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ABSTRACT

Delhi Field is a Cretaceowmye giant oil field on the flank of the Monroe Uplift mortheast
Louisiana. Delhi field was acquired by Denbury Resources in62@8 a candidate for GO
flooding. Reservoir Characterization Project phase XllI involves 4D and {owitiponent seismic
imaging of the field to monitor the GQOlood. The goal of this resech is to develop a robust
structural and stratigraphic framework for property modeliodhe used foflow-simulation of the
CO; flood.

The Late Cretaceous volcargored Monroe Uplift is interpreted to influence sedimentation of
transgressive Tuscaea sandstones. The log signatures of oil anga@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 permeabilityoth marine and
fluvial reservoirs. Mineralogy from poktounting 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 bandwidtextendedseismic datademonstrategshe ability to detect thin
Tuscaloosa sandstone bodies. A method of -tyiiy of k-means cluster facies logs to the
bandwidthextended seismic data enables stratigraphic interpretation of the seismic dataset. Three
transgressie 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 apneted in the direction N65E,

fluvial sandstone bodies are interpreted in the dip direction S25E.

Gassmann fluid substitution evidences a fadeggendent fluid response to oil. The facies
dependencies afeonoredfor property modeling of saturatiopprosity, and permeabilitySeismic
inversion forVp:Vs ratio is used to estimate bulk oil volume. The bulk oil volume model is used to
fluid substitute inverted Ato 100% brineto improve the seismic prediction of porosity. Facies
based transforms fromorosity to permeability are used to create a permeability model. Property
models show agreement with 4D seismic imaging of the f@Od i observed C@flow corridors

are predictedby the permeability model.
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MD. Note the proportion of suéngular grains is highest at larger grain sizes
while subrounded grains are most common in the smallesin gs&zes,
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Figure 4.26: Photomicrograph at 4X zoom, plpoiar light, showing transitional facies 3 at
3211.5 6 MD. N o t enodal grain sze distributiob and larger grains
associated with rock fragments. This sample is interpreted to originate from
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Figure 4.27.Gr ai n size and roundness distribution f«
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Figure 4.28:Grainsize distribution as a function of grain roundness for the Tuscaloosa 3
facies at 3235. 420 MD . The wide rang
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Figure 4.29:Photomicrograph at 4X zoom, plamolar light, showing the interpreted
erosional facies 3 at 3-h@al .giid Gize MD . Not
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Figure 4.30:Phot omi crogr aph from Tuscal oosate 4 f |l uvi
rhombohedrons are suggestive of siderite precipitation. Carbonate cement is
observed in close contact with detrital quartz grain, suggesting carbonate
precipitation prior to clay precipitation. Note also carbonate cement is not
present inside dissadd grain boundaries, indicating grain dissolution post

dates carbonate precipitation. 10X, ptamiar light...................iiiiiieeeen 85
Figure 4.31: Ver mi cul am Tusaloosa marine elustérbfaziesk | et s 0

(thinrsecti on sampl e-pdalgh.o..)..........4.0.X,...p.I8& i n
Figure 4.32: Dissolving rock fragments shown in Tuscaloosa flfatés 4 in thirsection

sample 3203.676. 1 1Tite iIs interpreted

and not from authigenesis. 10X, plgoolar light.........cccooooeiiiiiiiiicee, 89

Figure 4.33:Partially dissolved chert grain. Clay partially rims framework grains and also
rims the dissolving chert. No clay is observed in secondary porosity indicating
chert dissolution posiates clay diagenesis. 40X, plgoalar light...................... 90

Figure 4.34:Interpreted paragenetic sequence of Paluxy and Tuscaloosa sandstones at Delhi
Field. Note quartz overgrowths are not observed, hypothesized to be due to
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Figure 5.1: Comparison between conventional 3D (left) and bandwedtended 3D
seismic (right) at Delhi Field...........ccoooiiii e 93

Figure 5.2: Time-lapse pimpedance difference map for the Tuscaloosa 7 sandstone,
modified from Shahid (2011). Black polygons show interpreted @@v
corridors between injector and producerdBild 2011)..........ccccceeveeiiiiiiiiieeennnn. 98

Figure 5.3: Power spectra of conventional processed data (left) and BE® data (right). The
time response represents the power spectrum mappezktophase wavelet.
Frequency spectra are computed for a time window of 600ms centered on the

Figure 5.4: Result of the octavbasel filter test. Structure and amplitude variations are
baselined using the 30Hz sdband that contains frequencies entirely within
the conventional processed bandwidth of700Hz. The 160 Hz suband
contains frequencies above 100Hz, thus is entirelywealibe conventional
processed seismic higlut. Structure and amplitude variations are similar
between the 30 Hz and 160 Hz dwdnds suggesting that BE® harmonic
frequencies reflect known geology. Blue and green horizons are top Monroe
and base PaluxyespecCtiVely...........coiiiiiiiiieec e 100

Figure 5.5: Power spectra of matdiitered BE® data (left) and conventional processed

data (right). The time response represents the power spectrum mapped to a
zerophase wavelet. Frequenspectra are computed for a time window of
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Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

600ms centered on the top Midway seismic horizon. Note frequencies in the 0
5 Hz range for the matefiitered data are not present in the BE® data
suggesting an artifact is generated by the software............cccccceevvcceveennnns 101

Comparison for the matefiitered BE® data (left) to the conventional
processed seismic (center). A strong visual match is observed. The percent
difference wlume (right) suggests up to 25% difference. The random
distribution of the error suggests dissimilarity in processing may be responsible
for the error, rather than artifacts generated by the BE® process............. 102

Correlation coefficients for both BE® and conventional synthetics. On
average, the correlation coefficient’)Rs 5% lower for BE® synthetics.
Shahid (2011) noted a similar result, citing theréase in frequency content as
the cause. Note wells 189and 1489 show higher correlation using the BE®
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BE® and norBE® syntheticdor well 1532. A good match is observed at the
Monroe Gas Rock and top and base Paluxy horizonstidtlsevents are
limited to the Tuscaloosa zone, and are present in both the BE® aiRE@®n
synthetics, suggesting spurious reflectivity is not addeith&BE® process... 104

Well-section line comparing bandwid#dxtended relative acoustic impedance
(Al) to GR and SP logs at four well tinieed to the sismic. Note low GR
sands are represented by low Al, consistent with the interpretations of
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Figure 5.10:Extracted interval minimum from theandwidthextended relative Al seismic

volume. A low impedance NVBE trend is identified in the palahp
direction. Log data in well 123 suggests the low Al trend corresponds to
cluster facies 4, which is interpreted as fluvial in Section 6.2.3................. 106

Figure 5.11:Porosity logs are compared at well 159 Porosity measured from core plugs

is shown as discreet black points. Density porosity and DMRP (porosity fro
MRIL) demonstrate a strong match to core porosity..........ccccceevvvvvviemmennnen.. 108

Figure 5.12:GR and SP curves show similar trends in well -259 Note however, a

decrease in SP defleati within the dashed interval 323234 ft MD. The SP
deflection change occurs despite steady porosity and permeability values. Deep
resistivity appears to mirror the SP response suggesting fluid saturation

Figure 5.13:Comparison between GR and SP levels in five wells within the study area.

Possible SP normalization issues are apparent when comparing wells 160
and 1231. The shale baseline for both wells is similar when comparing SP
values in the Midway shale. Within the reservoir zone, welltl11&dows SP

deflection to be left of the gamma ray curve while SP deflection is right of the
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GR curve in well 123.. Baselining applies a DC shift to SP values thus will
not correct for the observed scaling differences..........cccooeeviiiiicceiccceeennn. 110

Figure 5. 14: Exampl e ofraeaMRiLdgta. Initiakamplitndet r ai n o
is proportional to the hydrogen index and is calibrated to porosity. The rate of
decay is indicative of textural and fluid properties. Figure from Coates et al.

Figure 5.15:Core porosity versus MRIL porosity at well 289.............cccooviiiiiiiiiiennee e, 112

Figure 5.16:Fluids are differentiated by MRImeasurements by combining radial (T1) and
transverse (T2) relation times with diffusivity (D). Figure from Coates et al.

Figure 5.17:Once calibratedto core measurements, well 139 demonstrates good
correlation between core permeability and MRIL permeability. Since core
measurements are available in only one well in Delhi Field, the calibration
constant C is used in other wells with MRIL 10gS.........coooviiiiiiiiieeen e 114

Figure 5.18:Sevenwell relationship between compressional slowness and bulk density
within the HoltBryant zone. An inverse linear relationship is computed
betweerDTC and RHOB.........cooiii e 116

Figure 5.19:Comparison between the generated and recorded compressional sonic logs at
well 1846. A good character match is observed and esrgenerally less
TNAN BE S/t e —————————— 116

Figure 5.20:Drift curve for well 1846, comparing integrated travieeme values for the
recorded (blue) versus generated (reainpressional sonic logs. Well 184
contains a thick section of Heliryant strata thus represents the case of
maximum cumulative error. Cumulative error is a minimal 1.7ms. Note time
values are twavay-traveHime.........cccooveiiiiiii e 117

Figure 5.21:Wells timetied to seismic using the DFRHOB relationship. Clusters facies
logs overlain on relative Al demonstrate sandstone facies 1, 2, and 4 matching
low Al trends. Theproposed method allows all wells with RHOB logs to be
time-tied to the SeISMIC data...........cooeviiiiiiiiiieeiee e 118

Figure 5.22:Fluid replacement model of Mustafayev (2010) for well -14@nly minor
changes in VP and VS are observed for the oil and gas cases. | infer that a
diminished fluid effect is predicted due to the use of improper reservoir and
U PAraMELEIS... ..o 122

Figure 5.23:Reservoir and fluid parameters used by Shahid (2011) for fluid replacement

modeling. These parameters are consistent with genaispted values
used by Denbury Resources (Trevor Richards, Denbury Resourcemabers

XVii



communication) as well as consistent with a solubsgityelling test performed
INWEIL 7O ettt e e e e e b e e e e e e e s ba e raanns 123

Figure 5.24: Modeled Vp:Vs ratio versus oil saturation far Baluxy depth points in well
1592. Though all curves indicate a measurable decrease in Vp:Vs ratio with
increasing oil saturation relative to brine, the intercept shows significant
variation within the Paluxy reservoir. Image from Bibolova (2012)............. 124

Figure 5.25:Comparison between five common methods gfy\éstimation from GR logs
and corederived clay volume. The Clavier method shows the best match to
corederived Wjay measurements in well 188 ... 127

Figure 5.26:Crossplot of K versus total porosity from MRIL reveals significant scatter.
Individual data trends can be identified based on simplified cluster facies. The
black line represents a theoretica] #ér lightly-consolidated Gulf of Mexico
sandstone (Han and Batzle 2004)..........ccvviiiiiiiiiieeeiieeeeee e 128

Figure 5.27:K,, versus total porosity within the Paluxy and Tuscaloosa for wells2159
1401, and 16%. Polygon facies shading suggests that the fluid ptibdiy
IS correlated tO ClUSTEr fACIES........uuuuieiiiie e 129

Figure 5.28:MRIL total porosity versus compressional velocity in wells-259401, and
1695. Points are colotkby K,. K, values less than zero and greater than
unity are physically impossible and indicate poor compressional sonic log data
MNEASUNEIMEINTS. ... ittt eeeee et e et e e et e e e et e e e et e e e ea e e e eean e e emnneees 130

Figure 5.29:Crossplots of Vp and Vs for wells 159, 1401, and 16%. At left, reservoi
guality facies 14 plot below the mudrock line. At right, these facies are
indicated by MRIL data to be oil saturated, possibly explaining the decrease in
Vp. Cluster facie8 is the Monroe Gas Rock / Clayton Chalk carbonate facies
and plots well above the mudrock line. The cluster of carbonate rocks wells
above the mudrock line may be explained by the fact that the mudrock line is
defined for siliciclastiC roCKS ONIY..........ccccuiiiiiiiiie e 131

Figure 5.30:Fluid substitution parameters used for fluid substitution modeling in this thesis.
Parameters reflect reservoir conditions for the time period post Wabd, pre
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Figure 5.31:Fluid-substituted logs for well 159, comparing measured reservoir conditions
to the 100% brine condition. A GR cutoff of 70 api is used, with values above
70 api not includedh modeling. At right, the compressional sonic log is fluid
substituted for pressures of 1540psi and 1820psi to demonstrate a minimal
pressure dependence within the fluid substitution model........................... 133

Figure 5.32:0il saturation effect on Vp, Vs, and RHOB estimated from wells1, 4692,
and 1695. Faciedhased trends are apparent in the results. Results support the
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initial investigation using the methods of Han aBdtzle (2004). Fluid
susceptibility is greatest for the Tuscaloosa fluvial strata. Moderate fluid
susceptibility is estimated for Paluxy sandstone and low fluid susceptibility is
indicated for HQ Tuscaloosa marine sandstone...........ccooeevvvvvimmmeevveeeeeeenns 135

