality while limestone and sandstone illustrate poor reservoir quality. 

The spatial distribution and percent of rock types and their associated petrophysical and 
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geomechanical properties identify an ideal interval to land horizontal wells. Zone A and D are 

primarily composed of sandstone and mudstone (respectively) which do not exhibit ideal 

reservoir quality. Zones B and C are more complex as they are primarily composed of limestone 

(poor reservoir quality) and dolomite (ideal reservoir quality). In Zones B-C limestones increase 

in proportion and migrate to the north-northwest while dolomites do not show a distinct 

migration trend (Figure 17). Given the stratigraphic and spatial distribution of significant 

petrophysical and geomechanical properties the ideal rock type and interval to land horizontal 

wells would be dolomite in Zone C. Zone C is primarily composed of high e, pore volume,  

HCPV, BI, and low Sw  associated with dolomite (Appendix F).  

Utilizing maa-Umaa Interpretation of Mineral Composition 

Determining mineral composition is essential for the Wolfcamp Formation due to their 

variability in associated reservoir qualities. Broad classification of rock types such as carbonate 

and clastic are too general, as reservoir quality within the carbonates vary significantly. maa-

Umaa analysis provide a solution by distinguishing the calcite and dolomite compositions within 

the total carbonate percentage. The variability of both reservoir quality and mineral composition 

is illustrated moving up the stratigraphic section. The base of the Wolfcamp is primarily 

composed of clay-rich composition associated with low e , BI and Sw resulting in non-reservoir 

rock. Moving up the section the clay content decreases as carbonate-rich minerals (calcite and 

dolomite) compose nearly the entire section. In terms of calcite, the spatial distribution of 

petrophysical and geomechanical properties illustrate low e, low BI and high Sw, while dolomite 

is associated with high e, high BI, and low Sw. Toward the top of the section, carbonate-rich 

minerals decrease and quartz dominates the section with associated low e , high BI and high Sw 

(Figure 3). Given the spatial distribution of significant petrophysical and geomechanical 
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properties, the distinction between dolomite and calcite mineral composition is essential for 

determining the interval with ideal reservoir quality. Zone B has the highest carbonate 

percentage within the Wolfcamp however it is primarily composed of calcite-derived rock type 

(limestone) which is associated with poor reservoir quality while Zone C contains a lower 

percentage of carbonate-rich composition but has the highest dolomite-derived rock type 

(dolomite) and associated high reservoir quality (Figure 3). Targeting the interval with the 

highest carbonate percentage would not result in drilling ideal reservoir quality as determined by 

utilizing maa-Umaa analysis.  

Limitations 

The limitations of this study include the lack of core to provide lithologies and 

lithofacies. Using maa-Umaa analysis and Vsh cut offs provide general rock types that could be 

better defined with core examination. Core data provides a means to calibrate the well logs and 

provide data such as TOC and XRD measurements to reduce uncertainty associated with rock-

type interpretation. Core description provides sedimentary structures, biological features, and 

aide an interpretation for the environment of deposition and depositional cycles. In terms of thin 

sections, alizarian red-S and potassium ferricyanide stained thin sections could validate the 

mineral distinction between the calcite and dolomite minerals. Additionally, thin section analysis 

provides essential information such as grain size, framework grains and matrix components. In 

terms of the reservoir models, there is a limitation in vertical resolution because the Wolfcamp 

stratigraphic zones were not mapped in the seismic data due to a lack of continuous reflectors.  

CONCLUSIONS 

The Wolfcamp Formation on the Northwest Shelf, Delaware Basin is comprised of 

carbonate and clastic debris flows that form a low angle slope-to-basin depositional environment 
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and illustrates a variation of stratigraphic thickness, mineralogies, rock types, and petrophysical 

and geomechanical properties. The Wolfcamp in the study area dips to the east-southeast and 

varies in thickness from 200-1000 ft (60-304 m). It is informally divided into 4 operational units, 

zones A-D, that proportionally thicken to the east-southeast. maa-Umaa multi-mineral analysis 

and a Vsh cut off were used to derive rock types (1) mudstone (2) sandstone (3) limestone, and 

(4) dolomite. Each zone contains a dominant rock type composition; Zone A (sandstone), Zone B

(limestone), Zone C (dolomite), and Zone D (mudstone). A relationship between rock types and 

well-log p-impedance suggest that ranges in p-impedance values approximately correlate to rock 

types.  

A post-stack inversion yielded an impedance volume and was used to spatially distribute 

rock types based on ranges in p-impedance associated with each rock type.  Limestone and 

mudstone show distinct distribution trends while sandstone and dolomite do not. The spatial 

distribution of reservoir quality was analyzed using seismically constrained rock-type, 

petrophysical, and geomechanical properties models. The Wolfcamp Formation in this study area 

displays both stratigraphic and lateral variability of reservoir quality.  

