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ABSTRACT 

Delhi Field is a Cretaceous-age giant oil field on the flank of the Monroe Uplift in northeast 

Louisiana.  Delhi field was acquired by Denbury Resources in 2006 as a candidate for CO2 

flooding.  Reservoir Characterization Project phase XIII involves 4D and multi-component seismic 

imaging of the field to monitor the CO2 flood.  The goal of this research is to develop a robust 

structural and stratigraphic framework for property modeling, to be used for flow-simulation of the 

CO2 flood.  

 

The Late Cretaceous volcanic-cored Monroe Uplift is interpreted to influence sedimentation of 

transgressive Tuscaloosa sandstones. The log signatures of oil and CO2 are defined based on log data. 

K-means clustering shows improvement in facies delineation using log data after petrophysical 

correction. Thin-section analysis reveals excellent porosity and permeability in both marine and 

fluvial reservoirs.  Mineralogy from point-counting and XRD analysis are integrated with cluster 

facies logs, core, and seismic data to interpret the depositional environments of each cluster facies.  

 

An investigation of bandwidth-extended seismic data demonstrates the ability to detect thin 

Tuscaloosa sandstone bodies.  A method of time-tying of k-means cluster facies logs to the 

bandwidth-extended seismic data enables stratigraphic interpretation of the seismic dataset.  Three 

transgressive parasequences are identified in the Tuscaloosa interval in the study area.  Sediment 

preservation is partially controlled by inherited physiography, sediment supply, topographic gradient, 

and faulting.  Shoreline parallel marine sandstone bodies are interpreted in the direction N65E, 

fluvial sandstone bodies are interpreted in the dip direction S25E.  

 

Gassmann fluid substitution evidences a facies-dependent fluid response to oil.  The facies 

dependencies are honored for property modeling of saturation, porosity, and permeability. Seismic 

inversion for Vp:Vs ratio is used to estimate bulk oil volume.  The bulk oil volume model is used to 

fluid substitute inverted AI to 100% brine to improve the seismic prediction of porosity.  Facies-

based transforms from porosity to permeability are used to create a permeability model.  Property 

models show agreement with 4D seismic imaging of the CO2 flood ï observed CO2 flow corridors 

are predicted by the permeability model.  
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CHAPTER 1 ï INTRODUCTION 

This chapter provides an introduction to Delhi Field and I also define my statement of purpose 

for this thesis.   A location map is presented, the lithostratigraphy is introduced, the study area is 

shown, and the production history is presented.  For a more comprehensive narrative of the 

history of Delhi Field the reader is referred to Robinson (2012).   

 

1.1 Delhi Field 

Delhi Field is located in northeastern Louisiana, 30 miles east of Monroe, Louisiana (Figure 

1.1). The field was discovered by C.H. Murphy and Sun Oil Company in 1944. Delhi Field is 

classified as giant with an estimated EUR of 357 million barrels, covering an area approximately 

15 miles long by 2.5 miles wide (Powell 1972).  The primary reservoir zone is termed the Holt-

Bryant zone and consists of Early Cretaceous Paluxy formation sandstones unconformably 

overlain by Late Cretaceous Tuscaloosa formation sandstones.  The Tuscaloosa sandstones are 

amalgamated and exhibit high spatial variability. A regional stratigraphic column and type log 

for Delhi Field are shown in Figure 1.2.  The primary trapping mechanisms include a 

depositional pinchout between Paluxy and Tuscaloosa sediments and an upper erosional angular 

unconformity against the Monroe Gas Rock, which provides a seal for the Holt-Bryant reservoir 

zone (Silvis 2011). 

 

Figure 1.1: Location of Delhi Field (Google maps). Position of Monroe Uplift approximated from 

Mancini et al. (1999). 
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Primary production lasted from 1944 to 1953 with cumulative production of 49 MMBO 

(Denbury Resources).  A water-flood program lasted from 1953 to 2009, which yielded an 

additional 143 MMBO (Denbury Resources). The recovery factor is therefore 54% through 

primary and secondary depletion.  The source of injected water includes produced formation 

water from both the Holt-Bryant zone and the Wilcox (Denbury Resources). Delhi Field was 

acquired by Denbury Resources in 2006 as a candidate for CO2 flood.  Injection Phase 1 began in 

November 2009 using nine CO2 injection wells.  The study area covers the Phase 1 injection 

acreage and is positioned for time-lapse seismic monitoring of the CO2 flood by the Reservoir 

Characterization Project (RCP). Figure 1.3 shows the producer/injector pattern within the study 

area.   

 

Figure 1.2: Regional lithostratigraphic column (left), modified from Johnson (1958). Paluxy and 

Tuscaloosa sediments comprise the Holt-Bryant zone, which straddles the boundary between 

Lower and Upper Cretaceous strata.  Delhi Field type log from Bloomer (1946) shown at 

right. 
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Figure 1.3: Injector/producer pattern for Paluxy and Tuscaloosa reservoirs in the study area. Well status 

current as of April, 2012 (Nick Silvis, Denbury Resources, personal communication). A 

black polygon represents the study area. Depth contours (TVDSS) overlain on base Paluxy 

time structure. 

 

1.2 Statement of purpose 

RCP phase XIII involves flow prediction and reservoir characterization of the Delhi Field 

CO2 flood via p-wave, multi-component and time-lapse seismic data. Methods of analysis can be 

separated into two general categories: Prediction of CO2 movement via flow simulation or 

detection of CO2 migration using time-lapse seismic.  The work presented in this thesis focuses 

on prediction.  Several RCP authors have worked toward a predictive flow simulation model 

through the use of wells logs, K/PHI transforms and seismic interpretation. However, as of yet a 

robust static model confirmed by flow simulation, has not be produced (Mustafayev 2010, Silvis 

2011, Biblova 2011, Mitra Azizian personal communication).  It is the premise of this thesis that 

a greater chance for success will come from using inverted seismic properties and detailed 

stratigraphic layering to build the geologic model and property models for facies, saturation, 

porosity, and permeability.   
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The common theme of this research involves the synthesis of geological insight and 

geophysical inversion to estimate facies, porosity, permeability, and saturation for input to flow 

simulation. Solving for key reservoir properties requires generation of a structural framework 

based on architecture and morphology consistent with a resolute depositional and structural 

model.   

 

Principal questions to be investigated: 

 

1) What depositional environment(s) represent individual Paluxy and Tuscaloosa reservoirs? 

2) What are the porosity and permeability trends that control flow-paths of injected CO2? 

3) Can seismic data be used to effectively guide the property models of interest, namely 

facies, porosity, permeability, and facies? 
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CHAPTER 2 - REGIONAL GEOLOGY 

In this chapter, a regional geology summary is presented based on the literature. Tectonic 

controls are presented for the Gulf of Mexico region.  Tectonic structures near Delhi Field are 

further investigated.  1
st
 and 2

nd
 order sequence stratigraphy is also presented. 

 

2.1 Tectonics 

Delhi Field lies at the western margin of the Mississippi Interior Salt Basin (MISB) (Alam 

and Pilger 1988).  Development of the MISB is associated with opening of the Gulf of Mexico in 

a divergent margin setting, which is genetically related to opening of the proto-Atlantic ocean on 

the east coast of the United States (Alam and Pilger 1988). The East Texas Basin, North 

Louisiana Basin, and the Mississippi Interior Salt Basin (MISB) share similar tectonic histories 

related to Middle Jurassic rifting and opening of the Gulf of Mexico (Mancini et al. 1999, 

Halbouty and Halbouty 1982, Alan and Pilger 1988, Adams 2009, Lowrie et al. 1993). For ease 

of reading, these three basins are collectively referred to as the northern basins.  The northern 

basins share a common maximum depth of roughly 30,000ft (Lowrie et al. 1993) and are 

separated by the Sabine and Monroe uplifts (Mancini et al. 1999).  These five tectonic elements 

are collectively located within the Mississippi Embayment (Mancini et al. 1999, Figure 2.1).   

 

2.1.1 Regional tectonic history 

The tectonic history of the northern basins began during the late Paleozoic, with the 

development of convergent margins along the eastern and southern coasts of North America 

(Lowrie et al. 1993).  Subduction and collision of the South American plate formed the east-west 

trending Ouachita fold and thrust belt (Lowrie et al. 1993). Concomitant collision of the African 

plate caused uplift of the Allegheny mountain range (Alam and Pilger 1988).  The suture 

between the North and South American plates was positioned near the equator during the late 

Paleozoic (Salvador 1987), with said convergence ending during the Pennsylvanian (310-330 

Ma).  

 

Burke and Dewey (1973) propose a rising mantle plume to explain significant uplift and 

erosion during the Triassic (260-230 Ma). Lowrie et al. (1993) suggest Triassic uplift and erosion 
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Figure 2.1: Regional structures near Delhi Field.  The position of Delhi Field is highlighted in red.  

Modified from Mancini et al. (1999). 

 

to be synchronous with opening of the proto-Atlantic ocean and associated rifting.  Significant 

erosion of the Ouachita Mountains occurred during this time, potentially eroding sediments 

further south in the region of the northern Louisiana basins (Alam and Pilger 1988).   

 

Significant rifting in the study area first occurred during the Late Triassic (200-230 Ma) south 

of the Ouachita Mountains in the area of southern Arkansas (Mancini et al. 1999). This rifting 

episode resulted in the formation of half-grabens, listric faulting and reactivation of down-to-the-

south Paleozoic normal faults in that region (Mancini et al. 1999).  Formation of the northern 

basins is related to Triassic and Jurassic rifting, with significant basins forming in basement lows 

(Mancini et al. 1999, Adams 2009).  Initial deposition within rift basins included non-marine red 

beds and volcanic sediments (Salvador 1987, Mello and Karner 1996).  Rifting in the region of 

the northern basins is coincident with divergence along the eastern and southern coasts of North 

America during breakup of Pangaea (Lowrie et al. 1993).  
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The Middle Jurassic is characterized by a second episode of rifting, crustal thinning, and 

formation of transitional oceanic crust, related to continued regional extension (Mancini et al. 

1999). Sedimentation in the northern basins during the Middle Jurassic included prograding 

Smackover limestones on the shelf and slope and Cotton Valley near-shore sediments (Salvador 

1987, Goldthwaite 1991).  Lowrie et al. (1993) suggest total crustal extension of 500km related 

to opening of the Gulf of Mexico from 130-180 Ma. Transform faults are interpreted by Lowrie 

et al. (1993) to trend NW ï SE, in the direction of extension, as shown in Figure 2.2. Lowrie et 

al. (1993) prefer a NW-SE trend to link extensional processes in the Gulf region to those of the 

Atlantic basin. Figure 2.3 summarizes major regional structures identified by Mello and Karner 

(1996). 

 

Figure 2.2: Transform fault model of Lowrie et al. (1993).  A NW-SE orientation is preferred by Lowrie 

et al. (1993) that links extension in the proto Gulf of Mexico to genetically-related extension 

in the Atlantic basin. The position of Delhi Field is indicated by a red circle. Modified from 

Lowrie et al. (1993).  

 

Upper Jurassic regional subsidence resulted in marine incursion into the growing Gulf of 

Mexico basin during the period 159-169 Ma (Salvador 1987).  Salvador (1987) suggests the 

source of saline marine waters was from the West via the Zacatecas-San Luis Potosi 

Embayment.  Thick Louann salt was deposited during this period, assisted by a highly-

evaporative equatorial climate and slowly-oscillating tectonism resulting in periodic saline fill 

and evaporation (Lowrie et al. 1993). Active rifting shifted south of the northern basins during 

the Late Jurassic, resulting in regional transgression due to thermal subsidence (Mancini et al. 

