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Abstract 

 

Identifying and Mapping Clay-Rich Intervals in the Fayetteville Shale: 

Influence of Clay on Natural Gas Production Intervals 

 

Forrest Daniel Roberts, M.S. Geo.Sci 

The University of Texas at Austin, 2013 

 

Co-Supervisors:  Scott W. Tinker and William L. Fisher 

 

The Fayetteville Shale is composed dominantly of clay, carbonate, and 

siliciclastic minerals. A variety of facies have been described by other workers and in this 

study, defined by mineral content, biota, fabric, and texture. Because the Fayetteville 

Shale is one of the top shale-gas producing plays in the U.S., an inquiry into key drivers 

of good-quality production is worthwhile. In particular, a hypothesis that intervals of high 

clay content should be avoided as production targets is investigated in this study. A high 

level of separation between wire-line log neutron porosity (NPHI) and density porosity 

(DPHI) in the Fayetteville Shale is observed in contrast to the wire-line log responses 

from the Barnett and Haynesville Shales. Clay minerals have a significant effect on 

NPHI, which in turn affects separation between NPHI and DPHI (PHISEP). X-Ray 

Diffraction (XRD) clay data was available for three wells, and efforts to correlate XRD 

results to PHISEP led to establishing NPHI as a reasonable proxy for clay. Using NPHI 

as a proxy it was possible to pick clay-rich intervals, map them across the study area, and 

to determine net clay in the Fayetteville Shale. Maps of net clay-rich intervals were 
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compared to a map of production, but revealed no obvious correlation. Stratigraphic 

cross-sections showing the clay-rich intervals revealed a clay-poor interval in the upper 

part of the lower Fayetteville. This interval is the primary target for horizontal well 

completion. It is bounded above and below by more clay-rich intervals. Establishing the 

clay-rich intervals via porosity log separation (PHISEP) is one tool to help determine 

possible stratigraphic zones of gas production and can lead to a better understanding of 

intervals in which to expect production. 
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INTRODUCTION 

The Mississippian Fayetteville Shale in the eastern Arkoma Basin is a shale gas 

play extending across northern Arkansas. It is the age equivalent of the Barnett Shale in 

north Texas and the Caney Shale in Oklahoma (Ramakrishnan, 2011). The economic 

viability of the Fayetteville was first discovered by Southwestern Energy Company 

(SWN), which began drilling in 2004 and is the primary producer in the play. The first 

horizontal well was drilled in February 2005. Net production in 2012 from SWN alone 

was 485.5 Bcf. Gross daily production for the play at year-end 2012 was 2,090 MMcf 

(Southwestern Energy Company, 2013). 

The Fayetteville is a shale-gas system composed of clay, carbonate, and siliceous 

minerals, deposited on a shallow shelf (Handford, 1986; Sutherland, 1988; Ceron and 

Slatt, 2011; Ikeocha et al., 2012). Comparisons between wire-line logs from the Barnett, 

Haynesville, and Fayetteville Shale plays show a significant difference in the amount of 

separation between neutron porosity (NPHI) and density porosity (DPHI) logs (Figure 1). 

The high separation in the Fayetteville can be tied to the amount of clay mineral content 

found throughout most stratigraphic zones of the formation. 



 2 

 

Figure 1: Wire-line logs from (left to right) the Haynesville, Barnett, and Fayetteville 

Shales. Logs include gamma ray, caliper, neutron porosity, and density 

porosity. Note the significant separation between the NPHI and DPHI logs 

in the Fayetteville well. 

Understanding the amount and distribution of clay minerals (hereafter, simply 

clay) in a hydrocarbon-producing system is important for several reasons. Clay occludes 

porosity, limits permeability, and reduces the brittleness of a rock. In shale gas plays like 

the Fayetteville Shale and others, the ability to fracture the rock is vital to production; 

therefore, more brittle intervals are preferred for completion targets. 

The Fayetteville Shale in most of the play area is bounded above by limestone or 

its shale equivalent and below by limestone. Stratigraphic division of the Fayetteville has 

varied by author (Alase, 2012; Ramakrishnan, 2011). This analysis recognizes two 

sections, the upper and lower Fayetteville, based on significantly higher gamma-ray 

values in the lower Fayetteville. Three wells are used in the study (Figures 2 and 3). 

This investigation of the clay-mineral abundance of the Fayetteville Shale builds 

on previously published work on stratigraphy, structure, and lithology. The three primary 
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objectives of this work are to: 1) identify clay-rich intervals in the stratigraphy of the 

Fayetteville Shale; 2) map the clay-rich intervals across the play using wire-line log 

attributes as a proxy for clay; and 3) link the relative amount of clay to the productivity of 

natural gas. 

