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ABSTRACT

All rocks are fracturedT he fractur e net weporésiy loxpermeéability @[t i gh
Niobrara B2 (NIO B2) chalk resource play throughout the Denver Basin is known as digbttraservoir
unit. The NIO B2 has been studied extensively sincetheypb s i ni ti ation in 2009.
from the regional structure and stratigraphic history to pore throat sizes in single wells, all with goals toward
defining optimal spacing for drilling and achieving the best ultimate hydrocarbon recoverth&ddhO
B2. Current recovery factors across the Denver Basin for wells drilled in the NIO B2 interval average
between 315% (Personal comm. Dillewyn, 2023; Baillie, 2022; Sterling, 2021). Since 2009, recovery
factors in the NIO B2 have improved slightlytior the most part, remain relatively unchanged.

It is known that the fracture network in the NIO B2 is the driving mechanism behind why the
low-porosity and lowpermeability reservoir is at all economical. This research focuses on quantifying the
fracture apertures in the NIO B2 chalk at the Hereford Field in the greater Denver Basin. The larger goal
of this research is to better understand the importance of the collective and total permeability systems in
the NIO B2 interval.

Analyses show that fraatel frequency is related to applied stresses, bed thickness, and
composition, all of which play into the collective permeability and the overall total permeability systems
present in the NIO B2 at Hereford Field. Also, image log data reveal that gas sftowatceconomical
levels even after the nearllbore permeabilities are partially or completely plugged by drilling muds.
These findings suggest that consideration of fractures in the NIO B2 chalk can have greater collective
permeability than anticipate@bservations lead us to the conclusion that there is a strong need to
examine our drilling and completion practices in NIO B2 wells across Hereford Field and the greater

Denver Basin.
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Figure 1.1

Figure 12

Figure 1.3

LIST OF FIGURES

A contoured structure map from Sonnenberg (2013) datumed on the top of the Niobrara
Formation shows the modeday structural form of the greater Den®arsin. The Front
Range of the Rocky Mountains runs nestbuth and is shown in gray, the green polygons
on this map are ajproducing fields and the red polygons are-gaxiucing fields. The
orange weseast (AA’) crosssection line is shown in Figure3land the Hereford Field

is contained within the magenta box. After Sonnenberg 2013.............ccciiiieeeiiieeeeeen. 3

Thestratigraphiccolumnfrom SonnenbergCurtis,andZumbergg2021)showsall the
producingCretaceouagepay zones(asindicatedby the oil andgassymbolto their left),
sourcerocks(SR),thetypical depthsof eachreservoirin the Wattenbergareaof the
DenverBasin(immediatelyright), the formationor groupeachis a partof, andthe stage
whenthe depositiontook place.In ascendingrder:DakotalLakota Sandstone, J
Sandstone, D Sandstone, Greenhorn, Codell Sandstone, Niobrara (A, B1 & B2doutline
in red), C, and Fort Hays (Smoky Hill Member)), Hygiene (Shannon), Terry (Sussex),
and LarimerRocky Ridge (Parkman) (Sonnenberg, 2013). The NIO B2 chalk reservoir
unit; outlined in red and shaded in green, is located central and at the top of theaNiobra
2 3N o =T T o P 4

A generalized wesb-east schematic crosgction from Sonnenberg (201epicts the
structural nature of the subsurface of the basin through its central portions. The western
limb of the basin dips steeply east whereas the east limb of the basin has a gradual
western dip. Geologic formations in the Denver Basin range ifraigeMississippian
(~325-350 Ma) to Tertiary (~-8&7 Ma) (Sonnenberg, 2013). The Niobrara Formation
(lime-green box) is thermally mature (in the oil generation window; black dashed line) in
the deeper parts of the basin, whereas in the shallower easteshtha basin, biogenic

gas accumulates in the Niobrara. In the Hereford Field (projected approximate location
with red arrow), producing reservoirs are thought to lie both within and above the oil

generation window. Images from Sonnenberg, 2013.............uuviiiirrneeeieeeeeeeeeee e, 5.