1999).   
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Figure 2.3: Regional structural summary slightly modified from Mello and Karner (1996). The position 

of Delhi Field is indicated by a red circle. 1 = Macuspana basin; 2 = Villahermosa uplift; 3 

=Comalcaco basin; 4 = Isthmus saline basin; 5 = Veracruz basin; 6 = Córdoba platform; 7 = 

Santa Ana Massif; 8 = Tuxpan platform; 9 = Tampico-Misantla basin; 10 = Valles-San Luis 

Potosí platform; 11 = Magiscatzin basin; 12 = Tamaulipas arch; 13 = Burgos basin; 14 = 

Sabinas basin; 15 = Coahuila platform; 16 = El Burro uplift; 17 = Peyotes- Picachos arches; 

18 = Rio Grande Embayment; 19 = San Marcos arch; 20 = East Texas basin; 21 = Sabine 

uplift; 22 = North Louisiana salt basin; 23 = Monroe uplift; 24 = Desha basin; 25 = La Salle 

arch; 26 = Mississippi salt basin; 27 = Jackson dome; 28 = Central Mississippi deformed 

belt; 29 = Black Warrior basin; 30 = Wiggins uplift; 31 = Apalachiola Embayment; 32 = 

Ocala uplift; 33 = Southeast Georgia Embayment; 34 = Middle Ground arch; 35 = Southern 

platform; 36 = Tampa Embayment; 37 = Sarasota arch; 38 = South Florida basin. 

 

The Early Cretaceous was dominated by carbonate shelf-margin systems, fringing the 

growing and subsiding basin (Lowrie et al. 1993). Having evolved into a passive margin system 

dominated by thermal subsidence, Upper Cretaceous and Cenozoic sediments represent basin fill 

systems controlled by both differential subsidence and salt movement (Salvador 1987, 

Goldthwaite 1991, Mancini et al. 1999, Alam and Pilger 1988).  A highly irregular basement 

surface and halokinesis are inferred to control sedimentation in the northern Louisiana basins 
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(Alam and Pilger 1988, Adams 2009). Paluxy and Tuscaloosa sedimentation is discussed further 

in Sections 2.2 and 2.3. 

 

2.1.2 Salt tectonics 

The MISB is underlain by thick Louann salt deposits subject to significant mobilization under 

sediment loading stress (Alam and Pilger 1988).  Alam and Pilger (1988) cite a three stage 

process of salt mobilization in the MISB: pillow, diaper, and post-diapir.  The pillow stage is the 

earliest stage of mobilization and occurs due to sediment loading resulting in salt being squeezed 

laterally (Alam and Pilger 1988).   The pillow stage results in local salt thickness variations, 

though no piercement of overlying sediments is observed (Alam and Pilger 1988).  As 

sedimentation increases the additional load is sufficient to cause salt piercement and diapirism 

(Alam and Pilger 1988).  Lowrie et al. (1993) contend that thermal forces also contribute to 

diapirism in the MISB.  They evidence diapirism that appears to be associated with basement 

highs coincident with thermal anomalies resulting from magma emplacement.  Deposition in 

accommodation space created by evacuating salt creates additional tectonic force on the diaper 

resulting in a positive feedback loop (Alam and Pilger 1988). Sediments deposited in the post-

diapir stage initially exhibit draping but eventually gain conformability over the salt structure 

(Alam and Pilger 1988).  

 

Alam and Pilger (1988) suggest the diapiric stage was active during the Late Cretaceous and 

Early Tertiary in the northern basins. Their study of Walnut and Tallulah salt diapirs in Madison 

Parish, Louisiana, indicate rim synclines and associated faults in the Cretaceous and Cenozoic 

strata related to diaper growth during this period (Figure 2.4).   Halokinesis in the MISB stands 

in relative contrast to salt movement farther south in the regional Gulf of Mexico basin due to 

timing of peak sediment loading and shoreline position (Alam and Pilger 1988).   Thermal 

subsidence in the Mississippi Embayment was superimposed on regional Gulf of Mexico thermal 

subsidence, which resulted in a significant rise in relative sea level during the Late Cretaceous 

(Cox and Arsdale 1997, Mancini et al. 1999).  Sediment accumulation was thus focused on the 

proximal shelf at this time, near the northern basins (Mancini et al. 1999). Sediment loading at a 

proximal shelf position resulted in halokinesis in the northern Louisiana basins during the Late 

Cretaceous and early Paleogene, followed by halokinesis further south as the shelf prograded 
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basinward throughout the Paleogene (Mello and Karner 1996).  Figure 2.5 shows regional 

autochthonous salt thickness prior to mobilization.  

 

Figure 2.4: Halokinesis features associated with Walnut Dome, Madison Parish, Louisiana. At least 5 

salt domes are identified in Madison Parish by Alam and Pilger (1988), immediately east of 

Delhi Field.  Normal faults and rim synclines result from salt withdrawal during pillow and 

diapir stages.  Modified from Alam and Pilger (1988).  

 

Alam and Pilger (1988) position Delhi Field on the margin of the MISB. As per the regional 

analysis of Salvador (1987), the area of Delhi Field should be underlain by Louann salt.    Alam 

and Pliger (1988) confirm at least 5 major salt diapirs are present in Madison Parish, LA, east of 

Delhi Field. The study by Alam and Pilger (1988) suggests diapir structures piercing Wilcox 

sediments in Madison Parish, Louisiana. Confirmation of the presence of allochthonous salt at 

Delhi is hindered for this thesis by a legal limitation on seismic analysis below the reservoir zone 

as well as by a lack of deep wells that test Middle Jurassic strata.  However, if the thermal 

subsidence model of Mancini et al. (1999) is correct, salt mobilization at Delhi should have 

occurred during the Late Cretaceous and early Paleogene.  Faulting related to halokinesis is 

further discussed in Section 6.2.7.  
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A graphical structural summary for Delhi Field is shown in Figure 2.6. Structural events are 

synthesized from regional literature, including Mancini et al. (1999), Mancini et al. (2008), 

Goldthwaite (1991), Stearns and Marcher (1962), Salley (2004), Alam and Pilger (1988), Mello 

and Karner (1996), Cox and Arsdale (1997, 2002), Salvador (1987), Bloomer (1946), Halbouty 

and Halbouty (1982), Lowrie et al. (1993), and Spooner (1964). Paluxy sediments represent 

prograding delta facies deposited during tectonic quiescence (Robinson 2012).  Tuscaloosa 

sediments are influenced by a positive Monroe Uplift, uplift of the Mississippi Embayment, and 

halokinesis. Tuscaloosa sediments include transgressive near-shore and deepwater facies 

(Bloomer 1946).  

 

Figure 2.5: Regional salt thickness map from Salvador (1987).  Thickness estimates are made using well 

control and regional seismic lines.  The position of Delhi Field is indicated by a red circle. 

Note increased salt thickness southeast of Delhi Field in the central MISB. Modified from 

Salvador (1987).  
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Figure 2.6: Summary of tectonic events at Delhi Field. Dark red = orogeny, light red = general uplift, 

dark blue = rifting, light blue = subsidence. Stratigraphic column modified from Johnson 

(1958).  

 

2.2 Regional structures near Delhi Field  

Regional structures related to the geologic history of Delhi Field include: 1) the Mississippi 

Embayment, 2) Ouachita and Allegheny mountain belts, 3) Sabine Uplift, 4) Mississippi Interior 

Salt Basin (MISB), 5) Jackson Dome, and 6) the Monroe Uplift. These six structures will be 

briefly discussed in relation to Delhi Field sedimentation, stratigraphy, and structure.  Significant 

regional structures are illustrated in Figure 2.1. 
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2.2.1 Mississippi Embayment 

Delhi Field is located within the Mississippi Embayment, which has been a significant 

sediment conduit since the Late Cretaceous (Cox and Arsdale 2002).  The Mississippi 

Embayment is associated with Middle Jurassic rifting and opening of the Gulf of Mexico (Burke 

and Dewey 1973, Ervin and McGinnis 1975, Saunders and Harrelson 1992). Recent work by 

Cox and Arsdale (2002, 1997) has linked formation of the Embayment to movement of the 

Proterozoic Mississippi Valley Graben across the Bermuda Hotspot between 115 ï 65 Ma.  The 

Mississippi Valley Graben is a late Neoproterozoic ï early Paleozoic failed rift related to 

separation of Laurentia and Gondwana (Johnson et al. 1994). The graben trend, coincident with 

the trend of thinned and weakened crust, is toward the northeast (Johnson et al. 1994).  

 

Interpretations of Cox and Arsdale (2002) suggest that regional uplift and erosion during 

hotspot emplacement was replaced by thermal subsidence during the Late Cretaceous, forming 

the Mississippi Embayment structure. Their proposed model is shown in Figure 2.7. They cite 

evidence for more than 2 km of erosion on the late Neoproterozoic Pascola Arch in northern 

Tennessee/Southern Missouri. Syenite plutons were emplaced at 1-2 km depth and were then 

eroded during the Late Cretaceous, indicating 1-2 km of regional uplift and erosion (Cox and 

Arsdale 2002).    

 

Figure 2.7: Schematic interpretation of formation of the Mississippian Embayment from Cox and 

Arsdale (2002).  Thick black arrows indicate relative motion of the North American plate. 
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Cox and Arsdale (2002) interpret the onset of uplift to be from Middle Cenomanian to Upper 

Turonian (Upper Cretaceous, 89-95 Ma). Uplift is inferred to be concomitant with deposition of 

basal Tuscaloosa gravels (Cox and Arsdale 2002, 1997, Stearns 1957). Stearns and Marcher 

(1962) also use Cenomanian basal Tuscaloosa gravels at Pascola Arch in southeast Missouri to 

date regional uplift.  Regional analysis of well logs by Cox and Arsdale (2002) indicates a 

significant influx of clastic sediment into the Gulf of Mexico between the Upper Turonian to 

Middle Cenomanian, evidenced by a regional switch from carbonate to clastic-dominated 

sedimentation from south Texas to the Florida panhandle (Figure 2.8).  The angular 

unconformity separating Paluxy and Tuscaloosa sediments is consistent with the hotspot 

hypothesis of Cox and Arsdale (2002).   

 

Figure 2.8:  Position and timing of hotspot emplacement according to Cox and Arsdale (2002).  Solid 

and dashed proposed hotspot paths represent two different interpretations.  A shift from 

carbonate to clastic dominated sediments during the Middle Cenomanian is interpreted to 

represent significant regional uplift of the Mississippian Embayment. The paleo-shelf edge is 

represented by the boundary between the solid light gray and spotted patterns.  The position 

of Delhi Field is indicated by a red circle. ñSò indicates the Sabine Uplift. Figure modified 

from Cox and Arsdale (2002). 
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2.2.2 Ouachita and Allegheny orogenies 

Hansley (1996) suggests provenance for the Paluxy and Tuscaloosa sandstones to be the 

Sabine Uplift, Wichita Mountains and southern Allegheny Mountains. The late Paleozoic saw 

development of convergent margins along the eastern and southern coasts of North America 

(Lowrie et al. 1993).  Subduction and collision of the South American plate formed the east-west 

trending Ouachita fold and thrust belt (Wichita Mountains) (Lowrie et al. 1993). Concomitant 

collision of the African plate caused uplift of the Allegheny mountain range trending north-south 

(Alam and Pilger 1988); both collisions are related to formation of Pangaea.   

 

Cox and Arsdale (2002) suggest that remnant fold and thrust belts were superimposed on the 

uplifted Cenomanian-age Mississippian Embayment, which resulted in an increase in erosion. 

They demonstrate a significant influx of clastic sediments into the Gulf of Mexico between the 

Middle Cenomanian to Upper Turonian (Figure 2.8). Clastic sedimentation during the late 

Paleozoic and early Cenozoic is in a southerly direction, controlled by highlands to the north and 

thermal subsidence of the Gulf of Mexico basin to the south (Salvador 1987, Mello and Karner 

1996, Goldthwaite 1991, Hansley 1996). 

 

2.2.3 Sabine Uplift 

The Sabine Uplift and East Texas Field are similar tectonically to the Monroe Uplift and 

Delhi Field (Halbouty and Halbouty 1982).  Significant rifting in the area near the northern 

basins first occurred during the Late Triassic (200-230Ma) south of the Ouachita orogeny in the 

area of southern Arkansas (Mancini et al. 1999). The Middle Jurassic is characterized by a 

second episode of rifting, crustal thinning, and formation of transitional oceanic crust, related to 

regional extension (Mancini et al. 1999). The result of the two-phase rifting process is a highly-

irregular basement structure, with relief up to 5000ft imaged on regional seismic lines (Lowrie et 

al. 1993). Mancini et al. (1999) interpret formation of the northern basins within graben blocks. 