 

 

Figure 2: Three wells used in study. Gamma ray (0-300 API scale) and caliper (7-20 

inch scale) measurements in left track. Gamma ray and caliper scales are the 

same for all Fayetteville logs used in this study. Extent of XRF and XRD 

coverage shown by red and green bars, respectively. Locations of wells 

shown in Figure 3. 

W E 



 4 

 

Figure 3: Locations of Wells 1, 2, and 3, from west to east in the state of Arkansas, 

respectively, designated by red dots. Extent of the Fayetteville Shale in 

green, modified from Houseknecht and Milici (2009). Study area outlined in 

blue. 
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METHODS 

Data 

Three cores from the west side of the Fayetteville play and study area, in the 

Arkansas side of the Arkoma Basin, were described and serve as the foundation for this 

analysis. Description includes color, lamination, bedding, shell fragments, fractures, and 

apparent fissility. Core description is essential for correlating rock data to the wire-line 

logs. X-Ray Fluorescence (XRF) analysis was done on the cores described in order to 

gather elemental data. Data was gathered at six-inch to one-foot intervals. This was done 

using the Bruker Elemental TRACER-III-SD Handheld Energy-Dispersive X-Ray 

Fluorescence SpectrometerTM. See Rowe et al. (2012) for a full explanation of the 

procedures and applications of this XRF. Southwestern Energy provided X-ray 

diffraction (XRD) data for the three wells, amounting to forty-nine samples, as well as 

other core data. Wire-line log data was used from publicly available sources and for 

many wells is limited to Gamma Ray, Caliper, NPHI, and DPHI. 

Neutron Porosity 

Traditional neutron porosity tools emit neutrons from a radioactive source. These 

neutrons are detected after losing energy in elastic collisions with formation nuclei. 

Usually the count rate at a neutron detector is inversely proportional to the amount of 

hydrogen in the formation. Many neutrons are slowed and captured when the hydrogen 

content is high, resulting in a low count rate and high porosity reading. When the 

hydrogen content is low fewer neutrons are absorbed and more reach the detector, 

resulting in a low porosity reading (Albats et al., 1994). 

Interpretation of NPHI can be complicated by formation atom density, clays, and 

natural gas. An increase in formation atom density increases neutron scattering and 
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elevates the measured porosity. The additional hydrogen content of hydroxyls in clays 

increases the apparent porosity reading. The combined increase in porosity readings from 

these two factors is referred to as the shale effect. In addition, swelling clays absorb 

water, thus increasing the hydrogen content (causing swelling) and increasing apparent 

porosity. When gas is present it causes a reduced or even negative porosity reading. It 

occurs when pore space contains gas, which has far less hydrogen to scatter neutrons than 

does water. This is called the gas effect (Albats et al., 1994). 

Density Porosity 

Density porosity is derived from the bulk density of the rock. Traditional density 

tools emit high energy gamma rays that interact with the electrons of the elements in the 

formation. The number of returning gamma rays is detected, and that number is related to 

formation electron density. DPHI is derived based on the equation: ϕD = (ρma – ρb)/( 

ρma – ρfl) where ϕD is density porosity; ρb is formation bulk density (the log 

measurement); ρma is matrix density, and 2.71g/m3 is assumed for limestone matrix 

density; ρfl is fluid density, and 0.7 g/m3 is suggested for dry gas density if gas density is 

unknown (Asquith and Krygowski, 2004).   

Interpretation of DPHI can be complicated by the choice of matrix density (based 

on lithology) and fluid density (based on salinity and hydrocarbons). In dense formations 

DPHI will be negative because the assumed matrix density is less than the actual matrix 

density. Saline water is denser than fresh water, and hydrocarbons are less dense than 

fresh water, so fluid density may be inaccurate based on what assumptions are made. The 

measured bulk density will be correct, but the assumptions made in determining porosity 

may be incorrect, which would lead to errors in calculated porosity (Asquith and 

Krygowski, 2004). 
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Clay Volume 

Clay estimation from neutron porosity and density porosity logs is a commonly 

used technique to identify clay volume in a formation (Bhuyan and Passey, 1994). In this 

paper two variations of this method are used in an effort to establish a proxy for bulk clay 

weight percent. 

Bhuyan and Passey (1994): NDVSH=(PHIN-PHID)/(PHINsh-PHIDsh); 

NDVCL=NDVSH*C 

Where PHIN is neutron porosity, PHID is density porosity, PHINsh is neutron 

porosity of shale and PHIDsh is density porosity of shale. For clay volume 

estimation, the value of C is set at 60. NDVSH is conventional Vsh calculation 

from neutron and density porosity logs, and NDVCL is dry clay volume 

estimation. 