Figure 5.33:Comparison of the fluid susceptibility end members. Simplified fluvial

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.6:

Figure 6.7:

Figure 6.8:

Tuscaloosa cluster faces (left) shows a low visual contact index, high volume
of partially dissolvedack fragments, and high clay content (both detrital and
authigenic). Simplified HQ marine Tuscaloosa cluster facies (right) shows a
higher visual contact index, low volume of partially dissolved rock fragments,
and low clay content. Plain polar, 4x magration..............cccccoeeeeiiiiiieccnnnnnns 136

Regional cross section across the Monroe Uplift and Delhi Field. Delhi Field
is positioned within the formal boundary of the Monroe fupliThe trapping
mechanism is an angular unconformity for the Paluxy and combined angular
unconformity and stratigraphic pinchout for the Tuscaloosa. Modified from
JONNSON (1958).... et ——— 139

2" and 3 order sequence stratigraphic model for Delhi Field. The model
consists of a local "3 order sequence related to the Monroe Uplift
superimposed on the regional Tuscaledéiicox 2" order sequence. Image
courtesy Denbury Resources, modified with sequence stratigraphic surfaces.
The CretaceouRaleogene boundary is positioned at the top Monroe Gas Rock
(base Clayton Chalk) (Zimmerman and Sassen 1992, Johnson.1958)......141

Comparison between the facies associations of Silvis (2011) and cluster facies
determined in this thesis from the log data................oooeeeiieeciicciiiei e 142

Core images for sandstone package C. Core image 1 revealstcatified
sandstone and the presence of -digt lags, which are interpreted as back
barrier and washover deposits. Cameage 2 shows interpreted ripple cross
lamination and possible reactivation surfaces, consistent withrdwtional
tidal fIOW PrOCESSES.......eiiiiiiiiiiiiie e 144

Core inmages for sandstone package D. Core image 1 reveals angular clay
clasts at the top of sandstone package D. Core image 2 shows an oxidized fine
grained layer that is consistent with a paleQsal.............cccvvviccciiiiiiiiinnns 145
Welltie line through the bandwidtxtended seismic amplitude volume.......146
Onlap and truncation events the Tuscaloosa interval are visible on the
instantaneouphase seismic attribute. Onlap and truncation surfaces are
theorized to indicate local erosion surfaces.............cccovvvviiieeen i, 147

Onlap and truncation events in the Tuscaloosa Interval are visible on relative
acoustic impedance. Low Al sandstone bodies appear to be contained within
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ONIAP/ATUNCALION SUMACES. ... . .uuuiiiiiiiiiieietieeeeietie et e ettt e e e e e e eeer e e e e e e e e e 148

Figure 6.9: Interval average of acoustic impedance in the lower Tuscaloosa. Based upon
the association of low Al and sandstone by Bibolova (2012), anonaakes
reasonably assumed to depict sandstuoay morphology. Elongation is to the
NMOFTNEAST.. ...ttt 148

Figure 6.10: Textural properties identified in core (right) ar®enmgpared to the core
description of Terry Eschner (Sarlan Resources) (center). A distinct change in
textural maturity at the top of the paleosol layer is evident. The sequence
boundary for the 2nd order PaluBantzler sequence is positioned
immediately &dove the interpreted paleosol layer at the textural change....150

Figure 6.11:Changes in grain roundness and sorting are associated with onlap/truncation
surfaces btween sandstone packages A and B and also at the regional
sequence boundary atop the Paluxy. The observed changes may be explained
by alternation between marine and fluvial processes that control textural
maturity of the sediments. Textural properties ¢luster facies 1 (sandstone
package B) are shown at lower left for comparisan...........ccccceeeeeiieeeneenennns 151

Figure 6.12:Changes in grain roundness and sorting at the transitionat faearating
sandstone packages B and C supports the seismic interpretation that an
onlap/truncation surface, indicative of erosion, separates the sandstone
packages. Texturally immature sandstone grains are unlikely to originate from
the marine sandstongackages above and below the interval and are best
explained by a seaward facies shift and erosion associated with fluvial
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Figure 6.13:Stratigraphic interpretation for well 189 based on core, thiections, and
seismic data. Facies associations are modified from Silvis (2011) and
Cavallini (2011). Core description and grain size trends are modified from
images from Terry Eschner (Saml Resources). pSB = parasequence bountigdy.

Figure 6.14:Interval extraction from the relative colored inversion for the interval from
base Paluxy to 40ms be&lothe base Paluxy. Red hachure in the inset €ross
section shows the time interval for extraction. Mapped lower-Bigiant
zone sandstones support t he Astraight
interpretation of Robinson (2012). A southerly orientation ofrithstary
channels is in agreement with the inferred progradation directions of Hansley
(1996) and Salvador (1987) (Section 2.2.4) Greek letters identify specific
sands in map and VErtiCal VIEW............ueviiiiiiiiiiieeeiiiiiiieeeeeee e 155

Figure 6.15:Interval extraction from an envelojpgpe spectral decomposition attribute for
the interval from top Paluxy to base Paluxy. Image and interpretation from
Robinson (2012). Robinson (2012) measures promiri&aitixy channels
greater than ¥ mile wide and up to 80 ft thiCK.............cccciiiiieenniiiciiiee, 156
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Figure 6.16:Interval extraction from the relative colored inversion for the Paluxy interval
Red hachures in the inset crastion shows the time interval for extraction.
The OWC of Denbury Resources for top and base Paluxy is shown as dashed
black lines. 1 interpret the dashed white line as a boundary between high and
low quality sandstoneA causal relationship has been suggested by Denbury
Resources between the clean sandstone line and the OWC. However, MRIL
bulk oil volume log data may suggest oil is present below the stated OWC, as
Shown in the INSet CrOSECHON..........uviii e e 158

Figure 6.17:Welltie seismic dip section showing wells with MRIL and/or neuttlensity
crossover bulk oil volume logs. Presence of oil below the stated OWC may
support the intemetation of the cleasandstone line in the Paluxy being
caused by lithology and Not flUIdS............eiiiiiiiiii e 159

Figure 6.18:Interval extraction from the relative colored invers for the lowermost
Tuscaloosa parasequence (pS8@ Paluxy). Red hachures in the inset cross
section shows the time interval for extraction. Sandstone bodies identified in
the seismic correspond to cluster facies 1 and 2, interpreted to represent
barrier, uppershoreface, backarrier, and wasbver facies. Preserved barrier
sandstone is present immediately dedp of the Paluxy cleasandstone line159

Figure 6.19:Model for barrier bar preservation at theRTturnaround position. Increased
erosion is interpreted at the head of the barrier due to slowing of relative rise in
base level (Cattaneo and Steel 2003). Normal regression and thickened
barrier/fioreface  sandstone results from sediment supply filling
accommodation space (Burton and Walker 1999). Burton and Walker (1999)
introduce the terms IT = initial transgressive surface and RT = resumed
TrANSOrESSIVE SUIMACE.. ... ittt e e 161

Figure 6.20:Dip section through the relative colored inversion near wellk168eismic
geometries imply onlapping Tuscaloosa reflectors coincident with thinned
Paluxy strata. Position of ap and thinned Paluxy is coincident with the
cleansandstone line. A different color palette is used to highlight subtle
seismic events, not resolvable on the gyaljow palette.............ccccceeiiiiiicee 161

Figure 6.21:Interval extraction from the relative colored inversion for the Tuscaloosa
parasequence (SBiISB3). Red hachures in the inset crssstion shows the
time interval for extraction. The black dashed line is an interprfatdt with
downthrown hanging wall to the SE. Position beta indicates a noticeably
thinned interval of SBPSB3 strata............cooveiiiiiiiiiiieceiie e 162

Figure 6.22:Interval extraction fromthe relative colored inversion for the Tuscaloosa
parasequence (SBASB3). A) the interpreted fault is shown intersecting the
interval extraction. Partial preservation of barrier facies is observed on the
downthrown hangingwvall (position beta). Comple erosion of footwall
barrier sediments is suggested by both seismic and log data (position alpha).
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B) Interpreted interval average map from Figure 6.21..............cccvvvvieemennnns 164

Figure 6.23: Interval extraction from the relative colored inversion for the lowermost fluvial
Tuscaloosa sandstone. Red hachures in the insetsgossn shows the time
interval for extraction. Thick fluvial Tuscaloosa facies are shown in the inset
crosssection, coincident with the region of thinned and eroded-§&83
strata. The limit of preserved fluvial Tuscaloosa sandstone fits nicely with the
fault trace shown in dashed black. Spotty preservation of uppermost marine
Tuscaloosa facies coupled with Igarg-wall preservation of fluvial
Tuscaloosa strata dates fault reactivation to the boundary between marine
Tuscaloosa and fluvial TusSCaloosa (SBL).........uuuvvrummiiiiieeeiiiiiiiineee e 165

Figure 624: Interval extraction from the relative colored inversion for the entire fluvial
Tuscaloosa sandstone (Base carbefS#&#). Red hachure in the inset cross
section shows the time interval for extraction. Fluvial trends are observed to
respond to the faulvith increased preservation on the downthrown SE side.
Wells in the SE corner of the study area suggest marine facies are contained
within the dominantly fluvial upper TuSCalo0Sa..........eevvvviiiiiiiiieeniiiiiieeenn. 167

Figure 6.25:Cattaneo and Steel (2003) suggest preservation of transgressive deposits is
greatest in high accommodation settings with accompanying high sediment
supply. Figure from Cattaneo and Steel (2003).........ccccvvviiiiiiiecciiiieeeeeenn. 169

Figure 6.26: Accommodation versus sediment supply model for preservation potential of
transgressive sediments. Scenario 1 (red dot) is indicative of high A:S ratio
resulting in a cotinuous WRS and low preservation potential. Scenario 2 (blue
dot) represents increasing sediment supply resulting in preservation ef back
stepping transgressive facies. Scenario 3 (green dot) is indicative of balanced
sediment supply and accommodation amesults in aggradation of
transgressive sediments or progradation during a fall in sea level. Modified
from Cattaneo and Steel (2003).........uuuuiiiiiiiiie e eeen s 170

Figure 6.27:Summary ofthe paleeorientation estimate of the Paluxy unconformity at the
time of Tuscaloosa deposition. Estimate made by flattening seismic vertical
section on the base Paluxy time horizon and finding the orientation where
Tuscaloosa strata exhibit conformityhe structural orientation is estimated at
N65E and is similar to preseday orientation of the Annona Chalk. Shoreline
trends should align in the paleo strike direction N65E while fluvial trends
should respond in the dip direction, S25E.............cccocoiiiiiiceeeiceee e 173

Figure 6.28:Faults mapped in the study area. Faults trendSMEand are oblique to the
palesshoreline orientation. Several faults show antithetic relationships. All
faults show normal slip sense. Seismic horizon is the base Paluxy.......... 174

Figure 6.29:Crosssection showing a summary of interpreted transgressive surfaces and
(para)sguence boundaries. Line boldness is coded by seqstnatigraphic
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surface order. TS = transgressive surface, RT = resumed transgressive surface
(Burton and Walker 1999)........cccoeeeiiiiiiiiiiieeee e 178

Figure 6.30:Crosssection showing interpreted stratigraphic architecture for the Tuscaloosa
11 CT V7= SRR 179

Figure 6.31:Stratigraphic and tectonic summary for the study area. Sequence stratigraphy
interpreted from a seismic dip section through well -140As per the
definitions of Burton and Walkg1999), IT = initial transgressive surface, RT
= resumed transgresSiVe SUMaCEe............uviiviiiiir e 179

Figure 7.1: Structural framework shown on inline 1064m, through well-259Eight
sei smic horizons are-tiugltddo t®o nctraeianteer .t h
acoustic impedance is shown beneath the framework horizons................ 182

Figure 7.2: Crossplots between porosity and permeability in all 18 wells with MRIL logs.
Similar facies overlap is observed in flesdbstitution modeling, with facies 1
2, and 59 showing similar transformMs.............ouvuviiiiiiiicr e 183

Figure 7.3: Welltie line demonstrating facies isolation of reservoir quality sandstone
within the structural / stratigraphic framework. The Paluxy reservoir is
dominated by cluster facies 2. The lower Tuscaloosa idtéora SB1i1 Top
Paluxy is dominated by cluster facies 1 and 2. The upper Tuscaloosa interval
from base carbonaieSB1 is dominated by cluster facies.4...........cccccc........ 184

Figure 7.4: Modeling facies associations are determined using facies overlap in property
model crosgplots. Modeling facies associations are isolated within the
Structural framEeWOIK.........oooi i 185

Figure 7.5: Facies separation in is RHOB space for wells 140 and 1592. Robust,
seismicbased estimates of Vs and RHOB are required to generate a seismic
based facies MOdEl...........oooviiiiiiiiiii e 185

Figure 7.6: Manual variogram interpretation for the Paluxy modeling facies association.
Attribute is extracted minimum acoustic impedance. Geobodies are interpreted
as isdropic, with a diameter of 1500fL.............ceiiiiiiiiie e 186