Adams (2009) and Adams et al. (2010) suggests the Sabine Uplift may be a horst block. Figure 

2.9 shows a cartoon interpretation from Adams (2009) of rifted and faulted basement in the area 

of the northern basins representing the post Middle Jurassic rift phase.  Gravity data suggest the 

Sabine Terrain to be underlain by thickened continental crust, interpreted by Lowrie et al. (1993) 

to represent a horst block or accreted micro-continent from the late Paleozoic.   
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Figure 2.9: Cartoon interpretation from Adams (2009) of composite rifted crust, representing Triassic 

and Jurassic rifting phases.  Adams (2009) interprets the Sabine Uplift to originate as a horst 

block or accreted micro-continent.  Basin formation in grabens is consistent with the 

interpreted origin of the northern basins from Alam and Pilger (1988).  

 

Halbouty and Halbouty (1982) provide evidence for two phases of movement on the Sabine 

Uplift during Cretaceous time, which occurred significantly later than Jurassic horst block 

emplacement described by Adams (2009), Adams et al. (2010) and Lowrie et al. (1993). 

Cretaceous movement is coeval with both the Monroe Uplift and the Mississippi Embayment 

(Halbouty and Halbouty 1982, Cox and Arsdale, 2002, 1997).  The Sabine Uplift is located on 

the western margin of the Mississippi Embayment (Cox and Arsdale 1997).  Regional well data 

from East Texas Field to the Texas-Louisiana state line reveals a regional surface of erosion atop 

the Cenomanian Buda formation (Halbouty and Halbouty 1982).  Down-warping of the 

peneplane surface atop the Buda formation allowed for preservation of Woodbine sandstones 

(Tuscaloosa equivalent) over the area of East Texas Field (Halbouty and Halbouty 1982).  

Cenomanian erosion of Buda sediments is time-equivalent to regional erosion of the Mississippi 

Embayment (Cox and Arsdale 1997).  Though no causal link between the Sabine Uplift and the 

Mississippi Embayment is identified in the literature, the correlation is attractive.    

 

A second episode of uplift on the Sabine structure is interpreted by Halbouty and Halbouty 

(1982) to occur after Woodbine deposition, as evidenced by a dearth of detrital carbonate 

material in the Woodbine sediments.   Halbouty and Halbouty (1982) infer that erosion of 

carbonate-rich Lower Cretaceous sediments on a positive Sabine Uplift would have resulted in 
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significant carbonate material in the Upper Cretaceous Woodbine. Total movement on the 

Sabine Uplift is estimated at 3,300 ft (Halbouty and Halbouty 1982).  Figure 2.10 is a regional 

cross section across East Texas Field positioning Woodbine sandstone (Tuscaloosa equivalent) at 

the erosional unconformity related to movement on the Sabine Uplift. 

 

Figure 2.10: West to East cross section through East Texas Field. The Sabine Uplift is associated with 

erosion of Woodbine (Tuscaloosa equivalent) strata, highlighted in red.  The structural 

history and trapping mechanism are potentially analogous to Delhi Field. Figure modified 

from Halbouty and Halbouty (1982). 

 

2.2.4 Mississippi Interior Salt Basin (MISB) 

Delhi Field is positioned on the western margin of the MISB (Alam and Pilger 1988). A 

highly irregular basement surface and halokinesis are inferred to control sedimentation in the 

northern Louisiana basins (Alam and Pilger 1988, Mancini et al. 1999). The MISB is related to 

Middle Jurassic rifting and opening of the Gulf of Mexico and has a maximum depth of 30,000ft 

(Lowrie et al. 1993).  Formation of the northern Louisiana basins is related to Triassic and 

Jurassic rifting, with significant basins forming in basement lows (Mancini et al. 1999, Adams 

2009).  The MISB is bordered by the Monroe uplift on the northwest, Jackson Dome on the 

North, and Wiggins Arch on the south (Lowrie et al. 1993).  
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Regional subsidence resulted in marine incursion into the growing basin during the Upper 

Jurassic (159-169Ma) (Salvador 1987).  Thick Louann salt was deposited during this period, 

assisted by a highly-evaporative equatorial climate and slowly-oscillating tectonism resulting in 

periodic saline fill and evaporation (Lowrie et al. 1993). As active rifting shifted south of the 

MISB, thermal subsidence resulted in regional transgression and sediment accumulation in the 

northern basins (Mancini et al. 1999).  The Early Cretaceous was a period dominated by 

carbonate shelf-margin systems, fringing the growing and subsiding basin (Lowrie et al. 1993). 

The mid and Late Cretaceous was a period of transition from divergent margin to a passive 

margin system characterized by increased fluvial input (Mello and Karner 1996).   

 

Fluvial and near-shore Paluxy sandstones were deposited during tectonic quiescence 

(Robinson 2012, Mello and Karner 1996). Tuscaloosa sedimentation likely exhibits structural 

influence due to movement on the Monroe Uplift and less influence from the MISB (Halbouty 

and Halbouty 1982, Cox and Arsdale 2002, and Alam and Pilger 1988).  Figure 2.11 shows a 

paleogeographic interpretation of Salvador (1987) during Tithonian time (latest Jurassic).  The 

Cotton Valley sands are analogous to Paluxy deltaic sands and are interpreted by Hansley (1996) 

to originate from the Ouachita Mountains to the north, the Sabine Uplift to the West, and from 

the Allegheny mountains to the East. Cotton Valley paleo-geography of Salvador (1987) is in 

agreement with the provenance of Hansley (1996), with deltaic systems draining southward. 

Using salt thickness from Alam and Pilger (1988) as an indicator of basin structure (Figure 2.5), 

Paluxy deltaic progradation in the area of Delhi Field is likely to have been in a general southerly 

direction, similar to Cotton Valley sediments.  

 

Based on work by Halbouty and Halbouty (1982), Cox and Arsdale (2002), and Alam and 

Pilger (1988), the Monroe Uplift and Jackson Dome are interpreted as Late Cretaceous 

structures, therefore Tuscaloosa sediments are inferred to represent a structural response while 

Paluxy sediments are inferred to respond mainly to MISB accommodation and sediment supply 

from the north (Hansley 1996). 
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Figure 2.11: Paleogeographic reconstruction of Salvador (1987) for Tithonian time (Late Jurassic).  The 

position of Delhi Field is indicated by a red circle.  Cotton Valley deltaic sediments are 

highlighted in blue and transgressive barrier systems are highlighted in green. As per the 

analysis of Salvador (1987), deltaic progradation was in a southerly direction, similar to 

expected sedimentation trends for Paluxy deltaic sandstones.   

 

2.2.5 Jackson Dome 

The Jackson Dome is a circular volcanic structure with a diameter of 40km located near the 

city of Jackson, Mississippi (Saunders and Harrelson 1992). Denbury Resources - operator at 

Delhi Field - produces CO2 at Jackson Dome for EOR utilization at Delhi Field.  Saunders and 

Harrelson (1992) date the structure as Late Cretaceous using the presence of volcanic sediments 

in the basal Tuscaloosa formation.  A local carbonate member of the Selma Group, termed the 

ñJackson Gas Rockò is present over the top of structure, indicating uplift had ceased by the Late 

Cretaceous (Saunders and Harrelson 1992). Saunders and Harrelson (1992) link subsidence of 

the Mississippi Embayment to a termination of volcanism at Jackson Dome.  Interestingly, 

potassium-argon dating of cored volcanic intrusions at Jackson dome suggests active volcanism 

during the Paleocene, after the inferred end of uplift (Cox and Arsdale 2002).   Regional work by 

Cox and Arsdale (2002) suggests uplift and volcanism were regionally replaced by thermal 

subsidence by latest Cretaceous time, contrasting with interpreted Paleocene volcanism cited by 

Saunders and Harrelson (1992). This discrepancy may be explained using the Bermuda Hotspot 
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hypothesis of Cox and Arsdale (2002, 1997).  Located at the eastern margin of the Mississippi 

Embayment, Jackson Dome would have experienced the youngest effects from the hotspot as it 

moved east relative to the North American plate. Volcanism at Jackson Dome therefore could 

have persisted into the Paleocene, past the interpreted end of regional uplift in the central and 

western portions of the Mississippi Embayment.  

 

Jackson Dome shares a similar tectonic history to the Monroe Uplift, which flanks Delhi Field 

(Alam and Pilger 1988).  Timing of uplift and volcanism at Jackson Dome is coincident with 

regional uplift and erosion of the Mississippi Embayment area (Alam and Pilger 1988, Cox and 

Arsdale 2002, 1997, Johnson 1958).  Figure 2.1 shows the position of Jackson Dome in relation 

to the MISB, the Monroe Uplift, and Delhi Field.   

 

2.2.6 Monroe Uplift 

Delhi Field is positioned on the southeast flank of the Monroe Uplift (Bloomer 1946) (Figure 

2.12).  Significant research regarding the origin and petroleum significance of the structure was 

conducted by Johnson (1958).  The Monroe Uplift is heavily eroded and has a diameter of 80 

km, defined by the erosional limit of the Upper Cretaceous Annona Chalk (Johnson 1958). The 

Annona Chalk is absent at Delhi Field thus the field is positioned on the formal Monroe Uplift 

structure (Bloomer 1946) (Figure 2.12).  Discovered in 1916, the Monroe Gas Field represents 

the first hydrocarbons produced near the structure (Johnson 1958) and was the largest gas field in 

Louisiana as of 1993 (Zimmerman and Sassen 1993).  Hydrocarbon production is from 

grainstones, packstones, and wackestones of the uppermost Cretaceous Selma-Arkadelphia 

Formation (common name: Monroe Gas Rock) (Zimmerman and Sassen 1993). Zimmerman and 

Sassen (1993) hypothesize that Monroe Gas Rock facies indicate deepening water upward, 

consistent with deposition during a relative rise in sea level.  

 

Johnson (1958) used regional well data to date uplift of the Monroe structure to late 

Comanche time (mid Cretaceous). Lower Cretaceous Paluxy sandstones of prograding deltaic 

facies are the youngest pre-uplift sediments preserved at Delhi Field and are interpreted by 

Robinson (2012) as distributary channels sandstones. Tuscaloosa sediments are observed to dip 3 

degrees to the SSE while Paluxy sediments dip approximately 5 degrees to the SSE (Robinson, 
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2012). This discrepancy in structural dip angle suggests active uplift of the Monroe structure 

after Paluxy deposition but before and/or during Tuscaloosa deposition, in agreement with the 

age determination of Alam and Pilger (1988). The Middle and Upper Tuscaloosa sediments, 

along with the entire marine sequence of Eagle Ford, Austin, Taylor, and Navarro are missing at 

Delhi Field (Johnson 1958, Bloomer 1946).  Alam and Pilger (1988) use regional seismic lines to 

link missing strata to significant growth of the Monroe Uplift. The first unit to cap the Monroe 

structure is the Late Cretaceous Monroe Gas Rock (Bloomer 1946). Similar to Jackson Dome, 

igneous intrusives have been observed to penetrate the Monroe Gas Rock near the Monroe 

Uplift, indicating active volcanism in the early Paleocene (Johnson 1958, Alam and Pilger 1988, 

Saunders and Harrelson 1992).  The Monroe Uplift fits the regional model of Cox and Arsdale 

(2002, 1997) for the Mississippi Embayment, with uplift and erosion during the mid Cretaceous 

and ending in the Late Cretaceous or Paleogene. A graphical structural summary for Delhi Field 

is shown in Figure 2.6.  

 

Figure 2.12: Structural limits of the Monroe Uplift are defined by Johnson (1958) as the erosional limit of 

the Annona Chalk (Contours shown).  Delhi Field is highlighted in red and is located on the 

southern flank of the uplift.  Modified from Silvis (2011), original figure from Johnson 

(1958). 
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2.3 1
st
 and 2

nd
 order sequence stratigraphy 

The sequence stratigraphic profile of the Gulf of Mexico basin begins with breakup of 

Pangaea during the Middle Jurassic (Lowrie et al. 1993). Extension related to opening of the 

Gulf of Mexico is interpreted as a 1
st 

order super-sequence spanning nearly 200 million years 

from the Middle Jurassic and continuing today. The lower 1
st
 order sequence boundary is 

interpreted at the base of the Louann salt. Widespread deposition of the Louann salt occurred 

atop the super-sequence boundary with up to 12,000 ft of gross salt thickness evidenced 

regionally in log and seismic data (Salvador 1987).   