Figure 1.4 The satellite imagery with section, township, and range labeled (red lines) and outlined i

magenta is the original Hereford Field {2@09. The green outline shows the COGCC
revised extents of the Hereford Field present day. Locations of the Critter Creek 17
5906B (SWSW Section 17, Township 11N, Range 63W), and Burbag8kl ZBWNW
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Section 3, dwnship 11N, Range 62W) wells are shown, as well as the original Jack 2

OLH dISCOVEIY WEIL....eeeiiiiiieeeiii ettt e e e emen e e e e e e e 7

Figure 1.5 This is a computegenerated image of the Weatherford CMI wddased mud micro
resistive image tool as it would look downhole while drilling operations were underway.
Downhole logging direction in this image is looking into the page. Whenathe gre
fully retracted the tool diameter is 4.1 inches and can be used in wells ranging between
4.6-13 inches in diameter. Image from Weatherford, 2012.........ccccooeiiiiiicccerieereeeneee, 10

Figure 1.6 The complete 18.63 foot Weatherford CMI image tool is logged in a wireline fashion.
Near the top of the tool is the memory section (MIM) that storesHeigblution data of
0.7inchsempl ing that is downloaded once the tool
middle section contains the additional integrated navigation package that can enhance
and gather multiple different petrophysical curves, and the bottom section is the Sonde
section(MIE). The MIE portion of the tool is where the electrode, button, caliper arms,
micro-resistive pads, and navigation parts are located. This section of the CMI tool
collects reatime low-resolution data that has a depth of investigation up to 0.5 inches
Image from Weatherford, 20L7..........uu e eeeer e 11

Figure 1.7 A schematic cartoon image of how the CMI tool canmicates with the formation being
logged downhole. The left side of the image shows the open area of the borehole which
would be filled with conductive watdrased mud. As the pad slides against the wellbore
sending a focused current into the formatiogh(riside of figure) the button electrodes on
each pad measure the resistivity produced by the formation. The Image from
VAV LSE= 1 g L= o] o IR O i /T 11

Figure 1.8 The electrical resistivity is measured at multiple button electrodes (red square) on
mul tiple arms. Al l measurements are oriented
YV LSEo 1 g T=T o o T2 0 i R AT 12

Figure 1.9 The Weatherford CMI image tool schematic of the function parts of the tool. The
transformesisolated circuit drive the red (pads) relative to the blue memory section
(MIM). Image from Weatherford, 2020. The resistivity of the formation is calculated by

the emitted current into the formation by the following calculation....................c..ee... 13

Figure 1.10magesrom the Critter Creek17-5906Bwell areshownzoomedin (scalel:40)anda
depthfrom 9,421°- 9,439 (total depth= 19 feet).ImageA) is anunprocessedynamic
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image.B) showsthefully processedninterpretedlynamicimagefollowing data
correction. A gammaray log of the entireCritter Creek17-5906Bwellboreis shownon
thefar right (greenline) andtheredbarreflecs the preciselocationin thewellboreof the

IMAGESSNOWN ... e e e e 14

Figure 2.1 A complete timeline oéll major regional and local structural events that influenced the
development of the Denver Basin. The green line marks the timing of oil generation in
the Niobrara Formation, the red lines signify episodes of compression and extension, the
blue lines a& deposition events, the brown lines are organic events and major basin
subsidence, and the gray line shows the timing of the Colorado Mineral Belt. Image from
L0 =1 (o T2 0 2 TR 18

Figure 2.2 The Greater Denver Basin is outlined (black dashed line) and all the major oil (green
polygons) and gas (red polygs) fields within the Denver Basin. The Denver Basin
resided in four states (Colorado (CO), Wyoming (WY), Nebraska (NB), and Kansas
(KS)), each stateds abbreviation is | abeled
south of the Colorado/Wyoming borddhe pink dashed line running north/south
signifies a 3,000 ft contour, signifying the Biogenic/Thermogenic gas accumulation
boundary that has been documented in the Niobrara throughout the Denver Basin.
Biogenic (methane) gas occurs in shallow chalkmesirs in the Denver Basin east of
this line. Thermogenic (methane) gas occurs in the Denver Basin's deeper parts west of

this line. Image modified from Sonnenberg, 2012..............coooiiiiiieceeeeeeeeeeeeeeeeeee 19

Figure 2.3 A) Paleogeography of the Cretaceous Western Interior Seaway during the deposition of
the Late Cretaceous age Niobrara Formation (2@B5 Ma) and the wesb-eastcross
section line shown in Figure 2.3B. B) shows a generic-teesist schematic cross
section from Sonnenberg (2013) depicting the structural nature of the subsurface of the
basin through its central portions. The western limb of the basin dips stesplyhereas
the east limb of the basin has a gradual western dip. Geologic formations in the Denver
Basin range in age from Mississippian (~Z&5® Ma) to Tertiary (~-&7 Ma)

(Sonnenberg, 2013). The Niobrara Formation (thin blue line, Figure 2.3Bjrtjet of

this study, is thermally mature (in the oil generation window, black dashed line) in the
deeper parts of the basin, whereas in the shallower eastern part of the basin biogenic gas
accumulates in the Niobrara. The Codell Sandstone is dignifidtedylack arrow

pointing to the thin black line underlying the Niobrara Formation. In the Hereford field



producing reservoirs are thought to lie both within and above the oil generation window.
Image A) Roberts and Kirschbaum, 1995 and B) Sonnenberg, .2013..................cceee. 20