Eastwood and Hammes (2011): VCLAY_ND=(NPHI-DPHI)/(NPHICLAY-

DPHICLAY) 

Where NPHI is neutron porosity, DPHI is density porosity, NPHICLAY is 

neutron porosity of shale corrected for the formation being measured, and 

DPHICLAY is density porosity of shale corrected for the formation being 

measured. 
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GEOLOGICAL SETTING 

Stratigraphy 

The Fayetteville Shale is a Late Mississippian marine shelf deposit (Figure 4). It 

includes both transgressive and highstand system tracts of the Chesterian cycle. These 

tracts are divided by maximum flooding surfaces over a broad shelf area that includes the 

northern Arkoma basin and the southern Ozark region (Handford, 1986). The Chesterian 

cycle contains over 700 vertical feet of shale and interbedded shallow-marine limestone. 

This stratigraphic package thins to the south and buries an erosional unconformity on the 

underlying Boone limestone across most of northern Arkansas (Figure 5). In eastern 

Arkansas, the Moorefield Shale represents the low-stand wedge that covered the Middle 

Mississipppian unconformity in the region. The Fayetteville Shale is overlain by the 

Pitkin Limestone, or its shale equivalent. In the western part of the play area, the 

Fayetteville Shale includes the Wedington Sandstone and its associated shaly facies. 

Eastward, to the center of the play, the Wedington and Pitkin Limestone are absent 

(Ramakrishnan et al., 2011). This lack of development is visible in the study area, as the 

Wedington is nonexistent and the Pitkin is more shale than limestone. 
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Figure 4: Regional paleogeography and stratigraphy at the time of Fayetteville 

deposition. (A) Paleogeography of the southern mid-continent region during 

the late Mississippian (325 Ma) showing the approximate position of the 

Arkoma Basin and surrounding structural features. Modified from 

Sutherland (1988). Plate reconstruction by Blakey (2005). (B) Stratigraphic 

cross section of the formations in the Arkoma Basin. Modified from 

Sutherland (1988). 

A B 
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Figure 5: Isopach map of the Fayetteville Shale in the study area. Thickness ranges 

from less than 100 ft in the south to over 700 ft in the northeast. Contour 

interval=50 ft. Location of control wells shown by gray well symbols. 

Structure 

Structures in the area are the result of stresses associated with the Precambrian 

and Cambrian rifting which created the Reelfoot Rift and subsequent compressional 

tectonics of the Ouachita orogen (Suneson, 2012) (Figure 4). The initial rifting created 

large, normal NE-striking faults which are found throughout the study area. The later 

tectonics related to the development of the Ouachita orogen are characterized by 

generally north-directed thrusting as a result of continent-continent collision along the 

southern margin of North America, immediately to the south of the study area 

(Ramakrishnan et al., 2011) (Figure 4). This thrusting was evidenced by stratigraphic 

repeat sections found in the subsurface study area. The north-directed Ouachita stresses 

apparently caused reactivation of the earlier-formed NE-striking normal faults. These 

faults are observed to cut the Fayetteville Shale in 3-D seismic coverage (Ramakrishnan 

et al., 2011). 

4 mi 

N 
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DEPOSITIONAL ENVIRONMENT 

During Late Mississippian time, northern Arkansas bordered a tropical sea that 

extended east-west between Laurussia and Gondwana (Figure 4). Its position lay in an 

area thought to have been affected by tropical hurricanes (Marsaglia and Klein 1983), an 

inference reinforced by the observation that some Mississippian marine strata in northern 

Arkansas contain abundant evidence of storm-related deposition (Handford, 1986; Ceron 

and Slatt, 2011). These strong tropical storms or hurricanes occasionally swept across the 

shelf in northern Arkansas and eroded carbonate sediment from the lower shoreface and 

redeposited it farther downslope. 

The Fayetteville Shale was deposited on a southward-deepening, wide shallow 

shelf with variable depth during transgression. This muddy shelf was storm-dominated 

and formed depositionally between high-energy ooid shoals and shoreface complexes 

northward and a deep muddy shelf southward. Water depths ranged from intertidal in the 

shallow-water shoals (Pitkin Limestone) to approximately 200m at the shelf/slope break 

(Handford, 1986).  

Bioturbation in the upper Fayetteville is common in shoreface, shallow 

environments. High API gamma-ray, organic-rich pyritic shales, with some interbedded 

chert, comprise the lower half of the Fayetteville (Slatt and Rodriguez, 2012). High 

amounts of pyrite as framboids or crystals indicate that the lower Fayetteville Shale was 

deposited under anoxic conditions and restricted water circulation as a transgressive 

system tract (Ceron and Slatt, 2011). 
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LITHOLOGY 

Mineralogy 

Globally, Mississippian shales average almost 60 percent clay, 30 percent quartz, 

and 5 percent pyrite, with minimal carbonates and other minerals comprising the rest 

(O’Brien and Slatt, 1990). Clay minerals identified by Alase (2012) in the Fayetteville 

Shale are illite, kaolinite, chlorite, and mixed illite/smectite (I/S). Ceron and Slatt (2011) 

identified muscovite (and named it and illite the most common clays present) as well as 

several types of carbonates.   