 

The first major sedimentary deposit after the Louann salt is the Middle Jurassic Norphlet 

aeolian dune complex, deposited during an early phase of basin subsidence (Goldthwaite 1991). 

A 2
nd

 order transgressive surface is interpreted at the top of the Norphlet by Mancini et al. 

(2008). As subsidence continued, the Smackover limestone was deposited in ultra-saline waters 

of the early Gulf of Mexico (Goldthwaite 1991).  The earliest Smackover deposits are fine 

grained laminated carbonates deposited during transgression (Goldthwaite 1991).  Early 

Smackover carbonates are rich in oil-prone organic content and are a major source rock within 

the basin (Goldthwaite 1991). A 2
nd

 order flooding surface is present within the Smackover 

according to analysis by Mancini et al. (2008)    The upper portion of the Smackover represents a 

time of reef formation on the basin fringe and prograding carbonate deposition (Salvador 1987, 

Mancini et al. 2008).    The Buckner formation, immediately overlying the Smackover, contains 

back-reef evaporites deposited during regression.  The upper boundary for the 2
nd

 order Louann-

Buckner sequence is interpreted atop the Buckner evaporate by Mancini et al. (2008).  

 

The top of the Buckner evaporite is coincident with the onset of significant terrigenous clastic 

input (Goldthwaite 1991).  The upper Buckner and Haynesville shales were deposited during a 

rising sea level (Mancini et al. 2008). A 2
nd

 order flooding surface for the Buckner-Cotton Valley 

sequence is interpreted within the Haynesville shale by Mancini et al. (2008). During highstand, 

the Haynesville shale transitions to prograding sandstone of the Cotton Valley Formation 

(Goldthwaite 1991, Mancini et al. 2008).   The Cotton Valley formation is interpreted by 

Mancini et al. (2008) to contain several higher-order T-R sequences. As the Cotton Valley 

system prograded seaward, the region saw increasing fluvial influence followed by a regional 
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disconformity and hiatus (Goldthwaite 1991, Mancini et al. 2008).  The 2
nd

 order sequence 

boundary for the Buckner-Cotton Valley sequence is positioned atop Cotton Valley sediments at 

the base of the Hosston Formation (Mancini et al. 2008). 

 

The Hosston Redbeds are interpreted as part of a lowstand systems tract at the base of a 2
nd

 

order sequence, and also signal a change back to carbonate-dominated sedimentation 

(Goldthwaite 1991, Mancini et al. 2008). The regionally-extensive Glen Rose Formation is 

composed of the Sligo, Pine Island, James, Rodessa, Ferry Lake, and Mooringsport units 

(Goldthwaite 1991). Glen Rose carbonates show decreasing energy upward, suggesting 

deposition during a generally rising base level (Goldthwaite 1991). This interval is 

stratigraphically complex and represents significant 3
rd
 order sea-level variations (Frank Rabbio, 

Catamount Exploration, verbal communication).  Because the Glen Rose interval is not integral 

to the zones of interest at Delhi Field, the regional 2
nd

 order interpretation of Goldthwaite (1991) 

is used. A transgressive surface for the 2
nd

 order Hosston-Rodessa sequence is interpreted by 

Mancini et al. (2008) at the top Hosston.  The carbonate system appears to have kept pace with 

the subsidence-related rise in sea level as it stepped landward (Goldthwaite 1991). The Glen 

Rose Formation represents 15 million years of transgression in the Gulf of Mexico basin with 

correlative carbonate deposits ringing the basin fringe from Mexico, to Texas, to Florida 

(Goldthwaite 1991, Mancini et al. 2008).  The massive carbonate factory persisted until the end 

of the Early Cretaceous and remnants include the present-day West Florida platform 

(Goldthwaite 1991, Yurewicz et al. 1993). A fall in relative sea level above the Rodessa 

carbonate resulted in deposition of the Ferry Lake Anhydrite (Goldthwaite 1991). The base of 

the Ferry Lake Anhydrite is the sequence boundary for the 2
nd

 order Hosston-Rodessa sequence 

(Goldthwaite 1991, Mancini et al. 2008).    

 

The Mooringsport Limestone represents a final stage of carbonate deposition during Glen 

Rose time (Goldthwaite 1991). Deposition of the high-stand Paluxy Formation signals the onset 

of more modern depositional analogs with increasing clastic sedimentation halting carbonate 

growth (Goldthwaite 1991).   Fredericksburg carbonates above the Paluxy contain higher-order 

transgressive-regressive stratigraphy (Mancini et al. 2008).  A maximum flooding surface for the 

2
nd

 order Ferry Lake-Dantzler sequence is interpreted within the Fredericksburg formation by 
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Mancini et al. (2008). A fall in relative sea-level resulted in deposition of the Dantzler fluvial red 

beds (Goldthwaite 1991). A regional erosion surface is present at the top of the Dantzler 

Formation and is interpreted as the upper sequence boundary for the 2
nd

 order Ferry Lake ï 

Dantzler sequence (Goldthwaite 1991, Mancini et al. 2008).  

 

The end of the Early Cretaceous is marked by significant regional erosion due to uplift of the 

Mississippi Embayment (Cox and Arsdale 1997, 2002).  Following major erosion, the region 

experienced significant down-warping and slow development of the Mississippian Embayment 

during the mid Cretaceous (Cox and Arsdale 1997, 2002).  Northern Louisiana experienced 

deposition of the lowstand basal Tuscaloosa formation with fluvial/estuarine deposits followed 

by near-shore marine sediments and deep marine shales of the Middle and Upper Tuscaloosa 

(Spooner 1964). A 2
nd

 order transgressive surface is interpreted by Mancini et al. (2008) at the 

boundary between the Lower and Middle Tuscaloosa Formations. Continued relative rise in sea 

level led to deposition of pelagic marine sediments in the Upper Cretaceous including the Austin, 

Taylor, and Navarro units (Goldthwaite 1991).  A flooding surface for the 2
nd

 order Tuscaloosa-

Wilcox sequence is located at the base of the overlying Midway shale at the top Clayton Chalk 

(Salley 2004).  Salley (2004) suggests that the flooding surface also represents the maximum 

shoreline transgression for the 1
st
 order super-sequence.  The Midway shale signals the onset of 

large-scale clastic input via the Mississippian Embayment and paleo Mississippi River (Stearns 

and Marcher 1962). Eocene Wilcox sands are described by Goldthwaite (1991) as generic 

shallow water deposits with numerous lignite beds.  The presence of coal suggests subaerial 

exposure thus the base of channelized Wilcox deposits is interpreted as the upper sequence 

boundary for the 2
nd

 order Tuscaloosa-Wilcox sequence. Sequence stratigraphy for sediments 

younger than the Eocene is not discussed further because these are significantly above the zone 

of interest for this thesis.  First and second order sequence stratigraphy is summarized in Figure 

2.13.   
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Figure 2.13: Sequence stratigraphic summary for the MISB and representing Delhi Field.  Eastern gulf 

coast sequence stratigraphic summary of Mancini and Puckett. (2002) shown at left (TA = 

aggrading transgressive, TB = back-stepping transgressive, RI = regressive, GCX = regional 

Gulf coast T-R sequence X).  Modified to include significant 1st and 2nd order surfaces 

within the MISB.  Significant surfaces are determined from regional literature (Mancini et al. 

2008, Goldthwaite 1991, Stearns and Marcher 1962, Salley 2004, Cox and Arsdale 1997, 

2002, Salvador 1987, Bloomer 1946, Lowrie et al. 1993, and Spooner 1964). SB = sequence 

boundary, TS = transgressive surface, MFS = maximum flooding surface. 
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CHAPTER 3 ï PETROPHYSICS AND K-MEANS CLUSTER ANALYSIS 

This chapter discusses petrophysical analysis of the log data that is used for both fluid 

discrimination and facies determination. As the primary goal of this research is to propagate 

reservoir properties within a stratigraphic framework, the log data represent the principal source 

of information relating to fluids, facies, and reservoir properties. Petrophysical modeling and log 

QC are a critical first step in the modeling process to insure that accurate and consistent log 

properties are available for property modeling. Based on the petrophysics, log-based k-means 

cluster analysis is revisited to improve upon the work of Silvis (2011). Analyses were performed 

in three phases using Schlumberger Petrel software: 

 

1) QC and correction of GR, NPHI, RHOB, and PE logs, which are to be input to cluster 

analysis as an extension of work performed by Silvis (2011).  

2) Evaluation of standard openhole ñTriple Comboò logs to identify fluid-effect signatures.  

3) Application of k-means cluster analysis to estimate generic facies from log data 

 

 Delhi Field presents a challenging history of primary hydrocarbon depletion, water-flood, 

and CO2 flood.  The available suite of wells represent 68 years of variable logging technology 

obtained under changing reservoir fluid saturations and pressures. Over 130 wells contain log 

data within the greater Delhi RCP study area.  Many of these wells are logged with older 

electrolog tools thus contain a limited suite of measurements, commonly only SP and resistivity.  

Seventy-six (76) wells contain modern log suites dating from the late 1970ôs, which include a 

standard open-hole suite of GR, RHOB, SP, PE, Resistivity, Neutron, differential Caliper, 

micrologs, etc. The majority of these wells were logged by Halliburton using a ñTriple Comboò 

logging tool. Eighteen wells contain Magnetic-Resonance-Imaging-Logs (MRIL) and provide 

estimates of porosity, permeability, and fluid saturations.  Thirteen wells contain sonic logs, five 

of which are dipole sonics.  These 76 wells represent the principal body of log data available for 

modeling and interpretation purposes.   
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3.1 Petrophysics for k-means cluster analysis 

Cluster analysis was originally performed by Silvis (2011) using 19 wells within the limited 

RCP study area. The Heterogeneous Rock Analysis (HRA cluster analysis) plugin for Petrel was 

used for facies estimation. The goal was to systematically estimate lithologic facies based on 

unique log signatures obtained from GR, RHOB, NPHI, and PE (photoelectric) measurements.  

This specific suite of logs was chosen to represent the lithologic character of the reservoir, based 

upon a comparison between logs and core as well as an understanding of fluid effects (Silvis 

2011). Resistivity, for example, is strongly influenced by fluids at Delhi Field, thus is not used 

for cluster analysis. Core measurements of mineralogy, porosity, grain texture, and sedimentary 

structures were qualitatively and quantitatively compared to the log suites to identify logs 

capable of differentiating facies observed in the core. For further discussion regarding facies 

comparisons and selection of logs the reader is referred to Silvis (2011).  

 

3.1.1 PE log focus 

By data mining, an additional 19 wells have been identified that contain GR, RHOB, NPHI, 

and PE logs.  As a result, a total of 38 wells are identified that contain logs suitable for 

generation of cluster facies. Analysis of Silvisô (2011) original cluster facies logs is performed 

using a combination of histograms and cross-plots in order to identify data dependencies and 

anomalous trends.  Of the 19 wells used by Silvis (2011), 6 wells contain PE logs with 

anomalously high values. Figure 3.1 shows a comparison between wells 159-2 and 169-5 to 

demonstrate the anomalous PE log character in well 169-5.  

 

Drilling mud weights were recorded from LAS headers and compared to wells with 

anomalous PE logs.  A strong correlation with mud weight is identified, suggesting wells drilled 

with mud weights greater than 10 PPG exhibit anomalous PE values. The effect may be 

explained by the presence of barite in the drilling mud, used to increase the mud-weight. 

Drilling-grade barite has a density of at least 4.2 g/cm
3
 thus is an effective additive to increase 

the weight of drilling mud (Ross 2012). Figure 3.1 lists PE values for common constituent 

elements encountered in Delhi Field. Minerals that compose the majority of the rock matrix at 

Delhi have PE values in the range 1.5-5.  Barite has a PE value of 261, thus a small amount can 

increase the average PE of a formation substantially, masking the lithological PE response.  