The stratigraphic variability and spatial distribution of significant petrophysical and 

geomechanical properties illustrate a relationship among ideal reservoir quality and 

corresponding rock types. Pore volume and hydrocarbon pore volume (HCPV) are highest within 

dolomite. Dolomite contains an ideal balance of reservoir quality in terms of e, pore volume and 

HCPV. Zone C contains low Sw, high BI and the highest proportion of dolomite with associated 

ideal reservoir quality.  

Based on the results of this study, Zone C contains petrophysical and geomechanical 

characteristics associated with higher reservoir quality within the Wolfcamp Formation. This 
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study is important for research done on the Wolfcamp Formation because it provides assessment 

of the stratigraphic and lateral distribution of significant mineralogies, rock types, and 

petrophysical and geomechanical properties in this area of the Northwest Shelf, Delaware Basin. 
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Study Area

Appendix A: These map illustrate the paleogeography during the early Permian, the same 
time the Wolfcamp Formation was being deposited. During this time most of the Delaware 
Basin was underwater and the paleo-water depth was around 1000 ft (300 m). The Wolf-
camp Formation on the Northwest Shelf of the Delaware Basin (Figure 1) formed in a 
low-angle (<1° ) slope-to-basin depositional environment and is primarily composed of 
carbonate and clastic sediment gravity flows (Cook, 1983; Scotese, 2014; Kvale et. al., 
2020).
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Appendix B:The gamma-ray distribution for all 45 well within the study 
area was used to identify the sandstone and shale GR API baselines to 
compute the Shale Index (Ish). The sandstone baseline corressponds to 
the 10th percentile (38 API) while the shale baseline corresponds to the 
90th percentile (118 API). 
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Appendix C: The hydrocarbon pore thickness (HCPT) was calculated by multiplying the 

effective hydrocarbon saturated pore space to the net rock thickness (Equation 1). The effective 

hydrocarbon pore space is defined by multiplying the e and So (1-Sw). The net rock thickness is 

computed by multiplying the total thickness of the interval by the net-to-gross ratio of reservoir 

(net) rock thickness. In this case non-reservoir rock is determined by the amount of shale present 

indicated by the Vsh log. The net-to-gross ratio is represented by the percentage of Vsh beginning 

with 0% to 100%, increasing by 5% each time. For example, starting with 0% Vsh would indicate 

that the entire interval consists of reservoir rock and the HCPT would be high. As the amount of 

Vsh increases, the amount of reservoir rock decreases, as does the HCPT. Another example, if 

85% Vsh was used as the net-to-gross ratio, the amount of reservoir rock would be 15% resulting 

in low HCPT. Once the HCPT was calculated for 0 to 100% Vsh (increasing by 5% each time), 

they were cumulatively added and normalized out of 100%  

𝐻𝐶𝑃𝑇 = 𝜙𝑒 ∗ 𝑆𝑜 ∗ 𝐺𝑅𝑇 ∗ 𝑁/𝐺 (1) 

where, 

• 𝜙𝑒, Effective porosity (v/v)

• 𝑆𝑜, Hydrocarbon saturation (v/v)

• 𝐺𝑅𝑇, Gross thickness of interval (ft)

• 𝑁/𝐺, Net to gross ratio
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Apendix D3: A and B illlustrate the vertical resolution of the seismic data. The top of the 
Wolfcamp and Cisco Formations were identified by continuous relectors however the 
stratigraphic Wolfcamp zones could not be interpreted. 
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Appendix E: The trend volumes were derived using the depth converted p-impedance 
volume and the ranges in p-impedance that correspond to each rock type. The volumes are 
scaled in such a way that 1 (red) suggest high probability of specified rock type proportion 
and 0 (blue) suggest low probability of specified rock type proportion. Trends for 
limestone and dolomite are more distinct because their ranges in p-impedance have the 
greatest contrast between each other. The p-impedance ranges for sandstone and dolomite 
are similar to one another resulting in less distinct trend volumes.
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Appendix F: A) Based on petrophysical and geomechanical analysis favorable reservoir 
quality is defined by the dolomite rock type, ϕe > 0.04 v/v, Sw< 0.4 v/v, BI> 0.6 v/v. The 
stratigraphic variability and spatial distrubution these qualities is represent by the pay 
model. B) displays the average pay percentage per zone as the following A) Zone A 
contains ~3% (7 ft), B) Zone B contains ~12% (36 ft), C) Zone C contains ~26% (54 ft), 
D) Zone D contains ~19% (37 ft).
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