XRD analysis on samples from the three wells in this study shows that quartz is 

the dominant mineral in Wells 1 and 2 (41.8 and 39.0 wt.%, respectively), with a higher 

average in the upper Fayetteville than the lower (40.4 to 36.5 wt.%, respectively). The 

dominant mineral in Well 3, which is limited to two samples from the top of the upper 

Fayetteville, is I/S (29.0 wt.%). Dolomite is locally common and slightly more abundant 

than calcite (8.3 to 1.9 wt.%, respectively). Pyrite is present (4.4 wt.%) as framboids and 

as a replacement for shell fragments.  

Well 2 (the only well that has XRD data in both the upper and lower Fayetteville, 

evenly divided between upper and lower with 12 and 14 samples, respectively) data 

shows an average of 32.12 wt.% total clay. The upper Fayetteville averages 34.01 wt.% 

clay, and the lower Fayetteville 30.97 wt.% for all samples. I/S, illite, kaolinite, and 

chlorite are all present. When total clay is divided into individual minerals, I/S is the most 

abundant in the upper Fayetteville, while illite dominates in the lower Fayetteville. 

Ternary diagrams of Fayetteville mineralogical constituents show relative 

proportions of clay, carbonate, and quartz (Figure 6A). Samples from the lower 

Fayetteville show more carbonates and less clay and quartz minerals. The average 
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mineralogy of the various lithofacies reported by Ceron and Slatt (2011) is also plotted 

(Figure 6B). 

 

 

A 
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Figure 6: Ternary diagrams of Fayetteville mineralogy. (A) Mineralogy of Wells 1, 2, 

and 3 from XRD data. Note the increase in carbonates moving from upper to 

lower Fayetteville. (B) Mineralogy of lithofacies from Ceron and Slatt 

(2011). Variation largely occurs in the clay and carbonates. 

Lithofacies 

Facies analyses of the Fayetteville have been done by others, with varying 

degrees of detail. Handford used three facies, as well as bedding sequences, to describe 

the Fayetteville and Pitkin Limestone. They are categorized as lower Fayetteville black 

shale and limestone, upper Fayetteville rhythmic limestone and shale, and Pitkin oolitic 

and bioclastic limestones (1986). Ceron and Slatt (2011) identified eight major 

B 
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lithofacies, listed below, from outcrop and thin section. The Ceron and Slatt scheme was 

used in this study. 

1. Laminated Black Shale Finely laminated, fissile black shale, which 

weather tan colors (Figure 7). Organic matter and fecal pellets, 

microfractures, and biogenic quartz observed. The dominant mineral is 

quartz (23.4%), followed by illite (22%) and muscovite (9%). Calcite only 

makes up 7.9% of the total. Kerogen is 5.5%. Several other minerals are 

present in small percentages (17 total). 

2. Laminated Dark Gray to Black Shale, Concretionary and Septarian 

Limestone Dark gray to black laminated shale with elliptical concretionary 

and septarian limestone (Figure 8). Organic matter and fecal pellets, 

microfractures, and biogenic quartz observed. Mineral quantities are 

46.3% quartz, 22.3% chlorite, 17.9% illite, 7.5% muscovite, .5% calcite, 

and no observed kerogen. Only 10 minerals observed. 

Giles and Jones described several concretions found in the 

Fayetteville Shale outcrops of northern Arkansas (1937). These included 

argillaceous, calcareous, limonitic, and gypsiferous concretions. The 

argillaceous concretions are small (3 inches, maximum) and occur 

sporadically throughout the formation. They described the calcareous 

concretions as clay-ironstone and usually septarian. These concretions 

originated by the replacement of limestone lentils and are found in the 

lower part of the shale. The limonite and gypsum concretions are restricted 

to the lower part of the shale and are alterations of the clay-ironstone 

concretions. 



 16 

3. Slightly Laminated Fissile Gray Shale Dark gray to gray, slightly 

laminated hard shales, sometimes calcareous (Figure 9). Organic matter 

and fecal pellets, biogenic quartz, and pyrite framboids observed. 21.5% 

quartz, 20.2% calcite, 12.9% illite, and 6.7% smectite. 3.1% kerogen. 16 

minerals observed. 

4. Phosphatic Laminated Dark Gray Shale Dark gray finely laminated hard 

phosphatic shales. Organic matter and fecal pellets, microfractures, 

biogenic quartz, and porosity observed. 24.8% quartz, 24.3% illite, 16.4% 

chlorite, and 10.4% kerogen. 14 minerals observed. 

5. Laminated Gray Shale, Interbedded Limestones Gray laminated shales 

interbedded with hard limestones (Figure 10). Organic matter and fecal 

pellets, biogenic quartz, and pyrite framboids observed. 36.5% quartz, 

28% calcite, 17% chlorite, and 9.6% illite. No observed kerogen. 12 

minerals observed. 