 

 

28 

 

 

Figure 3.1: (Left and center) Comparison of the log suite used by Silvis (2011) for cluster analysis 

between wells 169-5 and 159-2. The PE log in well 169-5 contains anomalous values due to 

Barite in drilling mud. Figure modified from Silvis (2011).  (Right) Table of measured PE 

values for elements present in Holt-Bryant zone strata. 

 

Wells with an anomalous PE response are compared to wells with normal response to evaluate 

any further effects of barite on the GR, RHOB, and NPHI logs.  Figure 3.2 crossplots NPHI and 

RHOB for wells both affected and unaffected by barite mud.  The data trends and values of GR, 

NPHI, and RHOB appear statistically unaffected by barite, with PE being the principal log 

affected.   

 

3.1.2 Neutron, gamma ray, and bulk density log focus 

GR, RHOB, and NPHI logs demonstrate no measurable sensitivity to the barite additive.  

However, from personal communication with Halliburton, petrophysical analysis has not been 

performed on the ñtriple comboò datasets to check for log consistency between wells.  Such  

169-5 159-2
GR       ILD      NPHI     RHOB    PE GR       ILD      NPHI     RHOB   PE
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Figure 3.2: Cross-plots of neutron porosity versus density colored by PE for wells with unaffected PE 

(left) and wells with barite-affected PE (right). Similar data trends for NPHI and RHOB 

suggest the barite effect is limited to the PE log.   Wells 140-1, 159-2, and 160-2 contain 

PE logs unaffected by barite.  Wells 140-2, 150-2, and 150-4 contain high PE values 

consistent with the barite effect.  

 

analysis might include histogram comparisons, environmental corrections, petrophysical 

modeling, and cross-plotting with overlays.  To check for calibration errors between the same 

logs in different wells, histogram analysis is performed over the Midway shale interval, which 

overlies the reservoir.  The non-reservoir Midway interval represents relatively homogeneous 

marine shale, thus is well suited for log calibration.  Resistivity is examined to establish the 

consistency of the Midway shale across the study area.  Figure 3.3 shows histograms of deep 

resistivity logs (RT90) at 8 wells across the study area.  Note the agreement between histogram 

peak frequencies for deep resistivity, evidencing spatially and vertically-invariant characteristics 

of the Midway interval.  

 

When GR histograms are compared for the same 8 wells in the Midway interval, significant 

variation is evident (Figure 3.5).  A variation of 22 API units is measured between the wells with 

histogram frequencies peaking at the minimum and maximum GR values.  Based upon the 

regional geologic understanding of the Midway shale and the consistency of deep resistivity 

measurements in the Midway, a discrepancy of 22 API units in the GR logs is outside the 

expected geological range.  Twenty wells containing GR and NPHI curves also contain trailing 

140-1, 159-2, 160-2 140-2, 150-2, 150-4
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log headers, which provide a record of corrections applied to the log data. The trailing headers of 

all 20 wells suggest environmental corrections have not been applied to GR or NPHI logs to 

correct for borehole diameter, mud weight, mud type, temperature, formation salinity, and tool 

standoff. Halliburton was consulted as to why environmental corrections had not been applied, to 

which they cite uncertainty of formation water resistivity as the primary reason (Sandeep 

Ramakrishna, Halliburton, personal communication).  

 

Figure 3.3: Eight-well histograms for deep resistivity logs (RT90) in the Midway shale interval.  Scale 

on the X axis is the log10 of resistivity.  Consistent RT90 values are observed.  

 

Delhi Field has undergone water flooding with both Holt-Bryant produced water as well as 

Wilcox produced water, with no detailed record of where and when the different formation 

waters were injected (personal communication, Sandeep Ramakrishna, Halliburton).  Attempts to 

measure the fluid resistivity of both Holt-Bryant and Wilcox Formation water have been 

unsuccessful (Sandeep Ramakrishna, Halliburton, personal communication).  Because formation 

water resistivity measurements are critical to developing a petrophysical model, and because 

environmental corrections are best applied during petrophysical modeling (Tom Bratton, 

Schlumberger, personal communication), no attempt at a petrophysical model has been made by 

Halliburton. To circumvent the lack of formation fluid resistivity measurements MRIL logs were 

obtained, which are insensitive to fluid salinity (Coates et al. 1999). Before GR logs can be used 
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in cluster facies modeling, environmental correction for hole-size and mud weight are applied, 

with hole size being the dominant correction (Tom Bratton, Schlumberger, personal 

communication). Figure 3.4 shows modeled GR corrections using the Halliburton Chart Book for 

well 159-2, which confirms a greater effect for borehole size than for mud weight.  

 

Figure 3.4: Environmental correction model for the GR log based on the Halliburton Chartbook.  Hole 

size is the dominant correction.  Endpoints on the model represent the field-wide observed 

limits of mud weight and borehole size. 

 

When the caliper histograms are compared to the GR histograms (not shown), a correlation is 

observed between low GR values in the Midway and higher caliper values.  Such a correlation is 

consistent with a residual environmental effect present in the log data, since a detector further 

from the formation measures fewer natural gamma rays (Personal communication, Tom Bratton, 

Schlumberger).  Schlumberger Techlog provides environmental corrections for Halliburton logs, 

hence all wells with GR logs are corrected for borehole size and mud weight.  Histogram 

analysis of GR logs after environmental correction shows a smaller variation of 15 API units 

between the wells with histogram frequencies peaking at the minimum and maximum GR values.  

An improvement in the consistency from 22 to 15 API units supports the application of 

environmental corrections though the variation remains too large to be geologic.  Other factors 

may explain the residual variation in GR logs.  The GR tool statistically measures the natural 

gamma ray radiation of a formation thus should be calibrated to material with a known gamma 

ray count rate, accounting for tool-specific standoff variations and detector sensitivity variations 

(Personal communication, Tom Bratton, Schlumberger).  If improperly calibrated, the GR tool 
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Figure 3.5: GR histograms for 39 wells in the 

Midway shale, (A) before environmental 

correction and normalization, and (B) 

after environmental correction and 

normalization to the collective mean.  

may exhibit variations in mean and standard deviation between wells (Personal communication, 

Tom Bratton, Schlumberger). The GR logs in 39 wells were normalized to the group mean in the 

Midway shale.  The average GR value in the Midway is estimated at 94.8 API.  As a check of the 

chosen normalization value, the caliper in well 198-4 suggests no borehole washout is present 

and the GR mean for well 198-4 is 94.3 API, or 0.5 API from the chosen normalization value. 

Due to high spatial and vertical variability of the reservoir interval, normalization based on 

standard deviation is not performed.  Figure 3.5 compares the GR histograms in the Midway 

shale as recorded versus after environmental correction and normalization. Static shift values for 

GR normalization at each of the 39 wells are contained in Appendix A.  

 

NPHI histograms in the Midway shale interval show similar variation to that observed with 

GR.  A discrepancy of 2.9 porosity units is measured between wells with histogram frequencies 

peaking at the minimum and maximum 

NPHI values.  Based upon the regional 

geology of the Midway shale and the 

consistency of deep resistivity 

measurements in the Midway, a 

discrepancy of ~3 porosity units in the 

NPHI logs is outside the expected 

geological range.  Environmental 

correction for Halliburton NPHI logs 

corrects for temperature, borehole size, 

mud weight, mud type, tool standoff, 

formation salinity, and mud salinity, with 

hole size and temperature being the 

dominant corrections (Personal 

communication, Tom Bratton, 

Schlumberger).  Figure 3.6 shows 

environmental corrections from the 

Halliburton Chart Book for well 159-2.  

Based on parameters determined 
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empirically from the log data, correction magnitude is largest for variations in temperature and 

borehole size.  

 

Figure 3.6: Environmental correction values for the NPHI log based on the Halliburton Chartbook.  

Hole size and temperature are the dominant corrections.  Corrections are based on assumed 

porosity of 28%.  Red line represents the universal standard values for the Halliburton NPHI 

log.  The horizontal blue line shows measured conditions at the borehole.  Correction 

magnitude is represented by the diagonal blue line from the blue triple junction to where it 

intersects the red line. 

 

When the caliper histograms are compared to the NPHI histograms a correlation is observed 

between high NPHI values in the Midway and higher caliper values.  A positive correlation is 

expected since a detector further from the formation will count fewer neutrons, thus 

overestimating the hydrogen content (porosity).  Histogram analysis of NPHI logs after 

environmental correction shows a smaller variation of 2.7 porosity units between the wells with 

histogram frequencies peaking at the minimum and maximum NPHI values.  An improvement in 

the consistency from 2.9 to 2.7 porosity units supports the application of environmental 
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Figure 3.7: NPHI histograms for 38 wells in the 

Midway shale, (A) before environmental 

correction and normalization, and (B) 

after environmental correction and 

normalization to the collective mean. 

corrections, though the variation remains too large to be geologic. Other factors can explain the 

wide variation in NPHI log values because the neutron tool statistically measures energy loss of 

medium energy gamma rays as they are slowed by collisions with hydrogen molecules (Lord 

2012).  Being statistical, the neutron tool should be calibrated to material with a known hydrogen 

index, such as water (Personal communication, Tom Bratton, Schlumberger). Calibration should 

account for tool-specific source radiation variations, tool standoff disparities and detector 

sensitivity differences.  The NPHI tool may exhibit variations in mean and standard deviation 

between wells, similar to GR tools as discussed previously (Personal communication, Tom 

Bratton, Schlumberger). NPHI logs are normalized to the mean of the 38 wells with NPHI logs 

in the Midway shale.  The average NPHI value in the Midway is estimated at 0.353 porosity 

units.  Due to high spatial and vertical variability of the reservoir interval, normalization based 

on standard deviation is not performed.  Figure 3.7 compares the NPHI histograms in the 

Midway shale as recorded versus after 

environmental correction and 

normalization. Static shift values for NPHI 

normalization at each of the 38 wells are 

contained in Appendix A.  

 

Bulk Density logs (RHOB) were 

examined for inconsistencies in the 

Midway shale interval.  Most wells have 

an average bulk density value near 2.32 

g/cc in the Midway interval.  Five wells 

were identified that contain variations less 

than 0.05 g/cc from the mean.  Caliper 

logs show no correlation with these 

slightly anomalous bulk density 

histograms (not shown), indicating well-

specific borehole size corrections were 

applied by Halliburton. Examination of the 

trailing log headers in 20 wells reveals 
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borehole size corrections have been applied, which is confirmed by the presence of RHOB 

correction logs (Lord 2012). The magnitude of RHOB corrections should diminish with 

decreasing washout; borehole conditions in the reservoir zone are generally improved compared 

to the Midway shale interval.  RHOB logs are used as-is: environmental corrections and 

normalization are not applied due to the improved borehole conditions of the reservoir interval 

and because environmental corrections had been applied previously by Halliburton.  

 

3.1.3 Ramifications for cluster analysis 

Silvis (2011) created a ñmasterò log to develop a cluster relationship using 19 wells.  Six of 

the 19 wells used contain anomalous PE values and may adversely influence the facies 

relationships determined from the ñmasterò log.   Proper calibration of PE to lithologic facies is 

instrumental in differentiating fluvial facies from marine facies, as evidenced by Silvis (2011) 

and discussed further in Sections 4.1.6 and 6.2.3.  All 38 wells with NPHI and GR logs required 

normalization based on histogram analysis in the Midway shale interval. An additional 19 wells 

are identified that contain GR, NPHI, RHOB, and PE logs that can be used for cluster analysis.  

 

In summary, based upon the inclusion of anomalous PE logs in Silvisô (2011) ñmasterò log, 

application of significant corrections to GR and NPHI logs, and the identification of 19 

additional wells to be included in cluster analysis, the decision was made to re-perform the 

cluster analysis. Figure 3.8 summarizes the well data available for cluster analysis facies 

determination.  The original 19 wells used by Silvis (2011) are labeled.  Wells shaded red, 

orange or yellow under the ñPE Statusò column contain anomalous PE logs and are eliminated 

from the ñmasterò log used to generate the cluster analysis model.  Generation of cluster facies 

logs is presented in Section 3.3. 