Figure 7.7: Manual variogram interpretation for the HQ Tuscaloosa modeling facies
acssociation. Attribute is extracted nmmim acoustic impedance. Geobodies
are interpreted as elongated in the palkoreline direction N65E.................. 187

Figure 7.8: Manual variogram interpretation for the fddviuscaloosa modeling facies
association. Attribute is extracted minimum acoustic impedance. Geobodies
are interpreted as elongated in the palgodirection S25E...............ccceveeee. 187

Figure 7.9: Computational variogram models for the fluvial Tuscaloosa modeling facies
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computed using Crystal software from Sigmahe attribute map of minimum
acoustic impedance is input for computatian...............ccooevvieeee e, 188

Figure 7.10:Comparison between manual and computed variogram parameters based on
interval average maps of acoustic impedance. Manual and computed
variograms exhibit agreement in orientation aklahgation factor................... 188

Figure 7.11:Regression coefficients and auxiliary parameters used for simultaneous
inversion in Hampson Russell Software.............oooooiiiiiiice e 189

Figure 7.12:Inverted Vp, Vs, and RHOB at well 140compared to the recorded logs. A
satisfactory match between inverted and recorded Vp and Vs values suggests
parameterizabn of the INvVersion iS COrrect..........oooovvviviiiiiiiceeiee e 190

Figure 7.13:Faciesdependent relationships are identified for predicting bulk oil volume
from q/p:Vs ratio. Log data for & HoltBryant zone for well 152, 1401,
and 1695 are shown in the crossplot. Facies based trends are highlighted for
WEII 1592 At MIGNT.. i eeees e e e e e e e e e e e eeeeaeeneen 191

Figure 7.14:Faciesbased transforms from inverted Vp:Vs ratio to bulk oil volume. The
slope of each transform is consistent with flaitsceptibility estimates
observed via fluid replacement modeling (Figure 7.13).......cccooeevviiiiiiicnnnes 192

Figure 7.15:Crossplot between MRIL bulk oil volume and inverted bulk oil volume for the
10 wells with MRIL logs in the study area............cccooovviiiiiicce e 193

Figure 7.16:Kriged bulk oil volume models in the Paluxy interval. An increase in the
correlation coefficient results in greater influence of the -dafa. A
correlation coefficient of 0.7s chosen as the final model due to a geologic
appearance that is consistent with the sedimentary model presented in Section
6.2.4. The fluidstack estimate for oil saturation of Ramdani (2012) is shown
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Figure 7.17:Welltie section through the bulk oil volume property model. Flattened datum is
the base Carbonate (top Tuscaloosa). Five of the 9 wells with MRIL bulk oil
volume logs are spliced mithe result. Both the log data and seisbased
model are shown using the same palette and same data range. The beige
seismic horizon between the top and base Paluxy is the extraction layer for
IMAQES IN FIQUIE 7.16. ... eeee et eeme e e e aaaaas 195

Figure 7.18:Faciesdependent relationships are identified for predicting the change in Al
from bulk oil volume Log data for the HolBryant zone for well 152, 140
1, and 16% are shown inhte crossplot. Facies based trends are highlighted
for well 15932 at Might.........oueeiii e 196

Figure 7.19:QC montage of inverted Al, 100% brine Al, and a difference volum@&s<r
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sections show IL 1060. The range of values in the difference volume is
consistent with the range predicted by fluid replacement modeling in Figure

Figure 7.20:Crossplots of MRIL total porosity and acoustic impedance. Log data in wells
1592, 1401, and 16% are compared in the upper plots. A tighter
relationship is observed for the Al logs flesdbstituted to 100% brine. In the
lower plot, flud-substituted seismibased Al is compared to MRIL porosity at
10 wells. A single transform is used to estimate porosity for all modeling facies
o RS0 [ F= 11 [0 L= PP OPPPPP T 198

Figure 7.21:Kriged porosity models in the lowermost Tuscaloosa interval (pSB3
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CHAPTER 1i INTRODUCTION

This chapter provides an introduction to Delhi Fiatdl | 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 presentéehr a more comprehensive narrative of the

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

1.1 Delhi Field

Delhi Fieldis located in northeastern Louisiana, 30 miles east of Monroe, Louisiana (Figure
1.1). The field was discovered by C.H. Murphy and ®ihCompany in 1944Delhi Fieldis
classified as giat with an estimated EUR @57 million barrelscovering 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 Pafoxgnation sandtones unconformably
overlain by Late Cretaceous Tuscalodsemaion sandstones The Tuscaloosa sandeesare
amalgamated and exhibit high spatial variabilAyregional stratigraphic column and type log
for Delhi Field are shown in Figure 1.2.The primary trapping mechanissinclude a
depositional pinchout between Paluxy and Tuscaloosa sediments and an upper erosional angular
unconformity against th®onroe Gas Rockwhich providesa seal for the HolBryant reservoir
zone(Silvis 2011)
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Figure 1.1: Location of Delhi Field(Google maps). Position of Monroe Uplift approximated from
Mancini et al. (1999).



Primary production lasted from 1944 to 1953 with cumulative production of 49 MMBO
(Denbury Resources) A waterflood program lasted from 1953 to 2Q0&hich yielded an
addiional 143 MMBO (Denbury Resources)The recovery factor isherefore 5% through
primary and secondary deptet. The source of injected water includes produced formation
water from both the HolBryant zone andhe Wilcox (Denbury Resourcespelhi Field was
acquired by Denbury Resources in 2006 as a candidate fditd@@. Injection Phase 1 began in
November 2009 using nine G@jection wells. The study area covers the Phase 1 injection
acreage and is positioned for titagse seismic monitoring oh¢ CQ flood by the Reservoir

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

area.
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right.
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1.2 Statement of purpose

RCP phase Xlll involves flo prediction and reservoir characterization of the Délieid
CO; flood via pwave, multtcomponent and timpse seismic data. Methods of analysis can be
separated into two general categories: Prediction of @Ovement via flow simulation or
detectionof CO, migration using timdapse seismic. The work presented in thissisfocuses
on prediction. Several RCP authors have worked towascedictive flow simulation model
through the use of wells logs, K/PHI transforms and seismic interpretdiiiovever, as ofet a
robust static model confirmed by flow simulatidrasnot be produced (Mustafayev 2010, Silvis
2011, Biblova 2011Mitra Azizian personal communicatign It is the premise of this thesis that
a greater chance for success will comarfrasing invertedseismic propertiesand detailed
stratigraphic layeringo build the geologic modednd property models for facies, saturation,

porosity, and permeability.



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 tesdépositional 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 controtflathis of injected C£2?

3) Can seismic data be used to effectively guide the property models of interest, namely
facies, porosity, permeability, and facies?



CHAPTER 2- REGIONAL GEOLOGY

In this chapter, a regional geologummaryis presented based on the literature. Tectonic
contols are presented for the Gulf of Mexico region. Tectonic structures near Delhi Field are

further investigated. S1land 29 order sequence stratigraphy is also presented.

2.1 Tectonics

Delhi Field lies at thewesternmargin 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 thettatdic ocean on
the east coast of the United States (Alam and Pilger 1988 East TexasBasin North
LouisianaBasin and the Mississippi Interior Salt BagiMISB) share similar tectonic histories
related toMiddle Jurassic rifting and opening of the Gulf of Mexiddanadni et al. 1999
Halbouty and Halbouty 1982, Alan and Pilger 1988, Adams 2008rie et al. 1993). For ease
of reading, theethree basins are collectively referred to as the northern basins. The northern
basins share a common maximum depth afghty 3Q000ft (Lowrie et a. 1993) and are
separated by the Sabine and Monroe uplNtar{cini et al.1999. These fiveectonic elements
are collectively located within the Mississippi Embaymémaigciniet al. 1999 Figure 2.1).

2.1.1 Regional tectonic haty

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 gatetl the eastest
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 wagipoed near the equator during the late
Paleozoic (Salvador 1987), with said convergence ending during the Pennsylvani&&3{310
Ma).

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

erosion during the Triassic§@230 Mg. Lowrie et al. (1993) suggestiassicuplift and erosion
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Figure 2.1: Regional structures ne@elhi Field The position ofDelhi Field is highlighted in red
Modified from Mancini et al.(1999)

to be synchronous with opening of the préttlantic 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 (AlanPégelr 1988).

Significant rifting in the study area first occurred duringltla¢e Triassic (20@30Ma) south
of the Ouachita Mountains in the area of southern Arkardasdini et al.1999. This rifting
episoderesulted in the formation of hadfrabens, listric faulting and reactivation of dovto-the-
south Paleozoic normal faulis 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
(Mancin et al.1999 Adams 2009). Initial deposition within rift basins included-naarine 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 eastesoatheérn coasts of North

America during breakup of Pangaca\yrie 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 extemdancifi et al.
1999. Sedimentation in the northern basins during the Middle Jurassic included prograding
Smackover limstones on the shelf and slope and Cotton Valley reaore sediments (Salvador
1987, Goldthwaite 1991)Lowrie et al. (1993) suggestttd crustalextension of 500km related
to opening of the Gulf of Mexico from 13B0OMa. Transform faults are interpreted bgwrie
et al. (1993) to trend NW SE, in the direction of extension, as shown in Figure [b@irrie et
al. (1993) prefer a NWBE trend to link extensional processes in the Gulf region to those of the
Atlantic basin.Figure 2.3 summarizes major regional structures idedtiby Mello and Karner
(1996).

Figure 2.2: Transform fault model of Lowrie et al. (1993). A NBE orientatioris preferred by Lowrie
et al. (1993) that links extension in the proto Gulf of Mexico to geneticalfted extension
in the Atlantic basin. The position of Delhi Field is indicated by a red circle. Modified from
Lowrie et al. (1993).

Upper Jurassic régnal subsidence resulted in marine incursion into the grovidaolj of
Mexico basin during the period 15869 Ma (Salvador 1987). Salvador (1987) suggests the
source of saline marine waters was from the West via ZheatecasSan Luis Potosi
Embayment Thick Louann salt was deposited during this period, assisted by a highly
evaporative equatorial climate and slovascillating tectonism resulting in periodic saline fill
and evaporatioifLowrie et al. 1993) Active rifting shifted south of the northern basduring
the Late Jurassic, resulting in regional transgression due to thermal subsitammn( et al.
1999.
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The Early Cretaceous was dominated by carbonate shaffjin systems,rihging the

growing and subsiding bas(howrie et al. 1993)Having evolved int@a passive margin system

dominated by thermal subsidentiperCretaceous and Cenozoic sediments represent basin fill

systems controlled by both differential subsidence aall siovement (Salvador 1987,
Goldthwaite 1991Mancini et al.1999 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, Adams 200®aluyy and Tuscaloosa sedimentation is discussed further
in Sectiors2.2and 2.3

2.1.2Salt tectonics

The MISB is underlain by thickouannsalt deposits subject to significant mobilizatiomder
sediment loadingtress(Alam and Pilger 1988) Alam and Pilge (1988) cite a three stage
process of salt mobilization in the MISB: pillow, diaper, and lepir. The pillow stage is the
earliest stage of mobilization and occurs due to sediment loading resulting in salt being squeezed
laterally (Alam and Pilger 188). The pillow stage results in local salt thickness variations
though no piercement of overlying sediments is obsenAddn( and Pilger 1988) As
sedimentation increasdéise additionalload issufficient to cause salt piercement and diapirism
(Alam and Pilger 1988) Lowrie et al. (1993) contend that thermal forces aisatribute to
diapirism in the MISB. They evidence diapirighrat appear$o be associated with basement
highs coincident with thermal anomaliessulting from magma emplacement. p@sition in
accommodation space created by evacuating salt creates additional tectonic force on the diaper
resulting ina positive feedback loofAlam and Pilger 1988)Sediments deposited in the post
diapir stagenitially exhibit drapingbut eventually @in conformability over the salt structure
(Alam and Pilger 1988)

Alam and Pilger (1988) suggest the diapstagewasactive during the_ate Cretaceous and
Early Tertiary in the northern basins. Their study of Walnut and Tallulah salt diapirs inddadis
Parish, Louisianaindicate rim synclines and associated faults in the CretaceouSearoic
strata related to diaper growth chgithis period (Figure 2.4).Halokinesis in the MISB stands
in relative contrast to salt movement farther south in ¢éggonal 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 sigraint rise in relative sea level during thate Cretaceous
(Cox and Arsdale 199 Mancini et al.1999. Sediment accumulation was thus focused on the
proximal shelfat this time near the northern basingdncini et al.1999. Sediment loading at a
proximal shelf position resulted in halokinesis in the northern Louisiana basins durihgtéhe

Cretaceous andarly Paleogenefollowed by halokinesis further south as the shelf prograded

9



basinward throughout the Paleogene (Mello and Karner 1996). Figursh@viss regional

autochthonousalt thickness prior to mobilization.
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Figure 2.4: Halokinesis features associated with Walnut Dome, Madison Parish, Louisiateast 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) positioBelhi Fieldon the margin of the MISBAs per theregional
analysis of Salvaat (1987) the area oDelhi Fieldshould be underlain blyouannsalt. Alam
and Pliger (1988) confirm at least 5 major salt diapirs are preseradisdh Parish, LA, east of
Delhi Field The study by Alam and Pilger (1988) suggests diapir structures piercing Wilcox
sediments in Madison Parish, Louisia@anfirmation of the presence of allochthonous salt at
Delhi is hinderedor thisthesisby a leg&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 d¥lancini et al.(1999 is correct, salt mobilization at Delhi should have
occurred dung the Late Cretaceous anéarly Paleogene Faulting related to halokinesis is

further discussed in Sectior?&..
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A graphical structural summary f@relhi Fieldis shown inFigure 2.6. Structural events are
synthesized from regional literature, indlugl 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 (1997,208alvador(1987), Bloomer (1946), Halbouty
and Halbouty (1982)L.owrie et al. (1993), and Spooner (1964). Paluxy sediments represent
prograding delta facies deposited during tectonic quiescéRobinson 2012) Tuscaloosa
sediments are influenced by a positive Monroe Uplift, uplifthefMississippi Embayment, and
halokinesis. Tuscaloosa sedimeritelude transgressive neahore and deepwater facies
(Bloomer 1946).
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Figure 2.5: Regional salt thickness map from Salvador (1987). Thickness estimates are made using well
control and regioraseismic 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 Belhi Field Dark red =orogeny, light red = general uplift,
dark blue = rifting, light blue = subsidencstratigraphic column pdified from Johnson

(1958).