Figure 4.1 Imagesrom the Critter Creek17-5906Bwell areshownzoomedin (scalel:40)anda
depthfrom 9,421°- 9,439 (total depth= 19 feet).ImageA) is anunprocessedynamic
image.B) showsthefully processedninterpretedlynamicimagefollowing data
correction A gammaray log of the entireCritter Creek17-5906Bwellboreis shownon
thefar right (greenline) andtheredbarreflectsthe preciselocationin thewellboreof the

= oSS T 1T o 1 PSPPSR 28

Figure 4.2 Thecompletedynamicboreholeémagelog from the horizontalCritter Creek17-5906B
well showsthelAP1 curve(yellow line track2). The undulationin theyellow line along
theimagelog aboveshowsthe paththe Critter Creek17-5906Bwell took whendrilled.
Whenlooking atthis image,notemoving from top to bottomis actuallymoving
horizontallyin a north-trendingdirection. Thewell landedin theNIO B2 chalkata
measurediepthbetween?,870- 17,876f€€t.......cccccoieeiiiiiiii e 29

Figure 4.3 Two corrected borehole image logs from the same Critter CreBRU6B well at the
same measured depths (~16,008,020 feet). These two image logs were depth and
accelerometer corrected using twonagki fferent
log clarity between the two images. The resistivity image log with an osoaje comes
from the Borehole Imaging Specialists (2019) fracture study, and thesgabeyimage
log is the image log analyzed for this study. There is a drastic difieirnmage quality
between the two resistive images. Left image from Borehole Imaging Specialists final
(] oTo] o D2 0 1 e TR o T PRSP PUPPPPPR 30

Figure 4.4 Theinterpretedmagelog from the Critter Creek17-5906Bhasa measurediepthof
8,6671 8,704feet(scalel:20).Interpretationshowbedding(green) fracturegorange),
andcontainedoints (blue).Containedoints abutagainsteddingboundariesThis image

is a360-degredmageof theb o r e hirterice, @ledoutflat. .........cccccoeeeeviiiiiiiieee 31

Figure 4.5 This processed borehole image is moderately zoomed to a scale of 1:100. Some fractures
can be observed. However, most of the fractures present in this screengrab cannot be
definitively determined due to thesdk of clarity. The Critter Creek gamma log is
shown to the far right (green) and the location of this specific image is shown by the red

line. Image measured depth ranges between 9,9822" displaying a total of 46 feet...33



Figure 4.6 ThecompleteCritter Creekl17-5906Bboreholeimagelog showsall 233 beddingpicks
(greenlines). Thethreedifferenttracksdisplayedare 1) a depthtrackwith labelsevery
200feet2) adynamicresistivitylog, the white refersto a lessresistiverock andthe black
refersto amoreresistiverock, and3) atadpoleplot showingthe dip angleof the bedding
andthetail of thetadpoleis referringto thedip direction..............ccccveeeeiiiiicce e 34

Figure 4.7 Shownareall 915fracturegorangdines)thatwereinterpretedn the Critter Creek17-
5906Bboreholeimagelog showingthetotal measurediepthof thewell 8,000- 17,000
feet(~ 9,000total feet). Thethreedifferenttracksin thisimageare,1) depthwith labels
every100feet,2) dynamicresistivitylog, white refersto alessresistiverock, andblack
refersto a moreresistiverock, and3) tadpoleplot, showingthe dip angleof thefracture
relativeto horizontalandthe fractureorientationbasedn the pointing directionof the
1= 10 [ 010 ] L=t 11 RSOOSR 36

Figure 4.8 TheCritter Creek17-5906Bboreholeémagelog showsall 44 containedoints (blue
lines). Theimagelog is displayedbetweemmeasurediepthsof 8,0001 10,200feet. The
threedifferenttracksdisplayedare 1) depthwith labelsevery200feet2) dynamic
resistivitylog, thewhite refersto alessresistiverock andtheblackrefersto amore
resistiverock, and3) tadpoleplot showingthe dip angleof thejoints andthetail of the

tadpoleis referringto thedip dir€CHON........ccooiiiiiii e s 38

Figure 4.9 The 915 fractures (orange triangles) are plotted as poles to planes in stereographic
projection showing the true dip of.Thehe fract
fractures prima2i |l NNBrto sSddfekdnhhe®@k r os e
arrow signifies the 351 N mean -580sBwebor e ori e
and the blue arrow represenis,& at the Critter Creek 13906B wellsite (~ N5 E) .