 

3.2 Petrophysics for fluid discrimination 

Fluid effects in log data may be most pronounced on resistivity, sonic, neutron, and density 

logs. Fluid type and reservoir characteristics often control the nature and magnitude of the fluid 

effect on any given log. Perhaps the most widely known effect is the neutron-density crossover 

effect observed in gas-saturated strata (Lord 2012).  However, light oil can also elicit an 

anomalous response, as can CO2. Analysis of logs for fluid discrimination focuses on discerning 
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Figure 3.8: 38 wells containing GR, NPHI, RHOB, and PE logs that are suitable for input to cluster 

analysis.  Red, yellow, or orange PE Status indicates logs affected by barite mud thus are not 

used to generate the cluster relationship.  

 

the effects of brine, oil and CO2 ï dry gas production does not occur at Delhi (Personal 

communication, Nick Silvis, Denbury Resources).  Fluid effects are investigated to determine: 

1) The log signature of CO2. Is CO2 represented in the logs of wells drilled after CO2 

injection? 

2) The log signature of oil.  Does oil affect neutron, density and MRIL porosity 

measurements? 
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3.2.1 Neutron / density log theory 

Neutron and density logs are commonly used to estimate porosity.  The density tool uses a 

radioactive source down-hole and is shallow-reading, usually penetrating less than 6 inches into 

the formation (Lord 2012).  Medium-energy gamma rays are emitted from a radioactive source.  

As the gamma rays come into contact with the electron cloud of an atom, gamma rays may 

collide with an electron, transferring some of their energy to the electron, which results in 

deflection and loss of energy.  This process is termed Compton Scattering and results in a portion 

of the gamma rays being deflected back to the detector (Lord 2012).  The quantity of affected 

gamma rays detected is directly related to the density of electrons in the formation.  A dense 

material contains a higher density of molecules thus a higher density of electrons, thus will result 

in a low quantity of scattered gamma rays detected by the tool.  Rocks of different types are 

composed of atoms with different atomic numbers and molecular weights, however, the average 

molecular weights and atomic numbers are known for various lithologies. These values are used 

to correct the estimate of electron density, which then becomes an estimate of bulk density of the 

material. The density log is initially calibrated to a limestone matrix but is commonly 

recalibrated to a sandstone or dolomite matrix.  

 

The neutron log also uses a radioactive source, though high-energy neutrons are emitted 

instead of gamma rays (Lord 2012).  As the emitted neutrons collide with atomic nuclei, energy 

is lost.  According to conservation of momentum, the amount of energy lost is inversely 

proportional to the difference between the mass of the neutron and the mass of the atomic 

nucleus.  Significant energy is lost when the mass of the nucleus is the same as the mass of the 

neutron, and the mass of hydrogen is very close to the mass of a neutron. Neutrons that have 

been reduced in energy due to collision are termed ñthermalò neutrons, while neutrons not 

significantly reduced in energy are called ñepithermalò neutrons.  A thermal neutron tool detects 

only the ñthermalò neutrons and relates the count to the quantity of hydrogen in the formation. A 

ñcompensatedò neutron log has two detectors and measures both ñthermalò and ñepithermalò 

neutrons (Lord 2012). Porosity is assumed to be saturated in water or brine and the neutron tool 

is calibrated to the hydrogen index of water, effectively relating the porosity to the presence of 

water. For a more formal discussion of porosity tools and theory the reader is referred to 

Bassiouni (2004).  



 

 

38 

 

In summary, both the density and neutron logging tools provide an estimate of porosity.  The 

density tool measures electron density in the formation and is closely related to the bulk density 

of the formation (matrix + fluid).  The neutron tool measures the quantity of hydrogen in the 

formation, calibrated to the hydrogen index of water or brine, and is closely related to the 

quantity of water in a formation. Both tools assume water or brine to be the pore-filling fluid and 

accuracy decreases when oil, gas, or CO2 are present.  

 

3.2.2 Log signature of CO2 

Forty-seven wells in the study area contain modern logs that include MRIL, sonic, and/or 

ñtriple comboò suites.  The majority of these wells were drilled after Denburyôs 2006 acquisition 

of Delhi Field.  CO2 injection began in November of 2009 and logs available represent 

measurements both before and after CO2 injection. Though numerous wells were drilled after the 

formal start of CO2 injection, it is reasonable to assume that some wells would remain unaffected 

by CO2 if drilled in un-injected portions of the field or within un-swept reservoir compartments.  

The effect of CO2 on logs is an important consideration for property modeling.  For example, a 

porosity log affected by CO2 will not accurately represent the true porosity of the formation.  In 

addition, identification of CO2 in logs, accompanied by a logging date, could be used to constrain 

time-lapse seismic results.   

 

Well 123-35 is confirmed by Denbury Resources to log CO2 saturation in the Tuscaloosa 7 

sandstone.  Figure 3.9 shows the log response in this interval.  Note a strong cross-over effect 

between neutron and density logs.  Low density values (high density porosity) are explained by 

the low electron-density of CO2 relative to oil and brine.  High neutron values (low neutron 

porosity) are explained by a lack of hydrogen molecules in CO2, making the formation appear to 

have lower porosity.  The crossover magnitude is greater than 25 porosity units in the Tuscaloosa 

7 sandstone at this well.  Note also that total porosity from MRIL (DMRP) follows the low 

porosity response of the neutron log in the CO2 saturated interval because an absence of 

hydrogen equates to an absence of porosity for both neutron and MRIL measurements (Coates et 

al. 1999). For a theoretical explanation of MRIL measurements refer to Section 5.2.   
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Figure 3.9: Well 123-35 showing the log-effect of CO2.   The Tuscaloosa 7 sandstone is saturated in 

CO2 (Highlighted by red box, confirmed by Denbury Resources).  Note low porosity 

estimates from MRIL total porosity (DMRP) and NPHI, both logs are sensitive to hydrogen.  

DPHI is anomalously high due to low-density CO2 replacing brine.  

 

When MRIL total porosity (DMRP) is compared to GR in Figure 3.10, a strong inverse 

correlation is observed, indicating higher porosity associated with lower GR.  Note that CO2 

affected strata plots below the GR-porosity line when using MRIL total porosity.  Based on the 

observations in well 123-35, neutron porosity also plots below the GR-porosity line, while 

density porosity plots above the GR-porosity line.  Since all three porosity indicators (MRIL, 

RHOB, and Neutron) are affected, porosity is not accurately represented in log data for 

sandstone saturated with CO2.   
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Figure 3.10: MRIL total porosity (DMRP) versus GR for four wells.  Points are colored by neutron-

density cross-over magnitude.  Strong correlation is observed between low GR and high 

porosity, except in the presence of CO2.  Substituting NPHI for DMRP shows a similar 

result, NPHI values plot significantly below the best-fit line.  Substituting DPHI for DMRP 

shows an opposite effect, with DPHI values above the best-fit line.  

 

The log signature of CO2-saturated sandstone includes: 

1) Neutron-density cross-over magnitude greater than 20 porosity units 

2) DMRP ï GR crossplot values significantly below the best-fit line for brine/oil saturated 

sandstone 

3) NPHI ï GR crossplot values significantly below the best-fit line for brine/oil saturated 

sandstone 

4) DPHI ï GR crossplot values above the best-fit line for brine/oil saturated sandstone 

 

Based on the CO2 log characteristics from well 123-35, similar trends can be identified in 

other wells that may indicate CO2 saturation.  Wells 160-1 and 160-3 are twinned, with surface 

locations within 100 ft.  From personal communication with Nick Silvis, Denbury Resources, 

well 160-1 was drilled as a Paluxy CO2 injector 3 months prior to the start of injection.  Well 

160-3 was drilled sometime afterward as a Tuscaloosa injector.  The logging date of well 160-3 
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is unknown.  Figure 3.11 shows similar GR log character between the two wells, however, NPHI 

and DPHI logs in the Paluxy zone of well 160-3 show crossover magnitude of 20 porosity units, 

with NPHI plotting below the best-fit line for brine/oil saturated sandstone in Figure 3.10 and 

DPHI plotting above the best-fit line for brine/oil saturated sandstone.  Log data in well 160-3 

suggests the well was drilled into CO2 saturated Paluxy sandstone. Appendix Y lists wells within 

the study area that exhibit log characteristics consistent with CO2 saturation.    

 

Figure 3.11: Identification of likely CO2 saturation in well 160-3.  Cross-over magnitude of 20 pu is 

observed in the Paluxy interval.   

 

3.2.3 Log signature of oil  

Standard practice for determining water saturation (or oil saturation) uses Archieôs equation to 

predict water saturation from porosity, brine resistivity, and the Archie constants (Ross 2012).   

 

Eq. 3.1: 
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Delhi Field was discovered in 1944 and primary depletion occurred until 1953, at which point 

a water-flood was initiated.  Nearly 50 years of water flood utilized produced Holt-Bryant zone 

formation water in addition to Wilcox formation water.  Brine resistivity is unknown for both the 

Holt-Bryant zone brine and the Wilcox brine (Personal communication, Sandeep Ramakrishna, 

Halliburton). There is a possibility that both sources of injected water have different resistivities, 

therefore Rw could vary spatially within Delhi Field.  According to Halliburton, petrophysical 

analyses were not performed on the triple-combo logs due to suspected variability in Rw. 

 

During data analysis for CO2 saturation, numerous wells were initially interpreted to contain 

CO2 saturated sandstone due to neutron-density crossover.  Crossover magnitude in these sands 

ranged between 5 and 12 porosity units (crossover for CO2 saturation is greater than 25 pu in 

well 123-35).  Figure 3.12 shows the crossover effect in well 159-2, drilled and logged 4 months 

prior to the start of CO2 injection.   

 

Figure 3.12: Porosity logs in well 159-2 showing cross-over between NPHI and DPHI.  Note zones of 

cross-over shaded orange correlate with MRIL bulk oil saturation, shaded green. This well 

was logged 4 months prior to the start of CO2 injection and cross-over is due to oil 

saturation. 
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MRIL bulk oil volume is shown in the first column and correlates with zones of neutron-

density crossover. Note also that NPHI and DPHI values in low GR sands lie along the best-fit 

line for brine/oil saturated sandstone, shown previously in Figure 3.10. The oil example is 

differentiated from CO2-related crossover by robust NPHI values in low GR sands and 

diminished cross-over values between 5-12 porosity units.   

 

Magnetic-Resonance-Imaging-Logs (MRIL) were collected in 18 wells in the study area and 

are sensitive to oil saturation based on variations in resonance relaxation time (Coates et al. 

1999). For a theoretical explanation of MRIL measurements please refer to Section 5.2.  Figure 

3.13 shows neutron-density crossover magnitude plotted against MRIL bulk oil volume.  Color-

coding by GR value indicates that the magnitude of neutron-density crossover may be predictive 

of bulk oil saturation as a function of clay volume.  The observed effect is explained by the low 

density of oil at Delhi.  A solubilityïswelling study was performed by Core Labs for oil from 

well 70-4 in December 2007.  Analysis indicates a specific gravity of 0.731 g/cc at 135х F / 1504 

PSI, which is an approximation of field conditions prior to CO2 injection.  Compared to brine 

with a specific gravity of over 1.0 g/cc, the oil is significantly less dense.  The RHOB log is 

sensitive to fluid density changes since the measurement is based on electron density.  Elevated 

saturation of low density oil causes an anomalously low density reading, resulting in an 

anomalously high estimate of density porosity.  The neutron tool detects hydrogen content but 

because both oil and water contain significant quantities of hydrogen, the effect on the neutron 

tool is less than that for the density tool (Lord 2012).   

 

The log signature of oil -saturated sandstone includes: 

1) Neutron-density cross-over effect between 0-12 porosity units in clean sandstone 

2) DMRP ï GR crossplot values follow the best-fit line for brine/oil saturated clean 

sandstone, with slight over-prediction of porosity 

3) NPHI ï GR crossplot values follow the best-fit line for brine/oil saturated clean 

sandstone, with slight under-prediction of porosity 

 

Estimates for bulk oil saturation are available for 18 wells with MRIL logs. However, 38 

wells contain neutron and density logs that could be used to predict additional estimates of oil 
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saturation for property modeling.   Based on the neutron-density versus MRIL bulk oil crossplot 

shown in Figure 3.13, exponential models are fit to the data as a function of gamma ray value.  