6. Limestone Hard limestones with variable thickness laterally extended 

along the outcrops, with wavy or flat bedding shapes. Features include 

parallel lamination, cross bedding, hummocky cross-stratification, and 

fossil-rich beds (Figure 11). Organic matter and fecal pellets, biogenic 

quartz, pyrite framboids, and sponge spicules observed. 29.5% calcite, 

22.8% quartz, 11.7% chlorite, and 1.6% kerogen. 16 minerals observed. 

7. Cherty Limestone, Interbedded Shale Cherty limestone or limestone with 

chert nodules and thin interbedded shales. 93.5% calcite, 2.8% quartz, and 

1.9% chlorite observed. No kerogen observed. 6 minerals observed. 
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8. Rhythmic Couplets of Chert or Cherty Limestone and Limestone Couplets 

of chert or cherty limestone—limestone—chert or cherty limestone, 

rhythmically interbedded. 

 

 

Figure 7: Facies 1. Note the calcite filled cement and apparent abundant fissility on 

the left side. Well 3 core. 
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Figure 8: Facies 2. Septarian (left) and concretionary (right) limestones. Both cores 

approximately 3 inches across. Well 2 core. Depths of 2451.5 ft and 2398.5 

ft, respectively. 
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Figure 9: Facies 3. Lighter colors and apparent fissility. Well 2 core. 
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Figure 10: Facies 5. Red arrows show lamination; green arrows, interbedded hard 

limestones. Each slab approximately 3 inches across. Well 2 core. 



 21 

 

Figure 11: Facies 6. Fossil-rich bed. Well 1 core. Depth of 4000 ft. 
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PROCESS 

Establishing a Clay Proxy 

The XRD data are limited to three wells from the western half of the study area 

(Figure 2) and thus not sufficient to make determinations across the entire study area. A 

method for inferring clay distribution across the full study area is needed. Wire-line logs 

are the most abundant source of data (107 used in this study), provide good spatial 

distribution across the study area, and are thus used to develop a clay proxy.  

The first attempt at a proxy was to use PHISEP, or NPHI minus DPHI. PHISEP 

has been used by others to determine the intervals of interest in shale gas production (Ver 

Hoeve et al., 2010; Fu et al., in press). When the separation between NPHI and DPHI is 

low (generally less than 5 porosity units, or p.u.), the interval is considered to be gas 

shale (Ver Hoeve et al. 2010). Conversely, if the separation is high, it is interpreted to 

mean that gas is not present or is present in limited amounts. These assumptions are 

based on what the respective tools are measuring. As previously noted, NPHI is primarily 

measuring porosity by detecting hydrogen, either from water or natural gas. Because 

there is less hydrogen in gas than water, gas-filled porosity has a low NPHI reading. 

DPHI, which detects porosity based on the formation electron density, shows an increase 

of porosity when the formation density is less than the assumed matrix density. As NPHI 

decreases and DPHI increases the two measurements are used together to indicate the 

presence of gas. Because abundant clay and gas are generally not found in the same rock 

interval, the lack of natural gas in an interval of shale may imply an increase in clay 

content. However, when the XRD clay data was cross-correlated to PHISEP for each 

well, correlation was not obvious (Table 1). This suggests that the causes of PHISEP are 
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more complex than the simple clay/gas model, and that PHISEP by itself is not diagnostic 

as a clay indicator. 

 

 

Table 1: Linear correlation values between XRD clay data and potential wire-line 

proxies, as determined by cross plotting. The linear correlation value 

between the data from each well and the possible proxy is listed first 

individually (Wells 1, 2, and 3) and then as a combined plot (Combo). 

VClay represents the two clay volume measurements used in an attempt to 

establish clay volume as a proxy. The subscripts designate the source. 

PHISEP and VClay values are very similar or the same because all are 

derived from NPHI and DPHI. Well 3 has a perfect correlation because only 

two samples were available. NPHI has the highest correlation to XRD clay 

values. n represents the number of samples used in each cross correlation. 

Next, an attempt to use clay volume as a proxy for clay was made. Two different 

clay volume equation methods were used (from Bhuyan and Passey, 1994; and Eastwood 

and Hammes, 2011, respectively). Clay volume is commonly derived using the NPHI and 

DPHI logs by dividing PHISEP of the interval of interest by PHISEP of shale (Bhuyan 

and Passey, 1994; Eastwood and Hammes, 2011. See Methods for equations). These 

correlation attempts to establish clay volume as a proxy for clay led to the same or similar 

results as the correlation attempt between XRD clay and PHISEP (Table 1). It was clear 
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visually that there was at least a crude relationship between clay and PHISEP, but the 

minimal XRD data were not sufficient to establish the relationship in cross correlation 

(Figure 12).  