2.2Regional gructures near Delhi Field

Regional structures related to the geologic historpethi Fieldinclude 1) the Mississippi

Embayment2) 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 imelation toDelhi Fieldsedimentation, stratigraphy, and structure. Significant

regional structures are illustratedrigure2.1.
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2.2.1Mississippi Embayment

Delhi Field is located within the Mississippi Embayment, which has been a significant
sediment conduit since thkate Getaceous (Cox and Arsdale 200 The Mississippi
Embayment imssociated 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 (2@&) 197) has linked formation of thEmbaymentto movement of the
Proterozoic Mississippi Valley Graben across the Bermuda Hotspot betweér6bMa. The
Mississippi Valley Graben is &ate Neoproterozoid early Paleozoic failed rift related to
separation bLaurentia and Gondwana (Johnson et al. 1994). The graben tendident with

the trendof thinned and weakened cruisttoward the northeast (Johnson et al. 1994).

Interpraations of Cox and Arsdale (20028uggest that regional uplift and erosiouridg
hotspot emplacement was replaced by thermal subsidence duribgtéh€retaeous, forming
the Mississippi Enbaymentstructure Thar proposed model is shown Figure2.7. They cite
evidence for more than 2 km of erosion on th Neoproterozoic &cola Arch in northern
Tennessee/Southern Missouyenite plutonswere emplaced at -2 km depthand were then
eroded during théate Cretaceous, indicating2lkm of regional uplift and erosiofCox and
Arsdale 20@).

Uplift of
Ozark Mississippi Southern (zark Mississippi Valley Graben  gouthern
Plateau Valley Graben Appalachians: Plateau A Appalachians

UPPER MANTLE
- BERMUDA
HOTSPOT CONDUIT

Early Cretaceous mid-Cretaceous
Erosion of Subsided
Ozark Mississippi Valley Graben  Southem Cizark Mississippi Southern
Plateau Appalachians Platean Embavment Appalachians

"y 8 e

[ —

BERMUDA HOTSPOT CONDUIT - >
OFF ATLANTIC COAST

still mid-Cretaceous \J early Cenozoic

Figure 2.7: Schematic interptation of formation of the Mississippian Embayment from Cox and
Arsdale (20@). Thick black arrows indicate relative motion of the North American plate.
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Cox and Arsdale (2@) interpret the onset of uplift to be from Middle Cenoman@ipper
Turonian (Upper Cretaceous,-89 Ma). Uplift is inferred to beconcomitantwith deposition of
basal Tuscaloosa gravel€ox and Arsdale 2Q0) 1997 Stearns 1957 Stearns and Marcher
(1962) also use Cenomanian basal Tuscaloosa gravels at Pasdola southeast Missoutd
dateregional uplift. Regional analysis of well logs by Cox and Arsdale Zp@tdicates a
significant influx of clastic sediment into the Gulf of Mexico between Wpper Turonian to
Middle Cenomanian, evidenced by a regiomsavitch from carbonate to clastdominated
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 (Z)0

AN

Mid-Aptian (~115MaN

Marine
Shale

Carbonate
Sediments

IMid-Cenomanian
(~95Ma)
to
Jupper Turonian
(~89Ma)

Modemn Gulf of Mexico
coast line

Sediments

100w W W

Figure 2.8: Position and timing of hotspot emplacementording toCox and Arsdale (2&). Solid
and dashed proposed hotspot paths represent two different interpretations. A shift from
carbonate to clastic dominated sediments during the Middle Cefemmizninterpreted to
represent significant regional uplift of the Mississippian Embayniém@.mleoshelf edge is
represented by the boundary between the solid light gray and spotted paltesrzosition
of DelhiFieldi s i ndi cated obyi nadircead esci t hlee .Sidd$ ne Up
from Cox and Arsdale (2002
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2.2.20uachita and Alleghenyrogenies

Hansley (1996) suggests provenance for the Paluxy and Tuscamusstones to be the
Sabine Uplift, Wichita Mountains and southern Alleghénguntains 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 theesast
trending Ouachita fold and thruselb (Wichita Mountains) l(owrie et al. 1993). Concomitant
collision of the African plate caused uplift of the Allegheny mountain range trendingsuarth

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

Cox and Arsdale (2®) suggest thatemnantfold and thrust belts were superimposed on the
uplifted Cenomaniaiage 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 tdJpper Turonian (Figure 2.8). Clastic sedimentation during the late
Paleaoic and early Cenozoic is insautherly direction, controlled by highlands to the north and
thermal subsidence of the Gulf of Mexico basirthe souti{Salvador1987, Mello and Karner
1996, Goldthwaite 1991, Hansley 1996).

2.2.3Sabine Uplift

The Sabine Uplift and East Tex&geld are similar tectonically taghe Monroe Upliftand
Delhi Field (Halbouty and Halbouty 1982). Significant rifting in the area near the northern
basins firstoccurred during théate Triassic (20@30Ma) south of the Ouachita orogeny in the
area of southern ArkansaMdncini et al.1999. The Middle Jurassic is characterized by a
second episode of rifting, crustal thinning, and formation of transitional oceasi; related to
regional extensionMancini et al.1999. The result of the twgphase rifting process is a highly
irregular basemerstructure with relief up to 5000ft imaged on regional seismic linesifie et
al. 1993).Mancini et al.(1999 interpet formation of the northern basimgthin graben blocks.
Adams (2009mnd Adams et al. (201@uggests 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 nathern basins representing the post Middle Jurassic rift phase. Gravity data suggest the
Sabine Terrain to be underlain by thickened continental crust, interpretexioie et al. (1993)
to represent a horst block or accreted mmoatinent from the lat 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 microontinent. Basinformation in grabens is consistent with the
interpreted origin of the northern basfirom Alam and Pilger (1988).

Halbouty and Halbouty (1982) provide evidence for two phases of movement on the Sabine
Uplift during Cretaceous timewhich occurred sigficantly later than Jurassic horst block
emplacementdescribed byAdams (2009), Adams et al. (2010) and Lowrie et al. (1993)
Cretaceous wvement iscoeval with both the Monroe Uplift and the Mississippi Embayment
(Halbouty and Halbouty 1982, Cox and ArJ&20®, 1997) The Sabine Uplift is located on
the western margin of the Mississippi Embayment (Cox and Arsdale 1997). Regional well data
from East Texa&ieldto the Texad ouisiana state line reveals a regional surface of er@dmm
the Cenomanian Bud#&ormation (Halbouty and Halbouty 1982). Dowmarping of the
peneplane surface atop the Budamation allowed forpreservationof Woodbine sandstones
(Tuscaloosa equivalent) over the area of East Té&takl (Halbouty and Halbouty 123.
Cenomanian erosion of Buda sediments is #ageivalent 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 cati@h 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

carbonateaich 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 Tekasd positioning Woodbine sandstorBuscaloosaequivalent) at

the erosional unconformity related to movement on the Sabine Uplift.

CROSS-SECTION SHOWING
STRUCTURE & STRATIGRAPHY IN LOWER CRETACEOUS & WOODBINE BEDS
AT BEGINNING OF AUSTIN TIME

co Lgaar + nusx co

1 1

| 1 2 a3 4 8 6i 7 i8 9 10 1 12 13 14 I5i16 7 18 18 20 2

. X ﬁ*

@, we

wi H
te
aﬂ
-
=
ew
§3
%
-
L&)

LENGTH OF SECTION 75 MILES
_—
EAST TEXAS F'ELD MICHEL T HALBOUTY /JANES J HALBOUTY

Figure 2.10:West to East cross section through East Téiakl The Sabine Uplift is associated with
erosion of Woodbine (Tuscaloosa equivalent) strata, higieldy in red. The structural
history and trapping mechanism gretentially analogusto Delhi Field Figure modified
from Halbouty and Halbouty (1982).

2.24 Mississippi Interior Salt Basin (MISB)
Delhi Field is positioned on the western margin of theS@I (Alam and Pilger 1988)A

highly irregular basement surface and halokinesis are inferred to control sedimentation in the
northern Louisiana basirig&lam and Pilger 1988yiancini et al.1999. The MISB is related to
Middle Jurassic rifting and opening tfe 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 IdMangini et al.1999 Adams

2009). TheMISB is bordered by the Monroe uplift on the northwest, Jackson Dome on the
North, and Wiggin#rch on the southl{owrie et al. 1993).
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Regional subsidence resulted in marine incursion into the growing basin durikipplee
Jurassic (15969Ma) (Salvador1987). Thick Louannsalt was deposited during this period,
assisted by a highlgvaporative equatorial climate and slovascillating tectonism resulting in
periodic saline fill and evaporatigiowrie et al. 1993) As active rifting shifted south of the
MISB, thermal subsidence resulted in regional transgression and sediment accumulation in the
northern basinsMancini et al. 1999. The Early Cretaceous was a period dominated by
carbonate shelfnargin systems, fringing the growing and subsiding b@siwrie et al. 1993)

The mid and Late Cretaceousvas a periodf transition from divergent margin to a passive

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

Fluvial and neashore Paluxy sandstones were deposited duregjoric quiescence
(Robinson 2012, Mello and Karner 199@uscaloosa sedimentation likely exhibits structural
influence due to movement on the Monroe Uplift and less influence from the MISB (Halbouty
and Halboutyl982, Cox and Arsdale 2003and Alam and iRyer 1988). Figure 2.11 shows a
paleogeographimterpretation of Salvadail987) during Tithonian time dtest Jurassic). The
Cotton Valley sands are anatagsto Paluxy deltaic sands and are interpreted by Hansley (1996)
to originate from the Ouachifdountains to the north, the Sabine Uplift to the West, and from
the Allegheny mountains to the East. Cotton Valley pagleagraphy of Salvador (1987) is in
agreement with the provenance of Hansley (1996), with deltaic systems draining southward.
Using sdl thickness from Alam and Pilger (1988) as an indicator of basin structure (Figure 2.5),
Paluxy deltaic progradation in the areeDaflhi Fieldis likely to have been in a general southerly

direction, similar to Cotton Valley sediments.

Based on work byHalbouty and Halbouty (1982), Cox and Arsdale @0@nd Alam and
Pilger (1988), the Monroe Uplift and Jackson Dome #nterpreted asLate Cretaceous
structures, therefore Tuscaloosa sediments are inferred to represent a structural response while
Paluxysediments 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 tise 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 giegar the
analysis of Salvador (1987), deltaic progradation was in a southerly direction, similar to
expeced sedimentation trends for Paluxy deltaic sandstones.