The Critter Creek 2 906 B wel | was dri |l | @4d..a.pp.r.ad40i mat el vy

Figure 4.10This dynamicresistiveimagelog showsopenfracturesredlinestrack2) betweerd, 765"
- 9,835 measurediepth(track 1). In track 3, quadrupolenassspectrometegasdatawas
collectedwhile drilling: Methang(C1redline, valuesrangebetweerf6.5137,733.3Jarts
permillion (ppm)),Ethane(C2 goldline, valuesrangebetweer?261.6139,139291.5
ppm),PropangC3 purpleline, valuesrangebetweenl 8.542,547.6opm), Butane(C4
greendashedine, valuesrangebetwee 6.4-7,675.9ppm), Pentan€C5 cayenndine,
valuesrangebetweernl.6-1,207.6ppm),andRateof PenetratiofROP)graydashedine,

track 3 unitsareminutesperfeet (MIN/ft). ..........ueeeiirree e 42
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Figure 4.11Fractureinterpretedoy BoreholelmageSpecialistsn the Critter Creek17-5906Bwell
with fracturenumber(N) groupedby type.Imagefrom BoreholelmageSpecalistsfinal
FEPOIt,2019,0. 3. et nrr e e eeinnneeeeeennnnn e A

Figure 4.12Tableshowingthefracturenumberdnterpretecoy BoreholelmagingSpecialistsn the
Critter Creek17-5906Bwell categorizedy the number(N) thatexhibita dip of lessthan
or greatethan70 degreegType columnandshownin yellow), andthe numberof
fractureghatarepartialwith the boreholeor continuousacrosghe entirewellbore(red).
Thenumberof interpretedmicro-faultsis shownin (gray).Imagefrom Boreholelmage
Specialistdinal report,2019,0. 3. ..o 44

Figure 4.13Thetwo partial Critter Creek17-5906Bboreholemagelogs areshowingthe difference
in dataclarity aswell astwo openfractureghathavebeeninterpretedn bothimagelogs
atapproximatelymeasurediepthsof 10,802and10,810feetatascaleof 1:10Q The left
resistivity image log with an orange scale comes fronBtreholelmagingSpecialist
(2019) fracture study shows open fractures (brown line). The right dynamic image log
comes from this study and shows open fractures (purple line). Thereeistia d
difference in image quality between the two resistive images. Left imageBooanole

ImageSpecialistdinal report 2019,P. 20.......uuuuuuiiiiiiiiiiiimmme e 45

Figure 4.14The numberof inducedfracturesinterpretedN) betweermeasurediepthsof 7,870
17,876feetin the BoreholelmagingSpecialisfracturestudy(2019)of the Critter Creek
17-5906B well. Image fronBoreholelmageSpecialistdinal report 2019, p. 13.............. 46

Figure 4.15A) Imagesof thelP softwarefractureaperturenodulepanelsshowinga sampleof the
parametersisedto calculatethefi Fr a & p e r ®fitheiatérpretedracturesCon 11
N/A, Con 2i mud filtrate dependency parameter, Rmmud filtrate resistivitycomes
from the Areso data set | madeishalowzandhhe RESS
resistivity comes from the AConventional 6 da
shall ow resistivity, the Output Sedtorewas | i nk:
the calculation results. B) Image shows the results for the fracture aperture calculation
between 9,002.3038,010.833" and the right column shows the aperture spacing in
millimeters however the negative aperture values are not valid results fihgsftest one

of the problems in the software approach..........cccoooiii e 48

Figure 4.16Fracture intensity log fothe horizontal Critter Creek 15906B well measured over 100
ft intervals. Moving left to right across the figure: Track 1, depth marked out in 200 ft
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intervals, Track 2, CMI Image log with all 915 fractures displayed (orange lines), Track
3, Fracture cont over 100 ft intervals, Track 4, Fracture density (frequency) per 100 ft,
Track 5, Dip angle of fracture (orange tadpol&s$)e tadpoleplot showsthe dipping

angleof thefracturerelativeto the horizontalandthefractureorientationbasedn the
pointing direCtioNOf tE LAl ..........cooiiiiii e 50

Figure 4.17Graph showing the percent (%) of fractures per 10tidtval over the 9,000 ft Critter
Creek 175906B wellbore. The verticalgxis is the % of fractures, and the horizontal x
axis is the horizontal measured depth of the Critter Creéd@08B well. The highest
percentage of fractures is in the first 2,006t of the length of the image log (~ 8,000
(001010 (0] o [T o] 1 o) TSP 51