NPHI and DPHI data are at 0.5 ft intervals, while the XRD data are taken from 

samples 8-12 ft apart (Figure 12). It was determined that more frequent XRD 

measurements were needed in order to determine if a correlation existed between 

PHISEP and clay. An attempt was made to strengthen the value and accuracy of the clay 

data. 1) The three wells with XRD data were depth calibrated on a set datum (the top of 

the Fayetteville). 2) Multiple log-based stratigraphic correlations between each well were 

made to account for changes in thickness from one well to the next. 3) The depths for 

each data point were adjusted in order to combine the data from the three wells (Figure 

13). The resultant data (hereafter referred to as Combo) show a high correlation between 

the XRD clay and PHISEP (Table 1 and Figure 13).  
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Figure 12: Gamma ray, caliper, and PHISEP logs. Total clay is plotted as red Xs and a 

curve constructed. The scale for PHISEP is -0.2 to 0.4 porosity units (p.u.); 

for clay, 0 to 100 bulk weight percent. Stratigraphic correlation lines (based 

on GR) indicated by C1. Note the minimal amount of stratigraphic thickness 

change in the intervals defined by correlation lines labeled Fayetteville Top, 

C1, C2, and C3. 
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Figure 13: Cross plots of PHISEP and NPHI against XRD clay values. (A) Cross 

correlation between PHISEP and XRD clay, independent of depth. (B) 

Cross correlation between NPHI and XRD clay, independent of depth. The 

linear correlation values for both cross plots are given in Table 1. Blue 

diamonds represent each data point relative to bulk weight percent clay and 

PHISEP or NPHI, respectively. Black lines are linear trend lines. 

A 

B 
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The creation of Combo data has flaws. It is based on the assumption that all 

conditions are the same between the wells in established, correlated intervals, and simply 

stretched over a greater thickness (the case for Well 1) or compressed over a lesser 

thickness (the case for Well 3) to meet the thickness of the interval in the well that has the 

most data (Well 2). This assumption is supported by the remarkable similarity between 

the curves in the intervals where the data points come from; similarity is supported by the 

correlation lines between the wells (Figure 12). The distance between Well 1 and Well 2 

is 10 miles and almost parallel to the strike of gross thickness which explains the lack of 

change in thickness (Figure 4). A distance of 20 miles separates Well 2 and Well 3, but 

only two data points come from Well 3 and they are from an interval that is very similar 

in thickness and log character across all three wells (Figure 12).  

While PHISEP initially appears to be a useful proxy for clay minerals, DPHI 

correlation with clay XRD data is weak. One explanation for this is that where wellbore 

rugosity exists, density log measurements are affected (due to their shallow depth of 

investigation). The rugosity was noted in the caliper and correlated to extreme variations 

in the DPHI measurements (Figure 12; Well 1 from ~3865 ft to ~3877 ft and ~3953 ft to 

~3973 ft; Well 2 from ~2408 ft to ~2428 ft).  In contrast, NPHI, which is based on the 

effect of the formation on fast neutrons emitted by a source, penetrates significantly 

deeper than does DPHI and so is not affected substantially by wellbore rugosity (Asquith 

and Krygowski, 2004). As PHISEP uses both DPHI and NPHI it can provide inaccurate 

data when DPHI is inaccurate. The formula for determining clay volume has the same 

problems that decrease the strength of the correlation between PHISEP and clay (Bhuyan 

and Passey, 1994; Eastwood and Hammes, 2011). NPHI by itself has a higher correlation 

with clay content than does PHISEP and is not susceptible to rugosity. Cross correlations 
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of XRD clay and NPHI, independent of depth, resulted in a high linear correlation value, 

and so NPHI is used as the proxy for clay in this study (Table 1; Figures 13 and 14).  

 

 

Figure 14: Original XRD clay data points and curve with NPHI (left, Well 2) and 

combined clay data points and curve with NPHI (right, Wells 1, 2, and 3). 

The combined data points more closely match the NPHI curve. The results 

of using the combined plot (Combo) are given in Table 1. Scale for NPHI is 

0.0 to 0.45 p.u.; for clay, 0.0 to 100 bulk weight percent. 

To support the use of NPHI as a proxy for clay, cross correlations were made 

plotting Combo and NPHI against other possible indicators of clay: XRF aluminum 

percent, resistivity, gas saturation, water saturation, bound clay water, and apparent 
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fissility. The linear correlation values show that Combo and NPHI correlate to each 

indicator similarly (Table 2). This provides support for using NPHI as a proxy for clay. 