2.2.5Jackson Dome

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

city of Jackson, Mississippi (Saunders and Harrelson 1992). Denbury Resoopastorat
Delhi Field- produces C@at Jackson Dome for EOR utilization [2elhi Field Saunders and

Harrelson (1992) date the structureLase Cretaceous using the presence of volcanic sediments

in the basal Tuscaloogarmation A local carbonate member tife SelmaGroup termed the

iJac Gass Kach

S

present

0 v, ;dicatindhuglift had peasedfby theiter uct ur

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

the Mississippi Embayment to a termioa of volcanism at JacksoDome

Interestingly,

potassiumargon dating of cored volcanic intrusions at Jackson dome suggests active volcanism

during the Paleocene, after the inferred end of uplift (Cox and Arsda®. 2Begional work by

Cox and Arsdie (20@®) suggests uplift and volcanism weregionally replaced by thermal

subsidence biatest Cretaceous timeontrasting with interpretealeocen&olcanism cited by

Saunders and Harrelson (1992). This discrepancy may be explained using the Beotspda H
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hypothesis of Cox and Arsdale (Z)A997) 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. Volcanismcakisda Domethereforecould

have persisted into thiealeocengpast 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 fsetiksField
(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
Arsdale2002 1997, Johnson 1958). Figure 2.1 shows th&ipnsof Jackson Dome in relation
to the MISB, the Monroe Uplift, andelhi Field

2.2.6Monroe Uplift

Delhi Fieldis positioned on the southeast flank of the Monroe Uplift (Bloomer 1@glire
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 Claikson 1958). The
Annona Chalk is absent Belhi Fieldthus the field is positioned on the formal Monroe Uplift
structure (Bloomer 1946) (Figure 2.12). Discovered in 1916, the Monroé&i€ldsepresents
the first hydrocarbons produced near the strecfliohnson 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 Cretaceoud\riasdiiphia
Formation(common name: Monroe Ga®€k) (Zimmerman and Sassen 1993). Zimmerman and
Sassen (1993) hypothesize that Monroe ®Rask 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 structuise
Comanche timenjid Cretaceous). Lower Cretaceous Paluxy sandstones of prograding deltaic
facies are the youngegre-uplift sedimentspreservedat Delhi Field and are inerpreted by
Robinson (2012) adistributary channelsandstonesluscaloosa 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 irstructuraldip angle suggestactive 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 seqeerof 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 theLate Cretace@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, Alhilger 1988,
Saunders and Harrelson 1992). The Monroe Uplift fits the regional model of Cox and Arsdale
(202, 1997) for the Mississippi Embayment, with uplift and erosion duringriideCretaceous

and ending in théate Cretaceous ¢taleogeneA graphcal structural summary fddelhi Field

is shown inFigure2.6.

STRUGTURAL MaP

Figure 2.12:Structual limits of the Monroe Uplift ardefined by Johnson (1958%the erosional limit of
the Annona Chalk (Contours showrelhi Fieldis highlighted in red and is lot=d on the
southern flank of the uplift. Modified from Silvis (203119riginal figure from Johnson
(1958)
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2.31%and 2" order sequence stratigraphy

The sequence stratigraphic profile of the Gulf of Mexico basin begins with breakup of
Pangaea during thiliddle Jurassic l(owrie et al. 1993). Extension related to opening of the
Gulf of Mexico is interpreted as &' brder supesequence spanning nearly 200 million years
from the Middle Jurassic and continuing today. Tower 1% order sequence boundary is
interpreted at the base of theuannsalt. Widespread deposition of theuannsalt occurred
atop the supesequence boundary with up to 12,000 ft of gross salt thickness evidenced

regionally in log and seismic dai8alvadorl987).

The first major sdimentary deposit after theouannsalt is theMiddle Jurassic Norphlet
aeolian dune complex, deposited during an early phase of basin subsidence (Goldthwaite 1991).
A 2" order transgressive surface is interpreted atttipeof the Norphlet byMancini etal.
(2008). As subsidence continyede Smackover limestone was deposited in dalne waters
of the early Gulfof Mexico (Goldthwaite 1991). The earliest Smackover deposits are fine
grained laminated carbonates deposited during transgression (Gaitdth#991). Early
Smackover carbonates are rich inmibne organic content and are a major source rock within
the basin (Goldthwaite 1991). A"2order flooding surface is present withine Smackover
according tanalysisby Mancini et al(2008) Tk upperportionof the Smackover represents a
time of reefformationon the basin fringe and prograding carbonate deposition (Salvador 1987,
Mancini et al.2008). The Bucknéiormation,immediately overlying the Smackove&ontains
backreef evaporitesleposited during regression. Thpperboundary for the ¥ orderLouann

Buckner sequence is interpreted atop the Buckner evaporitarmmni et al.(2008).

The top of the Buckner evaporite is coincident with the onset of significant terrigelastis
input (Goldthwaite 1991). The upper Buckner and Haynesville shales were deposited during a
rising sea levelNlancini et al.2008). A 29 order flooding surface for the Buckr€otton Valley
sequence is interpreted within the Haynesville shal®lbygcini 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 Valleyormation is interpreted by
Mancini et al.(2008) tocontain sevel higherorder TR 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 199ancini et al.2008). The 2 order sequence
boundary for the BualerCotton Valley sequence is positioned atop Cotton Valley sediments at
the base of the Hosston Formatidmafcini et al.2008).

The Hosston Redbeds are interpretegbars ofa lowstand systems tract at the base of%a 2
order sequengeand also signala change back to carbonateminated sedimentation
(Goldthwaite 1991 Mancini et al.2008). The regionalkextensive Glen Rose Formation is
composed of the Sligo, Pine Island, James, Rodessa, Ferry Lake, and Mooringsport units
(Goldthwaite 1991). Glen Rosearbonatesshow decreasing energy upward, suggesting
deposition during a generallyrising base level (Goldthwaite 1991)his interval is
stratigraphically complex and represents significdho®ler sedevel variations (Frank Rabbio,
Catamount Explorain, verbal communication)Because the Glen Rose interval is not integral
to the zones of interest at Delhi Field, the regidibrderinterpretation of Goldthwaite (1991)
is used.A transgressive surface for th&? 2rder HosstorRodessa sequenceiigerpreted by
Mancini et al.(2008) at the top HosstorThe @rbonate sstemappeas to have kept pace with
the subsidenceelated rise in sea level @sstepped landward (Goldthwaite 1991). The Glen
Rose Formation represents 15 million years of trassyon in the Gulf of Mexico basin with
correlative carbonate deposits ringing the basin fringe from Mexico, to Texas, to Florida
(Goldthwaite 1991Mancini et al.2008). The massive carbonate factory persisted until the end
of the Early Cretaceous and mmants include the preseddy West Florida platform
(Goldthwaite 1991 Yurewicz et al. 1993 A fall in relative sea level above the Rodessa
carbonate resulted in deposition of the Fdrake Anhydrite (Goldthwaite 1991). The base of
the Ferry LakeAnhydite is the sequence boundary for thH¥ @rder HosstorRodessa sequence
(Goldthwaite 1991Mancini et al.2008).

The MooringsportLimestonerepresents a final stage of carbonate deposition during Glen
Rose time (Goldthwaite 1991). Deposition of the ksgdind PaluxyFormationsignals the onset
of more modern depositional analogs with increasing clastic sedimentation halting carbonate
growth (Gldthwaite 1991). Fredericksburg carbonates above the Petumginhigherorder
transgressiveegressivestratigraphy fancini et al.2008). A maximum flooding surface for the

2" order Ferry LakeDantzler sequence is interpreted within the Fredebisigsformation by
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Mancini et al.(2008). A fall in relative se&evel 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 interpreteass the upper sequence boundary for theorder Ferry Lakei

Dantzler sequence (Goldthwaite 198ancini et al.2008).

The end of thd&early Cretaceous is marked by significant regional erosion due to uplift of the
Mississippi Embayment (Cox and Arsdale 1997, 200Following major erosion, the region
experienced significant dowmwarping and slow development of the Mississipgianbayment
during themid Cretaceous (Cox and Arsdale 1997, 200 Northern Louisiana experienced
deposition ofthe lowstand basal Tuscaloo$armationwith fluvial/estuarine deposits followed
by nearshore marine sediments and deep marine shales dflittddle andUpper Tuscaloosa
(Spooner 1964). A" order transgressive surface is interpretedviancini et al.(2008) at the
boundary between ¢hiLower andMiddle Tuscaloosa Formations. Continued relative rise in sea
level led to deposition of pelagic marine sediments irljyger Cretaceous including the Austin,
Taylor, and Navarro units (Goldthwaite 1991). A flooding surface for thergler 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 th& drder supesequence.The Midway shalesignalsthe onset of
largescale clastic input via the MississippiBmbaymentand paleo Mississippi River (Stearns
and Marcher 1962). Eocene Wilcox sands are described by Goldthwaite (199&heagc
shallow water deposits with numerolignite beds. The presence of coal suggests subaerial
exposure thus the base of channelized Wilcox deposits is interpreted as the upper sequence
boundary for the ® order Tuscaloos&Vilcox sequence. Sequence stratigraphy for sediments
younger than the Eene is not discussed furthegcause these are significantly above the zone
of interest for this thesisFirst and secondrder sequence stratigraphy is summarizedigure
2.13.
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Figure 2.13:Sequence stratigraphic summary fbe MISB and representin@elhi Field Eastern gif

coast sequence stratigraphic summarahcini and Puckett(202) shown at left (TA =
aggrading transgressive, TB = bastkpping transgressive, Rl = regressive, GCX = regional
Gulf coast TR sequence X).Modified to include significant 1st and 2nd order surfaces
within the MISB. Significant surfaces are determined from regional literdaadini et al.

2008, Goldthwaite 1991, Stearns and Marcher 1962, Salley 2004, Cox and Arsdale 1997,
202, Salvadorl987, Bloomer 1946l.owrie et al. 1993, and Spooner 1964). SB = sequence

boundary, TS = transgressive surface, MFS = maximum flooding surface.
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CHAPTER 31 PETROPHYSICRAND K-MEANS CLUSTER ANALYSIS

This chapter discusses petrophysical analysis of the logthat is usedfor 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 fluidsfacies, 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 petrophysitmsedk-means
cluster analysis is revisited to improve upon the work of Silvis (2011). Analyses were performed

in three phases using SchlumberBetrelsoftware:

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 openh ceffeetsignatuarespl e Co

3) Application ofk-mears cluster analysis to estimate generic facies from log data

Delhi Field presents a challenging history of primdrydrocarbondepletion, wateflood,
and CQ flood. The available suite of wells represent 68 years of variable logging technology
obtained under changing reservoir fluid saturations and pres§€iwes130 wells contain log
data within the greater Delhi RCP study area. Many of these wells agedlogith older
electrolog tools thus contain a limited suite of measurements, commonly only SP and resistivity.
Seventysix (76)wel | s contain modern | og suites datincg
standard opehole suite of GR, RHOB, SP, PE, Rawity, Neutron, differential Caliper,
mi crol ogs, etc. The majority of these wells w
logging tool. Eighteenwells contain MagnetiResonancémagingLogs (MRIL) and provide
estimates of porosity, permeabyliand fluid saturationsThirteenwells 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 fork-means cluster aalysis

Cluster analysis wasriginally performed by Silvis (@11) using 19 wells within the limited
RCP study area. The Heterogeneous Rock Analifg(cluster analysisplugin for Petrel was
used for facies estimation. The goal was to systematically estimaikdit facies based on
unigue 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 corgvels as an understanding of fluid effe¢Silvis
2011) Resistivity, for examples strongly influenced by fluidat DelhiField, thus is not used
for cluster analysis. Core measurements of mineralogy, porosity, grain texture, and sedimentary
structureswere 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 @D44).

3.11 PE log focus
By data mining an additional 19 welleave beendentified that contain GR, RHOB, NPHI,

and PE logs. As a result, a total of 38 welle identifiedthat contain logs suitable for
generation of <cl| ust e201)foagmal elsster fadies dohsyissperormedf Si |
using a combination of histograms and c¥pkss in order to identify data dependencies and
anomalous trends. Of the 19 wells used by Si(?811) 6 wells contain PE logs with
anomalously high values:igure 3.1 shows a comparison between wells -25@nd 16% to

demonstrate the anomalous PE log character in welb169

Drilling mud weights were recorded from LAS headers and compared to wells with
anomalous PE logs. A strong correlation with mud weigtdestified, suggesting wells drilled
with mud weights greater than 10 PPG exhibit anomalous PE valbes.effect may be
explained by the presence of barite in the drilling mud, used to increase theeigind.
Drilling-grade barite has a density of at te4® g/cni thus is an effective additive to increase
the weight of drilling mud (Ross 2012Figure 3.1llists 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-5.5Barite has a PE value of 26thus a small amount can
increase the average PEaoformation substantially, maskitige lithological PE response.
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Figure 3.1: (Left and center Comparison of the log suite uséy Silvis (2011)for cluster analysis
between wells 168 and 1592. The PE log in well 168 contains anomalousluesdueto
Barite in drilling mud. Figure modified from Silvi011). (Right) Table of neasured PE
values for elements present in HBltyant zone strata.

Wells withananomalous PE response are compared to wells with normal response to evaluate
any further efécts ofbariteon the GR, RHOB, and NPHI log$sigure 3.2 crossplots NPHI and
RHOB for wells both affected and unaffecteddaritemud. The data trends and values of GR,
NPHI, and RHOB appear statistically unaffected bdarite with PE being the princa log

affected.