Figure 4.18Fracture intensity log for the horizontal Critter Creek58D6B well measured over 50 ft
intervals. Moving left to right across the figure: Track 1, depth marked out in 200 ft
intervals, Track 2, CMI Image log witdl 915 fractures displayed (orange lines), Track
3, Fracture count over 50 ft intervals, Track 4, Fracture density (frequency) per 50 ft,
Track 5, Dip angle of fracture (orange tadpol&sie tadpoleplot showsthe dipping
angleof thefracturerelativeto the horizontalandthefractureorientationbasedn the

pointingdirectionof thetall. ............ooviiiiiiiiiii e ——— 52

Figure 4.19Graph showing the percent (%) of fractures per 50 ft interval over the 9,000 ft Critter
Creek 175906B wellbore. The verticalsxis is the % of fractures, and the horizontal x
axis is the horizontal measured depth of the well. The highestnpages of fractures are
found in the first 2,000 feet of the length of the image log (~ 8,a0WO00 foot depth)...53

Figure 4.20Fracture intensity log for the horizontal Critter Creek58D6B well measured over 25 ft
intervals. Moving left to right across the figure are four different tracks (1 depth marked
out in 200 ft intervals, 2) dynamic is8ve image log showing all 915 fractures displayed
(orange lines), 3) Fracture count over 25 ft intervals, 4) Fracture density (frequency) per
25 ft, and 5) Dip angle of fractures (orange tadpolHs¢tadpoleplot showsthedipping
angleof thefracture relativeto the horizontalandthe fractureorientationbasecnthe

pointingdirectionof thetail. .............oooiiiiii e 54

Figure 4.21Graph showing the % of fractures per 25 ft interval over the 9,000 ft Critter Creek 17
5906B wellbore. The vertid y-axis is the % of fractures, and the horizontals is the
horizontal measured depth of the well. The highest percentage of fractures are found in
the first 2,000 feet of the length of the image log (~ 8j020,000 foot depth)................ 55
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Figure 4.22A fracture with an aperture of 1/1006f an inch has 54 Darcies of permeability. A
fracture with araperture the width of a human hair (2/19@d 50 Microns) has 211
Darcies of permeability. Image from Burger, 1992.............ccvvviiiiieemeeeeieeeeen 57

Figure 4.23mages A & B areepifluorescenphotomicrographfrom the A) CirqueTrippell #32-16H
well andB) CirqueGunnisonSt#44-36H well andbothwells hadthe Middle Bakken
reservoirastheir targetat the Parshalfield. Image4.9Cis anepifluorescent
photomicrograplirom the CirqueGunnisonState36-16H well with the ThreeForks
reservoirin Burke Countyasthetarget.Thebluein eachof theimagesshowsthe
microfracturepermeabilityconduitsandall threescalebareare0.1mmandall three
imagesarefrom the Willison Basin,North Dakota.Images4.9A & B from Grauand
Sterling,2011,and4.9CImagefrom Bottjeretet.al., 201 1.............oevvvvviviiiiiiimmmneeeeeeeeeennsd 58

Figure 5.1 The eight different wells used construct subsurface geological maps and calculate the
properties of the NIO B1 interval in this study (green circles). All eight wedlisle in the
Hereford Field (red dashed line) and the four are used for-seas®ns (orange line), 1)
Critter Creek 175906B, 2) Uprr Peters Ranck3B, 3) Blake #2, and 4) Burbach-36l.
The Critter Creek 1-6906B and Burbach 28H wells and all sectits (thin black line),
townships (thick black line), and ranges are labeled respectively. All work was done

using Nutechoés | RAD..ge.ap.hy.s..c.al..s.of.t.wlr e.

Figure 5.2 Hereford Field cumulative production since 2003. Oil (green) gas (red) and water (blue)
production all peaked in 2011 as well as 2@D20 due to the commodities market spot
pricing increase. Data used to make the graph came from the Colorado Oil and Gas

Conservation CommISSION, 2023 ... ..uu i creeeee e et e st s e st eremesrsesasartnserrnseed 60

Figure 5.3 Thestructuremapis datumedonthe Top of the NIO B2 chalkat HerefordField (red
dashedine) andwasmadefrom the NIO B2 topspickedfrom eightdifferentwells using
IRAD. Greenreflectsthe deeperportionsof the basinandorangereflectsshallowerareas
of the DenverBasinat HerefordField andis contouredevery20ft (thin blacklines).The
NIO B2 chalkat HerefordField rangedrom -1700to -2320feetsubseandanisolated
downdroppedstructuralfeatureis outlinedby white-dashedine box. Also shownis the
crosssectionline (purpleline), andCO-WY border(thick blackline) labeled

respectively. AlIl work was done..us.i.ngé2Nut ech

Figure 5.4 The structural crossection of the NIO B2 chalk (purple) shows garmmanaand caliper