 

 

Table 2: Linear correlation average values between NPHI, Combo, and selected clay 

indicators. The values are for the entire Combo interval. XRF Al% is a 

measurement of elemental concentration of aluminum, which is most 

commonly associated with clay minerals. Resistivity can be used to gauge 

levels of clay (Asquith and Krygowski, 2004). Sg (gas saturation) measures 

the percent of porosity that is filled with gas, while Sw (water saturation) 

measures the percent of porosity filled with water. Micropores occurring 

among clay particles are capable of holding irreducible water (Wilson and 

Pittman, 1977). Bound clay water is the measured water within the clay 

lattice. It is tied directly to the quantity of clay in the formation. Gas and 

water saturation and bound clay water data were provided by SWN. 

Apparent fissility is determined by visual examination of the core by the 

author; fissility is a property of clay-rich rock. 

Mapping Clay 

Being able to map and quantify clay-rich intervals in a formation can lead to an 

important understanding of where to land wells, especially in a shale gas play that utilizes 

horizontal drilling and hydraulic fracturing (hydrofracturing) techniques to maximize 

production. In order to map clay-rich intervals, however, a definition of “clay-rich” is 

necessary.  

For conventional plays in the past, shales were assumed to be 100 percent clay in 

order to be used for calculations. Problems with that assumption have been discussed by 

others and are obvious when attempting to determine clay-rich intervals relative to a 

shale formation (Heslop, 1974; Kukal and Hill, 1986). Bhuyan and Passey studied 

various shale samples and reported a range of 50 to 70 percent clay for shale (1994). 
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Potter et al. (1980) gave a worldwide average of 58 percent clay within shale. 

Mississippian shales average just over 57 percent clay (O’Brien and Slatt, 1990). The 

Barnett Shale, the first productive shale gas play, generally contains less than 33 percent 

clay minerals (Loucks and Ruppel, 2007). High clay for the Fayetteville Shale is 

arbitrarily set to be any value over 33 weight percent, or one-third of the bulk mineral 

weight percent. 

Examining the Combo data (with a cutoff of 33 weight percent being considered 

clay-rich) next to the NPHI curve in Well 2 led to a cutoff point being assigned for NPHI: 

0.25 p.u. (Figure 15). Clay-rich intervals were then mapped across the area of interest 

using the proxy and its designated cutoff in wells with NPHI logs available. The result 

shows seven clay-rich stratigraphic intervals thickening towards the northeast (Figures 16 

and 17). Net clay (total thickness of intervals exceeding the NPHI cutoff, 0.25 p.u.) was 

calculated using these intervals and shows the same trend of thickening to the northeast 

and thinning to the south (Figure 18). Net clay was then calculated as a percentage of the 

gross Fayetteville formation which reflected some change in the depositional pattern, but 

the trend of increasing clay to the north and northeast remains (Figure 19). These findings 

support previous assertions that deposition of clastic sediments onto the shelf and into the 

basin was sourced from the northeast (Sutherland, 1988). 
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Figure 15: NPHI cutoff (0.25 p.u.) next to clay-rich designated cutoff in Combo XRD 

track (33 wt. %). 

Well 2 

Fayetteville Top 

L. Fayetteville Top 

Fayetteville Base 
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Figure 16: North-South cross section of the study area. Clay-rich intervals, determined 

by NPHI, are shaded gray. Thickness of the intervals is dependent on the 

amount of sediment entering the basin. Note the thick clay-poor interval 

(pay zone) in the lower Fayetteville. Location of cross section on index map, 

above. 

N 

4 mi 
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Figure 17: West-East cross section of the study area. Clay-rich intervals, determined by 

NPHI, are shaded gray. Note the thick clay-poor interval (pay zone) in the 

lower Fayetteville. Location of cross section on index map, above. 

N 

4 mi 
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Figure 18: Net clay map. Net clay increases to the northeast, possibly indicating 

proximity to sediment source. Contour interval=25 ft. 

 

Figure 19: Net clay as a percent of the total Fayetteville thickness. The two high-

percentage areas may indicate separate sources of sediment input. Contour 

interval=5%. 

N 

N 

4 mi 

4 mi 
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Impact of Clay Content on Natural Gas Production 

Comparisons between a map of net clay-rich intervals and natural gas production 

do not show a visual correlation (Figure 19). There are many factors involved in 

production so it cannot be conclusively stated that there is not a correlation between clay 

and production. In order to compare clay to production directly, all other factors would 

have to be normalized including stratigraphic interval for completion, thickness, porosity, 

fracture intensity, depth and pressure. This level of normalization is beyond the scope of 

this paper, and not necessary to see the influence of clay on production. Because shale 

gas plays are developed and produce through the use of horizontal wells and multi-stage 

hydrofracturing methods, the quantity of clay throughout the entire formation may not be 

relevant. More important is the distribution and stratigraphic location of clay intervals. If 

clay-rich intervals are sufficiently separated as to allow for a clay-poor interval of 

reasonable thickness to exist, then the clay-poor interval could serve as a target zone for 

production.  