3.1.2 Neutron, gamma ray, and bulkmksity log focus

GR, RHOB, and NPHI logs demonstrate no measurable sensitivityetdarite additive
However, from personal communication with Halliburton, petrophysical analysis has not been

perf or med on tdatasetsd theck fprllog consstenbydétween wells. Such
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Figure 3.2: Crossplots of neutron porosity versus density colored by PE for wells with unaffected PE
(left) and wells with baritaffected PE (right). Similar data trends for NPHI and RHOB
suggest the barite effect is limited to the PE logWells 1401, 1592, and160-2 contain
PE logs unaffected by barite. Well40-2, 1562, and 1504 contain high PE values
consistent with the barite effect.

analysis might include histogram comparisons, environmental correctietspphysical
modeling, and crosglotting 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 noeservoir Midway interval representslatively homogeneous
marine $ale, thus is well suited for log calibration. Resistivity is examined to establish the
consistency of the Midway shale across the study area. Rg8ishows histograms of deep
resistivity logs (RT90) at 8 wells across the study area. Note the agredratwveen histogram
peak frequencies for deep resistivity, evidencing spatially and vertioalyiant charactestics

of the Midway interval.

When GR histograms are compared for the same 8 wells in the Midway insegvaficant
variation isevidert (Figure 3.5. A variation of 22API 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 ofARP2 units inthe GR logs is outside the

expected geological rangdwenty wells containing GR and NPHI curves also contain trailing
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log headers, which provide a record of corrections applied to the logltiatérailing headersf

all 20 wells suggest environmental corresichave not been applied to GR NPHI logs to
correct for borehole diameter, mud weight, mud type, temperature, formation salinity, and tool
standoff. Halliburton was consulted as to vdmwironmental corrections had not been applied, to
which they cite uncertainty of formation water resistivity as the printapson(Sandeep

Ramakrishna, Halliburton, personal communication).
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Figure 3.3: Eightwell histograms for deep resistivity logRT90) in the Midway shale interval. Scale
on the X axis is the lqgof resistivity. Consistent RT90 values are observed.

Delhi Field has undergone water flooding with both HBHlyant produced water as well as
Wilcox produced water, with ndetailedrecord of where and when the different formation
waters were injectefbersonal communicatioandeep Ramakrishna, HalliburjorAttempts to
measure the fluid resistivity of both Hdryant and Wilcox Formation water have been
unsuccessful (Sandeep Ramshna, 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,
Schlumbergr, personal communication), no attempt at a petrophysical maddieemade by
Halliburton. To circumvent the lack of formation fluid resistivity measurements MRIL logs were

obtained which are insensitive to fluigalinity (Coates et al. 1999Before GR logs can be used
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in cluster facies modeling, environmental correction for {sacte and mud weight are applied,
with hole size being the dominant correction (Tom Bratton, Schlumberger, personal
communication). Figur8.4shows modeled GR correctionsngithe Halliburton Chart Book for

well 1592, which confirms a greater effect for borehole size than for mud weight.
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Figure 3.4: Environmental correction model for the GR log based on the Halliburton Chartbook. Hole
sizeis the dominant correction. Hpoints on the model represent fiedd-wide observed
limits of mud weight and borehole size.

When the caliper histograms are compared to the GR histognatnshown) a correlation is
observed between low GR values in the Midway and higher calipexsralbuch 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 (Rgssonal communication, Tom Bratton,
Schlumberger) Schlumberger Techlog prioles environmental corrections for Halliburton lpgs
henceall wells with GR logs are corrected for borehole size and mud weight. Histogram
analysis of GR logs after environmental correction shavemaller variation of 1API units
between the wells withistogram frequencies peaking at the minimum and maximum GR values.
An improvement in the consistency from 22 to API units supports the application of
environmental corrections though the variation remains too large to be geoliper factors
may explain the residual variation in GR logs. The GR tool statistically measures the natural
gamma ray radiation of a formatidhusshouldbe calibrated to material with a known gamma
ray count rate, accounting for tegpecific standoff variations ardktector sensitivity variations

(Personal communication, Tom Bratton, Schlumbergéf)mproperly calibrated, the GR tool
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may exhibit variations in mean and standard deviation between wells (Personal communication,
Tom Bratton, Schlumbergerfhe GR log in 39 wells were normalized to tgeoup mearnn the

Midway shale The average GR value in the Midway is estimated at®RI8 As acheckof the
chosennormalization value, the caliper in well 2498suggest$io borehole washout is present

and the GR man for well 198 is 94.3API, 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. Fig3t& compares the GR histograms hetMidway

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

GR normalization at each of the 39 wells are contained in Appéndix

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

GR. A discrepancyof 2.9 porosity unitss measured between wells with histogram frequencies

0.3 A peaking at the minimum and maximum
Al NPHI values. Based upon the regional

geology of the Midway shale and the

.15 consistency of  deep resistivity

Frequency

measurements in the Midway, a
discrepancy of~3 porosity unitsin the

0.0 NPHI logs is outside the expected

0.3

B geological range. Environmental
correction for Halliburton NPHI logs
corrects fo temperature, borehole size,

0.15 mud weight, mud type, tool standoff,

Frequency

formation salinity, and mud salinity, with

hole size and tempera& being the
0.0

m— dominant corrections (Personal

communication, Tom Bratton,

Figure 3.5: GR histograms for 39 wells in th Schlumberger). Figure3.6 - shows

Midway shale, (A) beforerevironmental environmental corrections from the

correction and normalization, and (E )
after environmental correction an Halliburton Chart Book for well 152.

normalization to the collective mean. Based on parameters  determined
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empirically from the log data, correction nmatyide is largest for variations in temperature and
borehole size.

Open Hole Environmental Corrections
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Figure 3.6: Environmental correction values for the NPHI log based on the Halliburton Chartbook.
Hole size and temperatuaeethe dominant corrections. Correcticaa®based orassumed
porosity of 28%. Red line represents the universal standard valubg Falliburton 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 isdbserv
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 NS after
environmental correction sh@va smaller variation of 2.7 porosity units between the wells with
histogram frequencies peaking at the minimum and maxiiBmI values. An improvement in

the consistency from 2.9 to 2.7 porosity units supports a@pglication of environmental

33



corrections, though the variation remains too large to be geolother factorscan explain the
wide variation in NPHI log valuelsecausehe neutron tool statistically measures energy loss of
medium energy gamma rays as)tltee slowed by collisios with hydrogen moleculef_ord
2012) Being statistical, the neutron takouldbe calibrated to material with a known hydrogen
index, such as watéPersonal communication, Tom Bratton, Schlumberdea)ibration should
accountfor tool-specific source radiation variatigntool standoffdisparitiesand detector
sensitivity differences The NPHI tool may exhibit variations in mean and standard deviation
between wells, similar to GR tools as discussed previously (Personal coratimm 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 estimate@%8 porosity
units. Due to high spatial and vertical variability of teservoir interval, normalization based
on standard deviation is not performed. FigGt& compares the NPHI histograms in the

Midway shale as recorded versus after

Mt l A environmental correction and
| normalization. Static shift values for NPHI
normalization attach of the 38 wells are

contained in AppendiA.

Frequency
o
=

Bulk Density logs (RHOB) were

g:g B ' examined for inconsistencies in the
Midway shale interval. Most wells have
2 an average bulk density value near 2.32
gy 0.1 g/cc in the Midway interval. Five wells
£ were identified thatontainvariations less
than 0.05 g/cc from the mea Caliper
0.0 e : logs show no correlation withthese
0.1 8.353 0.8 slighty anomalous bulk  density

NPHI (v/v)
histograms(not shown) indicating wel

Figure 3.7: NPHI histograms for 38 wells in th - ) )
Midway shale, (A) before environment; SPecific borehole size corrections were

correction and normalization, and (E 0504 by Halliburton. Examination of the
after environmental correction an

normalization to the collective mean.  trailing log headers in 20 wells reveals
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borehole sie corrections have been applied, which is confirmed by theepce of RHOB
correction logs(Lord 2012) The magnitude of RHOB corrections should diminish with
decreasing washout; borehole conditions in the reservoir zone are gemepatlyedcompared

to the Midway shale interval. RHOB logare used ass: environmental correctionand
normalizationare not appliedlue to the improved borehole conditions of the reservoir interval
and because environmental corrections had been applied pre\ogusatliburton

3.1.3 Ramifications for cluster analysis

Silvis (2011)cr eat ed a fAmastero | og to deveSlxofp a cl
the 19 wells used contain anomalous PE values and may adversely influence the facies
relationships determinedfom t he fAmaster o | og. Proper cal
instrumental in differentiating fluvial facies from marine facies, as evidenced by &044)
and discussed further in Sections 4.1.6 and 621838 wells with NPHI and GR logsequired
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 @Els i n(20%1L)id ma sstéer 0 | 0 ¢
application of significant corrections to GR and NPHI logad the identification of 19
additional wells to be included in cluster analysis, the decigsias mace to reperform the
cluster analysis Figure 3.8 summarize the well data available for cluster analysis facies
determination. The original 19 wells used by Sil(2011) are labeled. Wells shadedd
orangeoryellowunder the APE Statuso column contain ¢
from t heogfused t® gemarate the cluster analysis mo@eneration of cluster facies

logs is presented in Section 3.3.

3.2Petrophysics forfluid discrimination

Fluid effects in log data may be most pronounced on resistivity, sonic, neutron, and density
logs. Fluid type and reservotharacteristic®ften control the nature and magnitude of the fluid
effect on any given log. Perhaps the most widely known effect is the nel@nsity crossover
effect observed in gasaturated stratdLord 2012) However, lightoil can also elicit an
anomalous response, as camCAhalysis of logs for fluid discrimination focuses on discerning
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Well Mud Weight PE status
140-2 Unknown Very High
150-2 Unknown Very High
150-4 Unknown Very High
Silvis 166-2 11.4 Very High
167-3 Unknown Very High
168-1 Unknown Very High
199-4 Unknown WVery High
200-2 Unknown WVery High
Silvis 123-34 11.3 High
Silvis 123-35 11.4 High
Silvis 138-2 11.8 High
160-3 Unknown High
Silvis 169-5 11.5 High
Silvis 170-5 10.6 High
183-4 10.2 High
185-1 Unknown High
191-2 10.3 High
206-2 Unknown High
213-2 Unknown High
184-5 10.5 slight High
197-3 9.5 slight High
Silvis 123-1 9.1 OK
Silvis 136-1 9.65 OK
Silvis 140-1 9.5 OK
Silvis 146-1 9.3 OK
Silvis 148-2 9.2 OK
Silvis 149-1 9.3 OK
151-1 9.5 OK
Silvis 158-4 3.8 OK
Silvis 159-2 9.9 OK
Silvis 160-1 9.3 OK
Silvis 160-2 9.2 OK
Silvis 164-3 9.1 OK
Silvis 179-5 9.7 OK
Silvis 179-6 9.7 OK
199-3 9.7 OK
200-1 9.7 OK
213-1 Unknown OK

Figure 3.8: 38 wells containing GR, NPHI, RHOB, and PE logs that are suitable for input to cluster
analysis. Red, yellow, or orange BEatus indicates logs affected by barite mud thus are not

used to generate the cluster relationship.

the effects of brine, oil and GO dry gas production does not occat Delhi (Personal
communication, Nick Silvis, Denbury ResourceBJuid effectsare investigated to determine:
1) The log signature of COIs CQ represented in the logs of wells drilled after O

injection?

2) The log signature of oll.

measurements?

Does oil affecteutron, density and MRILporosity
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3.21 Neutron / densitjog theory

Neuron and density logs are commonly usedestimateporosity. The density tool uses a
radioactive source dowmole and is shalloweading, usually penetrating less than 6 inches into
the formation(Lord 2012) Mediumenergy gamma rays are emitted fromadioactive 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 ter@@uptonScatteringand results in a portion

of the gamma rays being deflected back to the det¢ctwd 2012) The quantity of affected
gamma rays detected is directly related to the density of electrons in the formation. A dense
material contains a gher density of molecules thus a higher density of electrons, thus will result
in alow quantity ofscatteredgamma raysletected by the tool Rocls of different typesare
composed of atoms with different atomic numbers and molecular weights, howe\sretage
molecular weight and atomic numbsrare known for various lithologie¥hese valueare 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 Bmestone matrixbut is commonly

recalibrated to a sandstone or dolomite matrix.

The neutron log also uses a radioactive source, thoughehgigy neutrons are emitted
instead of gamma raytord 2012) As the emitted neutrons collide with atomic micénergy
is lost. According to conservation of momentum, the amount of energy losvéassely
proportional to the difference between the mass of the neutron and the mass of the atomic
nucleus. Significantenergy is lost when the mass of the nuclsuthe 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
significantly reduced in energy are caliéce pi t her mal 6 neutrons. A th
only the fAthermal 06 neutrons and relates the ¢
Aficompensatedod neutron | og has two detectors
neutrong(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 th#weyreade is refered to
Bassiouni2004.
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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 +Ifiid). 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
guantity of water in a formation. Both tools assume water or brine to be théljpogeluid and
accuracy decreases when oil, gas, op @@ present.