logs over the NIO B2 chalk interval at Hereford Field (red dashed line). This cross
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secton is datumed on the Tops of the Niobrara Formation (blue line) and the NIO A matrl
(cyan), NIO B1 chalk (black), NIO B1 marl (gray), NIO B2 marl (yellow), and NIO C
chalk (red) tops are displayed. The gamma log shows the thickness and lithology of the
NIO B2 chalk and how it is noticed in a wédlg based on its gamnray signature. Four
wells are included in this crosection, 1) Critter Creek 15906B, 2) Uprr Peters Ranch
#1-33, 3) Blake #2, and 4) Burbach-36l. Geophysical well logs shown in the @os
section include gamrmiay mnemonic measuring radioactivity (GRC), dark green dashed
line; scale = left side of track = 0 (low) and right side of track = 150 (high); iunits
Gamma American Petroleum Institute (GAPI), caliper measuring the borehole diamete
(CALD), black dotted | i netinckes@\),andthe | ef t
gammaray (GRX1), first wrap showing rocks with higher GAPI reading than the GRC
track, lightly shaded green; scale = left 150 (low) and right 300 (high); uGissPI.

Also, the Tops of the Niobrara Formation are shown in blue. See Figure 5.3 fer cross
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Figure 5.5 Net thickness map of the NIO B2 chalk at Hereford Field (red dashed line) was made
from the NIO B2 topspickedin eightdifferentwells usinglRAD geophysicatoftware.
Thicker intervals (orange) are separated by a thinner trencutiehorthwest to
southeast (green) across the central Hereford Field. The Critter CF&&0GE (blue
star) and Burbach 28H (green star) along with all sections (thin black line), townships
(thick black line), and ranges are labeled respectively.........cccccceeiiccceieiieeeieeeeeeeee, 64

Figure 5.6 Stratigraphic crossection showing the thickness of the NIO B2 chalk (purple) across the
four wells used in this crossection 1) Critter Creek 15906B, 2) Uprr Peters Ranch-#1
33, 3) Blake #2, and 4) Burbach-36l. The NIO A marl (cyan), NIO B1 chalklézk),

NIO B1 marl (gray), NIO B2 marl (yellow), and NIO C chalk (red) tops are also
displayed. The gammay and caliper logs show the thickness and lithology of the NIO
B2 chalk and how it is noticed in a wédlg based on its gamnray signature.

Geophyical well logs shown in the crasgection include gamrmi@y mnemonic

measuring radioactivity (GRC), dark green dashed line; scale = left side of track = 0
(low) and right side of track = 150 (high); unit&Samma American Petroleum Institute
(GAPI), caliper measuring the borehole diameter (CALD), black dotted line; scale = left
20 and r i §imdhes2N),cand the gammrag/ (GRX1), first wrap showing

rocks with higher GAPI reading than the GRC track, lightly shaded green; scale = left
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150 (low) and right 300 (high); units GAPI. Also, the Tops of the Niobrara Formation
are shown in blue. See Figure 5.5 for cresstion location..............ccoeeeeeee el 65

Figure 5.7 Map of the clay volume (Vclay) in the NIO B2 chalk at Hereford Field (red dashed line).
The areas with higher Vclay are in yellow and orange and the areas with lower Vclay are
in blue signified by thelashed white lines. The Vclay units are decimals and the map is
contoured every 0.05. All sections (thin black line), townships (thick black line), and
ranges are | abeled respectively and all worKk
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Figure 5.8 The Summation of the Total Permeability in Shale (PERM3Hmap over the NIO B2
chalk at Hereford Field (red dashed line). This map indicates producibility in the NIO B2
chalk with a reservoir thickness component enid units ofmicro-Darcy feet(uD ft).

The map is contoured every 2 uD ft. The Cretter Creek9D6B (blue star) and the
Burbach 263H (green star) along with akctions (thin black line), townships (thick

bl ack Iine), and ranges are | abeled respecti
geophysical softwaré&ee the text below for more explanation..............cccccvvvvieeeneennn.. 68

Figure 6.1 The map shows the approximate locations of the Burba@H2@ell (green star) section
3, townshipllN, range 62W, Jake@LH well (magenta star) section 1, township 11N,
range 63W, and the Critter Creek-3906B well (blue star) section 17, township 11N,
2T 0 T G 1 Y 74

Figure 6.2 Facies 1 from the Burbach-3H core shows a vertical fracture (outlined in red) filled
with organic matter that is oriented perpendicular horizontal bedding plans imtge.
This specific location of this image of the core has a measured depth of 7,213 feet and

has the lowest carbonate content out of the three different facies noticed in the. corer6

Figure 6.3 Facies 2 in the Burbach BH well has the highest fossil content of the three different
facies. There are two smaller fractures (red dashed line) thatianted perpendicular to
the stylolite (green dashed line). All the white in this image is inoceramid shells and

fragments. This image has a measured depth of 7,202.feet...........covvvvvveeeeeiieeeeeennn, 77