Examination of the NPHI curve and cutoff on the wire-line logs show a clay-poor 

interval ranging from 75-150 ft thick that extends across the entire area of interest 

(Figures 16 and 17). This interval (referred to here as the pay zone) is almost completely 

in the lower Fayetteville and its top generally coincides with the top of the lower 

Fayetteville. The pay zone is overlain by a ~30 ft interval with the highest clay weight 

percent of any interval in the Fayetteville. It is underlain by an interval with gradationally 

downward increasing clay to the bottom of the Fayetteville (Figures 16 and 17). 

Seven vertical wells show perforations that suggest the operators were testing for 

gas-rich intervals. Of the seven, the two earliest wells (September 2004) perforated 

intervals throughout the entire Fayetteville Shale. By December the perforations were 
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limited almost entirely to the lower Fayetteville, and by August 2005 all perforations 

were confined to the lower Fayetteville. Of the approximately 100 horizontal wells used 

in this study, the interval targeted for landing was discernible in 68 wells. In 62 of the 68 

wells the pay zone (as described above) was the target for the horizontal completion, 

while only one is in the clay below this zone and it narrowly misses the pay zone. These 

numbers suggest that the target for landing horizontal wells is a clay-poor interval, as 

compared to the rest of the Fayetteville (Figures 16 and 17). While other factors must be 

considered when a target is determined, the presence and quantity of clay appears to be 

useful in determining the target. 

 

 

Figure 20: Production map of wells in the Fayetteville Shale. Production normalized 

for effects of pressure and horizontal well lengths. Red indicates high 

production, and blue low. From BEG Sloan Study: Fayetteville Shale. 
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DISCUSSION 

It has long been recognized that clay affects hydrocarbon production in 

conventional reservoirs, impacting the porosity and permeability (Füchtbauer and Müller, 

1970, Blatt et al., 1972; Wilson and Pittman, 1977). Less well-documented, and more 

relevant to this paper, is the effect that clay has on the porosity and permeability of 

unconventional reservoirs. These issues are just beginning to be understood (Kwon et al., 

2004; Javadpour, 2009; Ambrose et al., 2010; Loucks et al., 2012). One factor that is well 

understood and plays a significant role in production from the Fayetteville Shale is the 

brittleness of the rock. 

The brittleness of the rock is important in hydrofracturing and stimulating wells, 

and is commonly referred to as brittleness index (BI). As outlined by Guo et al. (2013) 

there are two common ways to define rock BI. One way is to calculate the BI as a 

proportion of brittle minerals (e.g. quartz, dolomite) in shales. The presence of these 

types of minerals makes shales more brittle while the presence of more clay makes shales 

more ductile. Miller et al. (2007) indicated that a smaller quartz–clay ratio correlates to 

higher breakdown pressures for stimulation and reduces relative production. The other 

way to define the BI is using the geomechanical properties of Young’s modulus E and 

Poisson’s ratio v. Shales with higher E and lower v tend to be more brittle (Rickman et 

al., 2008). As clay content increases, Poisson’s ratio tends to increase and Young’s 

modulus tends to decrease. This results in a lower BI and increased difficulty in 

fracturing. Not only are ductile materials less likely to deform by fracturing, the process 

of proppant embedment allows man-made fractures to reclose after fracturing (Mavko et 

al., 2009). 
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The upper Fayetteville has streaks of shale with high gas porosity and several thin 

zones with lower fracture gradients (Ikeocha et al., 2012). However, these intervals are 

separated by clay-rich intervals that might limit the ability to fracture through into similar 

zones and create producing intervals. The bottom of the upper Fayetteville has higher 

amounts of mixed-layer I/S clay and therefore has higher fracture gradients, lower gas 

porosity, and is a potential barrier to fracturing (Harpel et al., 2012). The targeted pay 

zone lacks these clay-rich intervals. 
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CONCLUSIONS 

The Mississippian Fayetteville Shale is dominantly composed of clay, carbonate, 

and siliciclastic minerals. Correlating XRD data to wire-line logs established NPHI as a 

reasonable proxy for clay in this setting, making it possible to pick clay-rich intervals and 

map them across the study area.  These maps and cross sections show areas of net clay-

rich intervals and that clay content varies stratigraphically and geographically in the 

Fayetteville. Comparing net-clay maps directly to a production map, regardless of other 

factors, reveals no visual correlation. Establishing the clay-rich stratigraphic intervals 

does show a clay-poor interval that appears to be the primary target for landing horizontal 

wells and hydraulic fracturing. The clay content of the Fayetteville Shale influences the 

production of the play by limiting the areas and stratigraphic intervals that can be 

successfully stimulated for production of natural gas. This limitation is likely due to both 

reduced porosity and brittlness. While it cannot be conclusively stated that clay is 

controlling the targeting of intervals that are key for production, it is likely. 
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