3.22 Log signature of C®

Forty-sevenwells in the study are@ontain modern logs that include MRIL, sonic, and/or
Atriple comboo suites. The maj or2006 acquisiiont he s e
of Delhi Field CGO injection began in November of 2009 and logs available represent
measurements both before and after @&ction. Though numerous wells were drilled after the
formal start of CQinjection, it is reasonable to assuthat some wells would remain unaffected
by CG; if drilled in un-injected pations of the field or within wsweptreservoir compartments.

The effect of CQon logs is an important consideration for property modeling. For example, a
porosity log affectedby CO, will not accurately represent the true porosity of the formation. In
addition, identification of C®in logs, accompanied by a logging datauld be used to constrain

time-lapse seismic results.

Well 12335 is confirmed by DenburResourceso log CQ saturation in théluscaloos&/
sangtone Figure3.9 shows the log response tinis interval Note a strong crossver effect
between neutron and density logsow density valueghigh density porosityareexplained by
the low electrordensty of CO, relative to oil and brine.High neutron valueglow neutron
porosity)areexplained by a lack of hydrogen molecules in,0@aking the formation appear to
have lower porosity. The crossover magnitude is greater than 25 porosity unit3us¢hosa
7 sandstonaat this well. Note also that total porosity from MRIL (DMRP) follows the low
porosity response of the neutron log in the,Cturatedinterval becausean absence of
hydrogen equates to an absence of porosity for both neutron andriviiidurement&Coates et

al. 1999) For a theoretical explanation of MRIL measurements refSetation5.2.
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Figure 3.9: Well 12335 showing the logffect of CQ. The Tuscaloosa 7 sandstone is saturated in
CO, (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 leskensity CQ replacing brine.

When MRIL total porogy (DMRP) is compared to GR ifigure 3.10 a strong inverse
correlation is observed, indicating higher porosity associated with lower GR. Note that CO
affected strata plots below the GiRrosity line when using MRIL total porosity. Based on the
obsenations in well 12335, neutron porosity also plots below the -@&tosity line while
density porosity plots above the Gporosity line. Since allthree porosity indicators (MRIL,

RHOB, and Neutron) are affecte@orosity is not accurately represented log datafor
sandstone saturated with €O
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Figure 3.10:MRIL total porosity (DMRP) versus GR for four wells. Points are colored by neutron
density crossver magnitude Strong correlation is observed between low GR and high
porosity, exeptin the prsence of C@ Substituting NPHI foDMRP shows a similar
result, NPHI valueglot significantly below the bedit line. Substituting DPHI foDMRP
shows an opposite effect, with DPHI values above theflidiste.

The log signature of C&saturatedandtoneincludes

1) Neutrordensity crosovermagnitudegreater than @porosity units

2) DMRP1 GR crossplot values significantly below the bigstine for brine/oil saturated
sandstone

3) NPHIT GR crossplot values significantly below the bfitstine for brine/oil saturated
sandstone

4) DPHIi GR crossplot values above the bfsline for brine/oil saturatedandstone

Based on the CQlog characteristics from well 1235, similar trends an be identified in
other wells that may indicate G®aturation. Wells 16Q and 1663 are twinned, with surface
locations within 100 ft. From personal communication with Nick Silvis, Denbury Resources,
well 1601 was drilled as a Paluxy G@njector 3 months prior to the start of injection. Well

160-3 was drilledsometimeafterward as a Tuscaloosa injector. The loggiate of well 16€B
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is unknown Figure 3.11showssimilar GR log character between the two wéisvever, NPHI

and DPHI logs in the &uxy zone of well 1668 show crossover magnitude of 20 porosity units,

with NPHI plotting below the bedit line for brine/oil saturatedandstonen Figure 3.10 and

DPHI plotting above the befit line for brine/oil saturatedandstone Log data in wi 160-3

suggests the well was drilled into g€aturated PaluxgandstoneAppendix Y listswells within
the study area that exhibit log characteristics consistent witrs&tOration.

160-1: Logged 3 months before CO2 inj.

Figure 3.11:dentification of likely CQ saturation in well 16(8. Crossover magnitude of 20 pu is
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predict water saturation from porosity, brine resistivétyd the Archie constan{Ross 2012)

Eqg.3.1:

Sn_

W

_ a* R,
O™ * R,

Where... aisthe tortuosity constant
m is the cementation exponent

nis the saturation exponent
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Delhi Feld was discovered in 1944 and primary depletion occurred188R at which point
a waterflood was initiated. Nearly 50 years of water flood utilizgdducedHolt-Bryant zone
formation wate in addition to Wilcox formation water. Brine resistivity is unknown for both the
Holt-Bryant zone brine and the Wilcox brine (Personal communicaliandeep Ramakrishna,
Halliburton). There is a possibility that both sources of injected water haeeethffresistivities
therefore R could vary spatially withirDelhi Field According to Halliburton, petrophysical

analyses weraot performed on the tripleombo logs due to suspected variability in R

During data analysis for GGaturation, numerousells were initially interpreted to contain
CO, saturatedsandstonelue to neutromensity crossover. Crossover magnitude in these sands
ranged between 5 and 12 porosity units (crossover fora@ration iggreater thar25 pu in

well 12335). Figure3.12shows the crossover effect in well 289drilled and logged 4 months
prior to the start of C@injection.

159-2: Logged 4 months before CQO, injection
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Figure 3.12:Porosity logs in well 152 showing crossver between NPHI and DPHI. Note zones of
crossover shaded orange correlate with MPulk oil saturation, shaded green. This well

was logged 4 months prior to the start of Ci@jection and crossver is due to oil
saturation.
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MRIL bulk oil volume is shown in the first column amdrrelates with zones of neutron
density crossover. Note also that NPHI and DPHI values in low GR sands lie along tfie best
line for brine/oil saturatedandstoneshown previously inFigure 3.10. The oilexample is
differentiated from C@related crosover by robust NPHI values in low GR sands and

diminishedcrossover values betweenB®2 porosity units.

MagneticResonancémaginglLogs (MRIL) were collected in 18 wells in the study area and
are sensitive to oil saturation based on variationeegmancerelaxation time(Coates et al.
1999) For a theoretical explanation of MRIL measurements please reSacton5.2 Figure
3.13shows neutromlensity crossover magnitude plotted against MRIL bulk oil volume. €olor
coding by GR value indicatéba the magnitude of neutreshensity crossover may be predictive
of bulk oil saturatioras a function of clay volumeThe observed effets explained by the low
density of oil at Delhi. A solubilityswelling study was performed by Core Labs dédrfrom
well 70-4 in December 2007. Analysis indicates a specific gravity of 0.731 g/ccaF13504
PSI, which is an approximatioof field conditions prior to C®injection. Compared to brine
with a specific gravityof over 10 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 estimatd 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 t@lobrd 2012)

The log signature dfil -satura¢d sandstonéncludes

1) Neutrordensity cros®ver effect between-02 porosity units in cleasandstone

2) DMRP i GR crossplot values follow the bétt line for brine/oil saturatedclean
sandstongewith slight overprediction of porosity

3) NPHI i GR crossplotvalues follow the bedit line for brine/oil saturated clean

sandstongwith slight undetprediction of porosity

Estimates for bulk oil saturation are available for 18 wells with MRIL .létsvever, 3

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

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

Four gamma ray bsrare determinedmpirically, whichinclude 630 API, 30-60 API, 60-90
API, and 96150API.

13

12

1M

30.000

* £0.000

90.000

MRIL bulk volume oil {v/v)

120.000

042 035 0.2 £ 014 007 ] 0ar 'R EY o 0.28

NPHI-DPHI x-over (v/v)

Figure 3.13:MRIL bulk volume oil versus NPHDPHI crossover for 18 wells with MRIL logs. An
exponential relationship is observed suggesting amges may bepredictive 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 relationshiporder topredict bulk oil saturation as a function of
both neutrordensity crossover and gamma ray valug @&).

Eq.32:  Bulk Oil = (-.0219*GR+3.5779)e(-1568"GR+6.5025)*(Xover)

Where... Bulk Oil is saturation in units v/v
GRis the gamma ray log
Xoveris DPHI minus NPHI

Figure 3.14 plots predicted versumeasuredVRIL bulk oil volume. For gamma ray values

between 6aL20 API most points gt below 3% bulk volume oil. Significant scatter is observed
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for gamma values-60 API, especially at higher oil saturation. Diminished prediction quality

for low GR, high oil saturated conditions is evident when considering the original crossplot
valuesin Figure3.13 The cleanestandston€0-30 API) exhibitsinvariantcrossover 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 saturatidngimilar nonlinear

effect of oil saturation orother bulk properties isshown via oil-substitution modeling for
acoustic propertiegsy Ramdani(2012) and Bibolova2012).

Pred. Bulk oil (%)
Gamma ray (API)
[=)]
o

120

5 & B ] 0 " 2

DMR Bulk oil (%)

DMR Bulk oil (%)

Figure 3.14:.Comparison of predicted €#xis) versus measured oil volunie-axis) for 18 wells with
MRIL logs. For GR values greater than/&BI (right), most data pointgredictless than 4%
bulk oil. For GR values less than 81, prediction quality diminishes with decreasing GR,
suggestingil-saturated higlguality sandsineis the mosdifficult to predict

Figure 3.15 compares predicted versus MRIL oil saturation at well-259 Though the
predicted bulk oil volume does not match MRIL valdes bulk oil volume the prediction
demonstrates the ability to detect oil sation. In summary, the use of neutdensity
crossover for oil prediction appears robust in the ability to detect oil but fails to adequately
guantify volumes. This technique is therefore not used to generate additional estimates of
saturation for proprty modeling but rathesould be used toonstrain the oilvater contacor to

test saturation models developed based on MRIL data.
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Figure 3.15: Predicted versus measured bulk oil volume for weH215%he exponential relationship
between neutradensity crossover and oil saturation suggests a diminished ability to predict
oil volume in clean oil saturatedsandstone(Figure 3.13). Tie crossover method is
therefore bestuited for oil detection purposes and not quantification.

3.3Cluster facies

Facies delineation by statistical cluster analysis is revisited for this research to accomplish two
aims. First, to expand the numbédrvweells 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 tizéh were used ithe original cluster
relaionship. 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 presesttedn Chaptes 4
and 6c¢luster facies are described via petrographic analgsi®,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 Anathsste( analysis
plug-in for Petrel according to the procedure detailed by Silvis (2011). cltetr analysis
process seeks to identify dense clouds of data points within-diukinsion Euclidean space, to
which the process assigns a facies valGQ&uste 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 coordiraisformations
applied to align the nincipal component axes to the eigenvector orientations, thus maximizing
variability along each axis. From Principal Component analysis the number of logs needed to
identify various faciess determinedmulti-dimensional clusters) (Tom Bratton, Schlungeet
personal communication). Silvis (2011) determined four logs are needed, consisting of GR,
RHOB, NPHI, and PE. Second;ideans clustering is performed using Brencipal Component
data in multidimensional Euclidean space, defined from Principal @oment analysis. K
means clustering identifies dense Aclusterso

for each clusterigure 3.16graphically demonstrates therdeans clustering process.

A) B)
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e . L e
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&~ A~ “ Cluster
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A (XN . A
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Figure 3.16:Graphical representation @luste facies analysis. Lik&inds 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 betrassids Modified from
Silvis (2011).

The user must define the number of clusters desired. Howthesttpolkit in Petrelprovides
diagnosticgo help identify an appropriate number of clust&sneansmaximizsthe distance
between centroids while minimizing the distance from each data point to an assigned centroid.

For a given cluster, theosition of thecentroid is computed and the distance between each data
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point and the centroid is computed. A data paiose to the centroid is said to show good
Acompliancedo while a data point far from the
consider two end member cases to visualize how the optimization functions. In Case 1 only one
cluster is defined foa birmodal data distribution. It is assumed that different regions of high
datadensity are positioned somewhat away from the centroergge) data value, thus a low
compliance should be observed. Case one is similar to trying to fit a Gaussiantistrib a
dataset with bior tri-modal distribution, the fit to the data is poor. In Case two 100 clusters are
defined for the same {onodal data distribution. Given a limited number of data points from our
logs, say 300 log samples, each centroid mollv 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 ovi@ting of the data, similar to assigning a higtder polynomial fit to a
crossploé 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 increasalong with thenumber of clusters up to a point where compliance begins
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 aolliger analysigparameterization

Petrophysical analysis shows 16 of Btbdernswells 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 aredual®ng within the 16 wells with high
guality PE |l ogserbdol ogebébel asthenmsagaloysitdhre The
created by manually splicing log data to create a pseudo log of arbitrary depth. Data are taken
from the HoltBryant one only, specifically between the Monr@as Rock and dse Paluxy

picks.

Principal Component analysis is performed us
RHOB, and PE logs. Each eigenvector determined from Principal Component analysis
repregnts 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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overfitting of the data due to bad data points. If a higherev&édichosen, the software is required

to find more axes of variability in order to model higloeder trends. As the threshold is
increased, the higharder trends become increasingly likely to represent minor facies, bad data,
and/or noise. QC outputdm Principal Component analysis suggests that 96% of the variability
is modeled with three eigenvectors, thusmi€ans clustering will be computed in three

dimensionaPrincipal Component space.