Figure 6.4 Facies 3 in the Burbach BH core has the highest carbonate content of the three
different facies recognized in the core. Outlined by the red dashed licalstafilled
fracture that is oriented perpendicular to the bedding plane. This portion of the core has a
measured depth of 7,182 fEeL.........coo e 78
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Figure 6.5 Sample #1 is a stylolitc grainstone. A) This thin section has a measured depth of 7,163
feet that has alternating dark laminating (stylolite) layers to a structureless appearance.
The white specklings planktonic foraminifera. The red square in (A) signifies the
location of (B). B) A zoomedh image of the area shown by the red box in A with a 40x
magnification. The stylolites show a braided appearance and are filled with organic
matter. The white f@minifera have been recrystallized with calcite and the light brown
to browngray oblateshaped features are preserved pellets outlined bgaslkd circles

Figure 6.6 Sample #2 is a fractured grainstone. This sample has a measured depth of 7,166.2 feet. A)
This sample is dark brown in color with moderate white speckling. Fractures aredrie
perpendicular to one another and fractures appear to be filled and as well as open. The
red box is the location of the zoomidimage of (B). B) Image of the zoomédred box
in A. The sample shown is dominated by dark brown to light brown esthateed pellets
and foraminifera that have been recrystallized with calcite. These forams enclose small
black spheres of pyrite. The free organic matter (black polygons) is sparse. The fracture
near the bottom of the IMage IS OPEN.......c..uiiiiiiii e 82

Figure 6.7 Sample #3 is a stylolitic grainkstone with a measured depth of 7,178 feet. A) Inoceramid
shells andragments are present at the top of this sample and white speckling is present
throughout the top % of the sample. It is tough to see but therebiggitlaminating
throughout this sample and nine open fractures with a blue background are present. The
red rectangle is the location of the zoormedmage of (B). The jeblack draping
stylolites are filled with organic matter. The white elongated spheres are foraminifera that
has been recrystallized with calcite. Free organic matter outside the sty$oliezg

SPAISE IN thE SAMPIE.....ueiiieii it e e e e e e e e e e e e e e e s emmmr e e e eeeeeees 83

Figure 6.8 Sample #4 is a grainstone with a measured deptii897eet. A) has white speckling
throughout the thin section with three noticeable stylolites and an isolated zone of
inoceramid shells. The red rectangle is the location for the zeomiethge of (B). The
white elongated features are planktonic forafenai that has been recrystallized with
calcite and the black specks within the foraminifera are pyrite framboids. Preserved
pellets are lighter gray in color and are oblate in shape throughout this image. The
stylolite is filled with organic matter and Wit the stylolite is euhedral calcite. The two

brown spheres are air bubbles that developed after thin section making.................. 84
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Figure 6.9 An SEM-ETD photomicrograph was taken using 4,000x magnification and has a
measured depth of 7,164 feet. The stylolites are filled with organic matter and within the
stylolites are pyrite framboids. Euhedral calcite & bhack speckling at the top and
bottom of this image. Image from USGS CRC..........coooiiiiiiiiieenieeeeee e 88

Figure 6.10An SEM photomicrograph using BSE detection is magnified 3,000x with a measured
depth of 7,185.3 feet. The sample is comprised primarily of coccolith fragments and
spines, a pyrite framboid, and a piece of calcitgrland intraparticle pores can also be
seen. Image from USGS CRC.... .. ittt rre s e e e e 89

Figure 6.11Two FESEM images, A) This image has a measured depth of 7,176 feet with a preserved
complete coccolithophore. Most of this sample is comprised of coccolith fragments, and
the white speckling is calcite overgrowtBy.This image has a measured depth of 7,180
feet and shows a pyrite framboid in a recrystallized foraminifera with a calcite rind and
the interparticle pores present in the foraminifera walls. Image from USGS.CRC.....90

Figure 6.12QEMSCAN mineralogy of the NIO B2 chalk is 92.09% calcite (violet), 5.42% micrite
(blue-gray), 0.79% Quartz (pink), and ftaanal amounts of various other minerals. This
sample is a massive chal k, has a resolution
IMmage from EGI, 2012.......cccoo oo rrer e e e e e e e e e e e e e e e e e e e e e e e e ene e 91

Figure 6.13QEMSCAN mineralogy of the NIO B2 chalk is 92.33% calcite (violet), 5.44% micrite
(blue-gray), 0.78% quartz (pink), and fractional amounts of various other minerals. This
sample is a massive chalk, has a resolution
IMmage from EGI, 2002, ... ..o rree e e e e e e e e e e e e e e e e e e e e e e e e eaannnnnna 92