Four gamma ray bins are determined empirically, which include 0-30 API, 30-60 API, 60-90 

API, and 90-150 API.  

 

Figure 3.13:  MRIL bulk volume oil versus NPHI-DPHI crossover for 18 wells with MRIL logs.  An 

exponential relationship is observed suggesting cross-over may be predictive of oil 

saturation. Separate relationships that control for clay content (GR) may improve the 

correlation. 

 

The multiplier and exponent of each exponential regression are formulated in terms of gamma 

ray to create a multivariate relationship in order to predict bulk oil saturation as a function of 

both neutron-density crossover and gamma ray value (Eq. 3.2).   

 

Eq. 3.2:   

 

 

 

Figure 3.14 plots predicted versus measured MRIL bulk oil volume.  For gamma ray values 

between 60-120 API most points plot below 3% bulk volume oil.  Significant scatter is observed 
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for gamma values 0-60 API, especially at higher oil saturation.  Diminished prediction quality 

for low GR, high oil saturated conditions is evident when considering the original crossplot 

values in Figure 3.13.  The cleanest sandstone (0-30 API) exhibits invariant crossover magnitude 

regardless of oil saturation above 4%, which suggests that the most prospective reservoir 

conditions are least able to be predicted (low GR, high oil saturation).  A similar non-linear 

effect of oil saturation on other bulk properties is shown via oil-substitution modeling for 

acoustic properties by Ramdani (2012) and Bibolova (2012).   

 

Figure 3.14:  Comparison of predicted (Y-axis) versus measured oil volume (X-axis) for 18 wells with 

MRIL logs.  For GR values greater than 60 API (right), most data points predict less than 4% 

bulk oil. For GR values less than 60 API, prediction quality diminishes with decreasing GR, 

suggesting oil-saturated high-quality sandstone is the most difficult to predict  

 

Figure 3.15 compares predicted versus MRIL oil saturation at well 159-2.  Though the 

predicted bulk oil volume does not match MRIL values for bulk oil volume, the prediction 

demonstrates the ability to detect oil saturation.  In summary, the use of neutron-density 

crossover for oil prediction appears robust in the ability to detect oil but fails to adequately 

quantify volumes.  This technique is therefore not used to generate additional estimates of 

saturation for property modeling but rather could be used to constrain the oil-water contact or to 

test saturation models developed based on MRIL data.   
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Figure 3.15: Predicted versus measured bulk oil volume for well 159-2.  The exponential relationship 

between neutron-density crossover and oil saturation suggests a diminished ability to predict 

oil volume in clean, oil saturated sandstone (Figure 3.13). The cross-over method is 

therefore best suited for oil detection purposes and not quantification.    

 

3.3 Cluster facies 

Facies delineation by statistical cluster analysis is revisited for this research to accomplish two 

aims.  First, to expand the number of wells with cluster facies from the original 19 of Silvis to 

38, which represents all wells in the greater RCP area with GR, RHOB, NPHI, and PE logs. The 

second aim is to eliminate or correct logs with bad data that were used in the original cluster 

relationship. Petrophysical analysis revealed numerous wells drilled with barite mud containing 

anomalous PE logs as well as GR and NPHI logs that required environmental correction and 

normalization. Computation of the revamped cluster facies logs is presented first.  In Chapters 4 

and 6 cluster facies are described via petrographic analysis, core, and the seismic response to 

assign environments of deposition to individual cluster facies.   
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Cluster Analysis was performed using the Heterogeneous Rock Analysis (cluster analysis) 

plug-in for Petrel according to the procedure detailed by Silvis (2011).  The cluetr analysis 

process seeks to identify dense clouds of data points within multi-dimension Euclidean space, to 

which the process assigns a facies value.  Cluster analysis occurs in two steps.  First, principal 

component analysis is performed to estimate variability within the data as the number of 

dimensions (number of different logs) is changed (Silvis 2011). A coordinate transformation is 

applied to align the principal component axes to the eigenvector orientations, thus maximizing 

variability along each axis.  From Principal Component analysis the number of logs needed to 

identify various facies is determined (multi-dimensional clusters) (Tom Bratton, Schlumberger, 

personal communication).  Silvis (2011) determined four logs are needed, consisting of GR, 

RHOB, NPHI, and PE.  Second, K-means clustering is performed using the Principal Component 

data in multi-dimensional Euclidean space, defined from Principal Component analysis.   K-

means clustering identifies dense ñclustersò of data points and defines an average, or centroid, 

for each cluster. Figure 3.16 graphically demonstrates the K-means clustering process.   

 

Figure 3.16: Graphical representation of cluster facies analysis.  Like-kinds are clustered based on a 

multi-dimensional relationship that minimizes the distance between data points and their 

assigned cluster centroid and also maximizes the distance between centroids. Modified from 

Silvis (2011).  

 

The user must define the number of clusters desired. However, the toolkit in Petrel provides 

diagnostics to help identify an appropriate number of clusters. K-means maximizes the distance 

between centroids while minimizing the distance from each data point to an assigned centroid.  

For a given cluster, the position of the centroid is computed and the distance between each data 
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point and the centroid is computed.  A data point close to the centroid is said to show good 

ñcomplianceò while a data point far from the centroid is said to show poor ñcompliance.ò Letôs 

consider two end member cases to visualize how the optimization functions.  In Case 1 only one 

cluster is defined for a bi-modal data distribution.  It is assumed that different regions of high 

data-density are positioned somewhat away from the centroid (average) data value, thus a low 

compliance should be observed.  Case one is similar to trying to fit a Gaussian distribution to a 

dataset with bi- or tri-modal distribution, the fit to the data is poor.  In Case two 100 clusters are 

defined for the same bi-modal data distribution.  Given a limited number of data points from our 

logs, say 300 log samples, each centroid will now only be assigned a few points.  Since only a 

few points are available for each centroid, the fit is strong, and the compliance is maximized.  

Case 2 is represents over-fitting of the data, similar to assigning a high-order polynomial fit to a 

crossplot when the correlation is known to be linear. The optimum number of clusters is 

determined by measuring compliance as a function of the number of clusters.  Compliance 

should increase along with the number of clusters up to a point where compliance begins to 

stabilize.  Including more clusters than is represented by the stabilization point represents over-

fitting of the data. For further discussion of the Cluster Analysis method, the reader is referred to 

Silvis (2011). 

 

3.3.1 Summary of input data and cluster analysis parameterization 

Petrophysical analysis shows 16 of 38 moderns wells in the study area contain PE logs 

unaffected by barite mud, thus are suitable for cluster analysis.  GR and NPHI logs with 

environmental corrections and normalization are used along within the 16 wells with high-

quality PE logs to create a ñmasterò log for training of the cluster analysis. The ñmasterò log is 

created by manually splicing log data to create a pseudo log of arbitrary depth.  Data are taken 

from the Holt-Bryant zone only, specifically between the Monroe Gas Rock and base Paluxy 

picks.   

 

Principal Component analysis is performed using the ñmasterò log, which contains GR, NPHI, 

RHOB, and PE logs.  Each eigenvector determined from Principal Component analysis 

represents a principal axis of variability.  To determine the number of axes required, a variability 

threshold is set by the user.  According to Schlumberger a threshold of 95% eliminates bias and 
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over-fitting of the data due to bad data points. If a higher value is chosen, the software is required 

to find more axes of variability in order to model higher-order trends. As the threshold is 

increased, the higher-order trends become increasingly likely to represent minor facies, bad data, 

and/or noise.  QC output from Principal Component analysis suggests that 96% of the variability 

is modeled with three eigenvectors, thus K-means clustering will be computed in three-

dimensional Principal Component space.    

 

K-means clustering is computed independently for 7 to 11 clusters, with an independent K-

means output generated for each computation.  This range is chosen for testing based on the 

work of Silvis (2011), who found 9 clusters to be optimum.  Changes in the log data have been 

implemented, which requires a re-determination of the appropriate number of clusters based on 

the new and corrected log data.   Figure 3.17 shows a comparison of Distance Plots for 7, 9, and 

11 clusters, generated by the cluster analysis algorithm.  100 random positions are sampled in 

Euclidean space for each Distance Plot. Each plot provides an estimate of the dominance of one 

cluster relative to all other clusters. For example, the Distance Plot for 7 clusters contains a large 

histogram peak at 7000 distance units and only three peaks within a distance range of 100 

distance units, which suggests most points are assigned to a single cluster and two subordinate 

clusters.  This result suggests more clusters can be resolved. The Distance Plot for 11 clusters 

contains 12 peaks within a distance range of 120 distance units.  

  

 

Figure 3.17: Distance Plots generated from cluster analysis assists in deciding on an appropriate number 

of clusters.  The plot for 7 clusters suggests that 55% of all data points are assigned to a 

single cluster, thus more clusters can be resolved.  The plot for 11 clusters shows 12 

histogram peaks with similar frequencies; many equi-probable histogram peaks is equivalent 

to over-fitting of the data thus fewer clusters should be chosen.  
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Finding numerous equi-probable cluster centroids is analogous to over-fitting of the data, 

where small perturbations in log data are taken to represent a unique facies.  Because so many 

centroids are identified using 11 clusters, the Distance Plot suggests fewer clusters should be 

specified. Based on Distance Plots, an appropriate number of clusters is 8, 9, or 10. 

 

Box plots can be used to further narrow down the number of clusters.  Figure 3.18 shows the 

box plot for 9 clusters. The green line is the mean value and the blue box contains 50% of the 

data points. Comparing the box plots for the different logs enables a determination of how each 

cluster facies is being defined. For example, clusters 1 and 2 are primarily differentiated by GR 

and NPHI while PE and RHOB are similar for clusters 1 and 2. When box plots for 8 and 9 

clusters are compared (not shown), the additional facies appears to be differentiated by NPHI 

and RHOB, indicating the additional facies is real.  However, when box plots for 9 and 10 

clusters are compared (not shown), the additional facies is differentiated only in RHOB, with 

significant overlap observed in GR, NPHI, and PE.  Further, the additional facies contains high 

GR values thus is likely to be non-reservoir.  Based on the box plots for 8, 9, and 10 clusters, 9 

clusters are chosen as the optimum number.  

 

Figure 3.18: Box-and-whisker plot for 9 clusters.  Though not shown, a comparison between 8, 9, and 10 

cluster facies suggests a reservoir-quality facies is added between 8 and 9 clusters and that a 

non-reservoir facies is added between 9 and 10 clusters.  9 clusters are chosen as the 

optimum number. 
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3.3.2 Cluster tagging 

As a final step, the 9-cluster K-means relationship is ñtaggedò to the 38 wells with GR, NPHI, 

RHOB, and PE logs to generate cluster facies logs. The cluster relationship is applied to the 

entire log interval, though the cluster relationship is only valid within the Holt-Bryant zone 

where it was developed.  Figure 3.19 compares the output with the cluster facies of Silvis at well 

159-2.  In general, the new cluster analysis breaks out more reservoir facies and breaks out fewer 

shale facies. Non-reservoir facies 5-9 of Silvis (2011) are reduced to facies 6-9 by the new 

cluster analysis.  Cluster facies also show increased stability; note rapid alternation between 

Paluxy facies 1 and 2 of Silvis (2011) compared to the more stabilized output for this thesis.  

Additionally, a new reservoir facies is created from Silvis (2011) facies 2 and 3. The new facies 

3 may represent transitional strata between distinct reservoir facies.  It is hypothesized that this 

facies is better resolved due to more consistent PE values in the ñmasterò log, owing to removal 

of anomalous PE logs from the ñmasterò log used for this thesis.   

 

Figure 3.19: Comparison of new cluster facies with the previous version of Silvis (2011) at well 159-2.  