K-means clustering is computattlependentlyfor 7 to 11 ¢usters, 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-deternination 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 tbRister analysis algorithm. 100 random positions are sampled in
Euclideanspace for eacbistancePlot. Each plot provides an estimate of the dominance of one
cluster relative to all other clusters. For example OtstancePlot for 7 clusters contains a large
histogram peak at 7000 distance units and only three peaks witthistazce 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 resolve@istaecePlot for 11 clusters

contains 12 peaks within a distance o 120 distance units.
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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 morelusters can be resolved. The plot for 11 clusters shows 12
histogram peaks with similar frequencies; many ggabable histogram peaks is equivalent
to overfitting of the data thus fewer clusters should be chosen.
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Finding numerous equarobable clugr centroids is analogous to oMéting 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, BistancePlot suggests fewer clusters should be

specified Based orDistancePlots, 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.E3tlshow
box plot for 9 clusters. The green line is the mean value and the blue box contain$ th@%
data pointsComparing 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 clusterantl 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), #uglitional facies is differentiated only in RHOB, with
significant overlap observed in GR, NPHI, and FEurther, the additional facies contains high
GR values thus is likely to be naoaservoir. Based on the box plots for 8, 9, and 10 clusters, 9

clusers are chosen as the optimum number.
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Figure 3.18:Box-andwhisker plot for 9 clusters. Though not shown, a comparison between 8, 9, and 10
cluster facies suggestgeservoirquality facies is added between 8 and 9 clusters and that a
nonreservoir faies is added between 9 and 10 clusters. 9 clusters are chosen as the
optimum number.
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3.3.2Cluster tagging

As a final step, the-Blusterk means r el ationship is fAtaggedo

RHOB, and PE logs to generate cluster facies lopg. dluster relationship is applied to the
entire log interval, though the cluster relationship is only valid within the-Blgiint zone
where it was developed. Figure 3d@npares the output with tleduster facies of Silvis at well
1592. In general, the new cluster analysis breaks auéemeservoir facieand breaks out fewer
shale facies. Neneservoir facies ® of Silvis (2011) are reded to facies ® by the new
cluster analysis. Cluster fas 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 mesv fac

3 may represent transitional strata between distinct reservoir facies. It is hypothesized that this

facies is better resolved due to more consi
of anomal ous PE | ogs f risdshesist he fimaster o | og
GR | GR
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Figure 3.19:Comparison of new cluster facies witte previous version of Silvis (2011) at well 129
Three differences are noted: the new iteration 1) contains fewer shale facies and more
reservoir facies, 2) shows decreased variab{litgtable inthe Paluxy interval), and 3)
creates a new reservoir facies (facies 3), wtdppears agransitional strata separating
distinct reservoir facies.
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Based on crosplot analysis presented Bection 3.1.320 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
i ma s tluster oelationshiph Taggi ngo of these wells wildl res
cluster facies due to ndithologic PE values. To circumverie barite effect on PE, cluster
tagging is performed without the PE log in the 20 wells with ameous response. Using the
cluster analysitechnique, removal of the PE log effectively decreases the dimensionality from 4
to 3, which then unddits the k-means clustering. Essentiallgi;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 urderdetermined. Figure 3.20 demonstrates the effects of removing the Pfiohog
cluster analysis facies determiioé. The 3term cluster facies, howeveappears remarkably
robust in discriminating facies with higher PE values, notably facies 3 antedsdme test
performed on Silvisd cluster faci etermsblu®s not
(not shown) Several explanations are offered. First, including anomalous PE logs in the Silvis
(2011)relationship may force facies relatioifsh between GR, NPHAnd RHOB that are nen
geologic.lt is possible thatemoval of theanomalousPE logs f r om t h eelimimegest er 0
the nongeologic scatter in the-&rm solution improving the facies discriminatiorBecond,
application of enviromental correction and normalization to the GR and NPHI cucoeesd
further decreasthe nonrgeologicdata variability resulting in a decreased reliance on the PE log.
Regardless of the cause, stability of the new cluster facies solution upon remowaP& lhg
demonstrates an improved cluster facies relationstmppared tsimilar testing using theutput
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 thieren cluster analysis accurately predicts facies
1, 2, 59. 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 generatedf 38 wells in the study area that contain GR, NPHI, RHOB, and PE logs.
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Figure 3.20:Comparison of 3erm (nonPE) and 4erm (PE) clustefacies relationships at three wells in
the study area. The-t8rm solution shows unexpected stability with onfynor errors
identified (highlighted by regatterned boxes in the depth column). For reservoir quality
facies 1-4, the 3term solution contains errors that are mostly limited to discrimination of
facies 3 and 4.
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CHAPTER 41 PETROGRAPH FOR FACIES DESCRPTION AND PARAGENESIS

This chapter analyadhin-sections created for coreeell 1592. Cluster faciepresentedn
Chapter 3 demonstrates the presence of four reseajuality facies in well 152. A reservoir
guality facies was defined by Silvis (2011) based on porosity and clay cdbiigster facies 8
represent clayich, lowerpermeability facies, interpreted by Silvis (2011) as -reservoir.
Analysis of clayrich facies 59 requires theise of scanning electron microscopy, which is not

available for this study, thus facie®%are notanalyzed in thighapter

It is apparent that in order to create a geologic model that h@nsteatigraphic model
additional well data outside of theored well are required. Though facies associations are
adequatehdefined for well 152 based on core analysis of Cavallini (2011) and Silvis (2011),
the facies associations should be extended to cluster facie® leggand 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 creatitimeagtatic property models so
that expected geologic trends are honored. To bring the depositional facies work of Silvis (2011)
and Cavallini (2011) fultircle, cluster facies are analyzed in tsection for mineralogy and
grain textures, and constrainleg the seismic response, to interpret depositional environments of

reservoirquality facies 14.

Cavallini (2011) examined petrographic thin sections from cored well-2598 interpret
general depositional environmerits Paluxy andTuscaloosasandstong Figure4.1 showsthe
depositional facies interpretation of Cavall{gD11)for this well based on thin section analysis
of trace fossils, grain size trends, and composition. Based fupthrer petrographicanalysis
done for this studySectio 6.2.3) it is inferred that the interpretation of Cavall{gD11)did not
considertexture (roundness, sorting) as a basis for interpretatibith is a potentially important
interpretive attribute
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Silvis (201)) performeda standard core analysiswell 1592 to interpret facies associations
based on grain size, sedimentary structures, andpbogeanalysis for porosity, permeability,
and mineralogy. Thanterpretationof Silvis (2011) is shown inFigure 4.2 with facies

associationsorrelatedwvith the gamma ray curve for well 189
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Figure 4.1: Interpretation of depositional environments in well 258Cavallini 2011). Formation tops
updated by the author.
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Figure 42: Interpretation of facie associations in well 153 (Sivis 201]), formaion tops updated by
the author
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4.1 Petrographic descriptions

Thin-sections representing a complete reservoir interval from top Tuscalobaaetdaluxy
are available at regular spacing for approximately a 120 foot intefiXao vintages of thin
sections are availablereviouslycreated by Silvi2011)and Cavallini(2011) Thin-sections
have been dyed fdyoth potassium (yellow) and carbonate (Alizarin red)-ray diffraction data
(XRD) arealsoavailable for most thisections. Eight thin-sectionsare point counted for this
study, 5 for mineral composition and 3 for texture (grain size, roundragss sortinyy No core
plugs are available for SEM analysis of clayisus analysis is confined to reservajuality
sandstone facies-4 that areobservable under the microscopé&he locations of the 8 samples

studiedare shown irFigure4.3.
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Figure 43: Locations of thirsections used for textural and compositional analysis in egeddl 59-2.

Thin section 3280. 75 tmeaswesnens ¢oi testt for stabilizatioreal t
minor constituent volumetrics. This sample was chosen based on its fluvial cogsidered
likely to contain minor mineralogical elements. Based on analysis of mineral composition as a
function of points couted, point counts of 500 were determinedenecessary to obtain stable
volume estimates of minor constituenisgure4.4). The five samples analyzed for mineralogy
are choserto investigate four key cluster facies. Facies 1 is present in the Tuscaibe@val
and is nearly pure quartz arenite. Facies 2 is present in both the Paluxyusedloosa
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reservoirs ands classified agjuartz arenite with a higher volume fraction of clay. Facies 4 is

present in theluscaloosanterval andis classified asublitharenite with significant clay and

carbonate volume.

Facies 6 is present at the Pdluggaloosatransition and contains

numerous rock fragments and claatglis classified as litharenite. All samples pecaunted

pl ot i n

determination by Cavallini2011). While counting, if the scope crosshairs landed on the edge of

t he

A Ravengnceofe al QFD mplotgconsistent with provenance

a grain, west was chosen over east and south was chosen over north. Note that mineralogical

percentagebeeafterr e f er r e d
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Figure 44. Volume of minor mineralogical constituents as a function of number of points counted for

sampl e count sminarr e

3280. 756.

mineralodcal constituents

4.1.1 Cluster fac

Figure 45 shows a sample overview in plgwolar light at 4x magnification.
texturally immature, classified as angular or-aumgular. The sample is moderate to well gbrte

with anaverage grain sizef 0.15mm (finesandstonge Thin section point counting suggests a

iesZ2Pal uxy

500 point

(3280.750)

A bourltpkrosityi ner al ogy o

Grains are

do

neec

quartz arenite QFL classification with 97.2% quartz framework grains. The large volume of

kaolinite (13% bulk mineralogy, XRD) suggests that either rock fraggnesmre originally

present or that a significant proportion of feldspar was originally present as matrix. Evidence for

the former includes clusters of clagh material, which in places exhibit a granular shape. QFL
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classification thus represents the qaet 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 sanple. For thirsection classification, only primary porosity is counté&tbint counting

reveals thal 7% of bulk mineralogy includes clays, partially dissolved polycrystalline quartz and
partially dissolved chertF{gure 4.6). Diagenesis appears limitéd inferred clayrich rock
fragments, orthoclase, higirade metamorphic quartz grains, and chert; no dissolution of
monocrystalline quartz grains is observed. No authigenic quartz overgrowths are observed,

though numerous rounded recycled overgrowtbgaesent.

A minor component of calcite is present and is estimated at 0.9 %. A trace of calcite is
identified by XRD. Calcite has patchy presertng where encountered appears ubiquitous under
the scope. Figurd.7 shows calcite cement completely occluding porosity between detrital
grains. The spotty but occluding character of calcite could suggest detrital origin, with solution
and closeproximity re-precipitation. Well preserved orthoclase grains and rock fratgrere
present in calciteemented areas, indicating early calcite cementirémrich carbonate is also
observed though thelumefraction is small enough to not be detected by point counting. XRD
data indicates a trace presence of siderite, thouigmestingly the XRD report contains no
dolomite category. The observed rhombohedral structure suggests the mineral to be ¢arbonate
while thelack of response to Alizarin Red suggests the mineral is not cebstdion 43.1
further discusseshis iron arbonate, which is interpretéd represent detrital siderit®bserved
siderite behavior is similar to calcite, patchy in presence but completely occluding porosity
between detrital grains. Siderite is interpretedhe ofdetrital origin andhas been dsolved and
re-precipitated in close proximity (Figu#8). Note that the presence of feldspars is likely to
result in an anomalously high GR response, where even relatively sdedstonavith 1-5%

clay volume may contain elevated GR levels.

A significant portion ofheavily alteredmuscovite is observed despite tloav pointcount
estimationof 3% becausesignificant quantities ofmuscovitearecontained as inclusions in high
grade metamorphic polycrystalline quartz, whiee pointcounted as quartz. Where

polycrystalline quartz is partially dissolved, diagenetically altenedcovite is also commonly
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observed. Where heavily altered, the material appears plahaiotainsthe original form of
muscovite.Kaolinization of muscovie is hypothesized b@avallini (2011). Though possible,

the system would need to be undaturated irpotassium to inhibit illiteor 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 touscovite constitutes over 1% of the buatkneralogy which suppds a

hypothesis ofllitization when based on XRDlite volume (Figure4.9).

55, SR C B L Y o @

Figure 45: Paluxy facies 2 sample overview. Note immature grain texture and high intergranular
porosity. 4X, plainpolar light.

4.1.2Clusterfacies2 Tuscal oosa (32450)

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 size5ohif. {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, pmininting) suggests that
either rock fragments were originally penmt or that a significant proportion of feldspar was
originally present as matrix. Evidence for the former includes clusters ofickaynaterial,

which in places exhibits a granular shape. QFL classification thus represents the present state of
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Partially
dissolved chert

Angular — 20

grains

Fh e L . Pt x L@

Figure 46: Secondary porosity present in partiadligsolved chert grain. 40X, Plapolar light.

Rock
fragmen

Figure 47: Calcite completely filling pore space. Calcite presence is patchy, though where present is
ubiquitous. Note calcite preserving feldspar. 10l&imppolar light.
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