Three differences are noted: the new iteration 1) contains fewer shale facies and more 

reservoir facies, 2) shows decreased variability (notable in the Paluxy interval), and 3) 

creates a new reservoir facies (facies 3), which appears as transitional strata separating 

distinct reservoir facies.  
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Based on cross-plot analysis presented in Section 3.1.3, 20 of the 38 wells contain PE logs 

with anomalous values due to barite in the drilling mud.  These wells were not used to build the 

ñmasterò cluster relationship. ñTaggingò of these wells will result in the assignment of incorrect 

cluster facies due to non-lithologic PE values.  To circumvent the barite effect on PE, cluster 

tagging is performed without the PE log in the 20 wells with an anomalous response.  Using the 

cluster analysis technique, removal of the PE log effectively decreases the dimensionality from 4 

to 3, which then under-fits the k-means clustering.  Essentially, k-means parameter testing 

discussed in the previous section determined that 4 equations (logs) are needed to solve 9 

unknowns (cluster facies).  By eliminating one of the equations, the 9 facies cluster analysis is 

now under-determined.  Figure 3.20 demonstrates the effects of removing the PE log from 

cluster analysis facies determination. The 3-term cluster facies, however, appears remarkably 

robust in discriminating facies with higher PE values, notably facies 3 and 4. The same test 

performed on Silvisô cluster facies does not show robust discrimination using the 3-term solution 

(not shown).  Several explanations are offered.  First, including anomalous PE logs in the Silvis 

(2011) relationship may force facies relationships between GR, NPHI, and RHOB that are non-

geologic. It is possible that removal of the anomalous PE logs from the ñmasterò log eliminates 

the non-geologic scatter in the 3-term solution, improving the facies discrimination. Second, 

application of environmental correction and normalization to the GR and NPHI curves could 

further decrease the non-geologic data variability resulting in a decreased reliance on the PE log. 

Regardless of the cause, stability of the new cluster facies solution upon removal of the PE log 

demonstrates an improved cluster facies relationship compared to similar testing using the output 

of Silvis (2011).  Figure 3.20 shows that removing the PE log results in minor errors in 

prediction of cluster facies 3 and 4 while the three-term cluster analysis accurately predicts facies 

1, 2, 5-9. In the 20 wells with anomalous PE logs, facies 3 and 4 may be set to null values at the 

preference of the user since they are underdetermined by removal of the PE log.  Cluster facies is 

thus generated for 38 wells in the study area that contain GR, NPHI, RHOB, and PE logs.   
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Figure 3.20: Comparison of 3-term (non-PE) and 4-term (PE) cluster-facies relationships at three wells in 

the study area.  The 3-term solution shows unexpected stability with only minor errors 

identified (highlighted by red-patterned boxes in the depth column). For reservoir quality 

facies 1-4, the 3-term solution contains errors that are mostly limited to discrimination of 

facies 3 and 4.   
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CHAPTER 4 ï PETROGRAPHY FOR FACIES DESCRIPTION AND PARAGENESIS 

This chapter analyzes thin-sections created for cored-well 159-2.  Cluster facies presented in 

Chapter 3 demonstrates the presence of four reservoir-quality facies in well 159-2.  A reservoir 

quality facies was defined by Silvis (2011) based on porosity and clay content. Cluster facies 5-9 

represent clay-rich, lower-permeability facies, interpreted by Silvis (2011) as non-reservoir. 

Analysis of clay-rich facies 5-9 requires the use of scanning electron microscopy, which is not 

available for this study, thus facies 5-9 are not analyzed in this chapter.   

 

It is apparent that in order to create a geologic model that honors a stratigraphic model, 

additional well data outside of the cored well are required.  Though facies associations are 

adequately-defined for well 159-2 based on core analysis of Cavallini (2011) and Silvis (2011), 

the facies associations should be extended to cluster facies logs to expand the depositional facies 

model to additional wells.  Geomorphology and architecture of depositional facies are expected 

to show significant spatial and vertical variability. Thus, it is important to understand the 

depositional environment of each cluster facies prior to creation of the static property models so 

that expected geologic trends are honored. To bring the depositional facies work of Silvis (2011) 

and Cavallini (2011) full-circle, cluster facies are analyzed in thin-section for mineralogy and 

grain textures, and constrained by the seismic response, to interpret depositional environments of 

reservoir-quality facies 1-4.   

 

Cavallini (2011) examined petrographic thin sections from cored well 159-2 to interpret 

general depositional environments for Paluxy and Tuscaloosa sandstones. Figure 4.1 shows the 

depositional facies interpretation of Cavallini (2011) for this well based on thin section analysis 

of trace fossils, grain size trends, and composition. Based upon further petrographic analysis 

done for this study (Section 6.2.3), it is inferred that the interpretation of Cavallini (2011) did not 

consider texture (roundness, sorting) as a basis for interpretation, which is a potentially important 

interpretive attribute.  
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Silvis (2011) performed a standard core analysis in well 159-2 to interpret facies associations 

based on grain size, sedimentary structures, and core-plug analysis for porosity, permeability, 

and mineralogy.  The interpretation of Silvis (2011) is shown in Figure 4.2 with facies 

associations correlated with the gamma ray curve for well 159-2.   

 

Figure 4.1:  Interpretation of depositional environments in well 159-2 (Cavallini 2011). Formation tops 

updated by the author.   

 

 

Figure 4.2:  Interpretation of facies associations in well 159-2 (Silvis 2011), formation tops updated by 

the author.   
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4.1 Petrographic descriptions 

Thin-sections representing a complete reservoir interval from top Tuscaloosa to base Paluxy 

are available at regular spacing for approximately a 120 foot interval.  Two vintages of thin 

sections are available, previously created by Silvis (2011) and Cavallini (2011).  Thin-sections 

have been dyed for both potassium (yellow) and carbonate (Alizarin red).  X-ray diffraction data 

(XRD) are also available for most thin-sections.  Eight thin-sections are point counted for this 

study, 5 for mineral composition and 3 for texture (grain size, roundness, and sorting). No core 

plugs are available for SEM analysis of clays, thus analysis is confined to reservoir-quality 

sandstone facies 1-4 that are observable under the microscope.  The locations of the 8 samples 

studied are shown in Figure 4.3.  

 

Figure 4.3: Locations of thin-sections used for textural and compositional analysis in cored-well 159-2.   

 

Thin section 3280.75ô was point counted to 672 measurements to test for stabilization of 

minor constituent volumetrics.  This sample was chosen based on its fluvial origin, considered 

likely to contain minor mineralogical elements.  Based on analysis of mineral composition as a 

function of points counted, point counts of 500 were determined to be necessary to obtain stable 

volume estimates of minor constituents (Figure 4.4).  The five samples analyzed for mineralogy 

are chosen to investigate four key cluster facies. Facies 1 is present in the Tuscaloosa interval 

and is nearly pure quartz arenite.  Facies 2 is present in both the Paluxy and Tuscaloosa 
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reservoirs and is classified as quartz arenite with a higher volume fraction of clay.  Facies 4 is 

present in the Tuscaloosa interval and is classified as sub-litharenite with significant clay and 

carbonate volume.  Facies 6 is present at the Paluxy-Tuscaloosa transition and contains 

numerous rock fragments and clasts and is classified as litharenite. All samples point-counted 

plot in the ñRecycled Originò provenance of a QFL plot, consistent with provenance 

determination by Cavallini (2011). While counting, if the scope crosshairs landed on the edge of 

a grain, west was chosen over east and south was chosen over north. Note that mineralogical 

percentages hereafter referred to as ñbulk mineralogyò do not count porosity.  

 

Figure 4.4: Volume of minor mineralogical constituents as a function of number of points counted for 

sample 3280.75ô.  500 point counts are necessary to obtain stable estimates of minor 

mineralogical constituents.   

 

4.1.1 Cluster facies 2 ï Paluxy (3280.75ô) 

Figure 4.5 shows a sample overview in plain-polar light at 4x magnification.  Grains are 

texturally immature, classified as angular or sub-angular.  The sample is moderate to well sorted 

with an average grain size of 0.15mm (fine sandstone). Thin section point counting suggests a 

quartz arenite QFL classification with 97.2% quartz framework grains. The large volume of 

kaolinite (13% bulk mineralogy, XRD) suggests that either rock fragments were originally 

present or that a significant proportion of feldspar was originally present as matrix.  Evidence for 

the former includes clusters of clay-rich material, which in places exhibit a granular shape. QFL 
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classification thus represents the present state of the mineralogy and not necessarily the 

mineralogy at the time of deposition.  Porosity is estimated at 21% by point counting.  Core plug 

analysis estimates porosity at 33%.  The discrepancy speaks to the volume of secondary porosity 

in the sample.  For thin-section classification, only primary porosity is counted.  Point counting 

reveals that 17% of bulk mineralogy includes clays, partially dissolved polycrystalline quartz and 

partially dissolved chert (Figure 4.6).  Diagenesis appears limited to inferred clay-rich rock 

fragments, orthoclase, high-grade metamorphic quartz grains, and chert; no dissolution of 

monocrystalline quartz grains is observed.  No authigenic quartz overgrowths are observed, 

though numerous rounded recycled overgrowths are present. 

 

A minor component of calcite is present and is estimated at 0.9 %.  A trace of calcite is 

identified by XRD. Calcite has patchy presence, but where encountered appears ubiquitous under 

the scope.  Figure 4.7 shows calcite cement completely occluding porosity between detrital 

grains.  The spotty but occluding character of calcite could suggest detrital origin, with solution 

and close-proximity re-precipitation.  Well preserved orthoclase grains and rock fragments are 

present in calcite-cemented areas, indicating early calcite cement. An iron-rich carbonate is also 

observed though the volume fraction is small enough to not be detected by point counting.  XRD 

data indicates a trace presence of siderite, though interestingly the XRD report contains no 

dolomite category.  The observed rhombohedral structure suggests the mineral to be carbonate, 

while the lack of response to Alizarin Red suggests the mineral is not calcite. Section 4.3.1 

further discusses this iron carbonate, which is interpreted to represent detrital siderite. Observed 

siderite behavior is similar to calcite, patchy in presence but completely occluding porosity 

between detrital grains. Siderite is interpreted to be of detrital origin and has been dissolved and 

re-precipitated in close proximity (Figure 4.8).  Note that the presence of feldspars is likely to 

result in an anomalously high GR response, where even relatively clean sandstone with 1-5% 

clay volume may contain elevated GR levels.   

 

A significant portion of heavily altered muscovite is observed despite the low point-count 

estimation of 3% because significant quantities of muscovite are contained as inclusions in high-

grade metamorphic polycrystalline quartz, which are point-counted as quartz.  Where 

polycrystalline quartz is partially dissolved, diagenetically altered muscovite is also commonly 
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observed.  Where heavily altered, the material appears platy or maintains the original form of 

muscovite. Kaolinization of muscovite is hypothesized by Cavallini (2011).  Though possible, 

the system would need to be under-saturated in potassium to inhibit illite or chlorite formation 

(Lanson et al. 2002), which is not supported by numerous observed examples of orthoclase 

dissolution. XRD data suggests only a trace of chlorite and 2% illite.  Heavily altered material 

that appears related to muscovite constitutes over 1% of the bulk mineralogy, which supports a 

hypothesis of illitization when based on XRD illite volume (Figure 4.9).  

 

Figure 4.5: Paluxy facies 2 sample overview.  Note immature grain texture and high intergranular 

porosity. 4X, plain-polar light. 

 

4.1.2 Cluster facies 2 ï Tuscaloosa (3245ô) 

Figure 4.10 shows a sample overview in plain polarized light at 4x magnification.  Grains are 

more texturally mature than Paluxy sediments, being classified as subangular, subrounded, or 

rounded.  The sample is well sorted with an average grain size of 0.15mm (fine sandstone). Thin 

section point counting suggests a quartz arenite QFL classification with 97.5% quartz framework 

grains. The large volume of kaolinite (11.1% bulk mineralogy, point-counting) suggests that 

either rock fragments were originally present or that a significant proportion of feldspar was 

originally present as matrix.  Evidence for the former includes clusters of clay-rich material, 

which in places exhibits a granular shape. QFL classification thus represents the present state of  
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Figure 4.6: Secondary porosity present in partially-dissolved chert grain.  40X, Plain-polar light. 

 

 

Figure 4.7: Calcite completely filling pore space.  Calcite presence is patchy, though where present is 

ubiquitous.  Note calcite preserving feldspar. 10X, plain-polar light. 
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