Figure 6.14QEMSCAN mineralogy of the NIO B2 chalk is 42.32% calcite (violet), 15.91% illite
(green), 14.01% micrite (blugray), 4.96% quartz (pink), and fractional amounts of
various other minerals. This sample is laminated chalk wits @ré ut i on of 20 e m a
measured depth of 7,185.3 ft. Image from EGI, 2012................cooiiieciiinnnd a3

Figure 6.15QEMSCAN mineralogy of the NIO B2 chalk is 44.81% calcite (violet), 13.83% micrite
(blue-gray), 13.08% illite (green), 4.56% quartz (pink), and fractional amounts of various
ot her minerals. This sample is |l aminated chal
depth of 7,185.3 ft. Image from EGI, 2012..........ccooiiiiiiiii e 94

Figure 6.16QEMSCAN mineralogy of the NIO B2 chalk is 88.54% calcite (violet), 8.29% micrite

(blue-gray), 1.22% quartz (pink), and fractional amounts of various other minerals. This
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sample is a massive chalk that has & resol ut |
ft. Image from EGI, 2012........ccoo oo aaannnn s 95

Figure 6.17QEMSCAN mineralogy of the NIO B2 chalk is 88.36% d@al¢violet), 8.97% micrite
(blue-gray), 1.01% quartz (pink), and fractional amounts of various other minerals. This
sample is a massive chalk with a resolution
IMmage from EGI, 2012, ... rrer e e e e e e e e e e e e e e e e e e e e e e e e anaeaaa—a 96

Figure 6.18Vlineralogical composition in weight % for 20 samples from the Burbae3t2@ell by
way of XRD. The depths ome y-axis correlate with measured depth but are not true
vertical depth due to horizontal drilling. The NIO B2 chalk is primarily composed of

carbonate (gray), followed by total clay (purple), siliciclastics (blue), and organic carbon
(O 103 I (o | == o ) TP a8

Figure 6.19Mineralogical composition in weight % for 4 different samples from the BurBba&;
different from the 20 samples listed out above. The depth ordlesare not vertical
depths but are measured depths from the Burba@H2@orizontal well. These four
samples are predominantly carbonate (gray), followed by siliciclastics (ahdatylay
(010 g 1= S 99
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CHAPTER 1 INTRODUCTION

1.1 Overview

All rocks contain naturally occurring fteures. A fracture is defined as any separation in a geologic
formation due to applied stresses resulting in geomechanical failure. Fractures can take up various
orientations and can range in sizes greater than feet in width to microscopic, discretaaketheye
(Davis, Reynolds, and Kluth, 2011). In this project, a fracture is a gross term that encompasses both joints
and faults. A contained joint stops at bedding (i.e., abut) and is not a thgoughfeature, meaning a
contained joint does not pdnate through the entire wellbore and is generally oriented perpendicular to
bedding.

Fractures physically manifest in a variety of forms, including but not limited to vuggy, open, partially
open, closed, or cemented with a variety of materials includahgjte, silica, bitumen, oil, etc. They
assemble in a variety of distributions such as en echelon, asymmetric stgypgpupockets, shear veins,
deformation bands, conchoi dal fractures, exfoliat
torque fractures, and petal fractures, etc. (Downard, 2021; Applied Stratigraphix LLC, 2021; Bracken,
2020; Grechishnikova, 2017; Grechishnikova, 2016; Fallet al., 2015; Pollastro, 2010; Olson, 2007;
Lacazette and Engelder, 1992; Pollastro, 1992; Engetdttacazette, 1990; Hurley and Budros, 1990).

Although some fractures can form during rock deposition due tdsgasitional deformation (Cardona
et al., 2020). Most fractures are secondary in nature, forming from naturally occurring stressesdhat inter
and mechanically manipulate the rock after lithification. There are two main classes of stress that act on
rocks causing fractures to develop; these are 1) regional stresses caused by tectonic and orogenic events,
and 2) localized stresses that carnnfieienced by basin subsidence/uplift (Sonnenberg, 2012; Allen, 2010;
Erslev, 1993; Weimer, Sonnenberg, and Young, 1986), relaxation and flexure (Longuevergneet al., 2009),
compaction (Fall et al., 2015; Pollastro, 2010), compression (Collins, 2012}fidagt{Longuevergneet
al., 2009; Levine, 1982; and Arditty, 1978), faulting (Downard, 2021; Grechishnikova, 2016; Underwood,
2013, and Sonnenberg, 2012, Erslev and Larson, 2006), dewatering (Cartwright and Lonergan, 1996;
Antonellini, 1995b), geomechani{Bracken, 2020; Kim, Hwang, and Jang, 2016), and diagenetic/naturally
occurring processes such as high pore pressure (Fall et al, 2015; Sonnenberg, 2012; Lorenzet al., 1991;
Engelder and Lacazette, 1990). Fractures can form in response to a varieges$gsoincluding but not
limited to mineralization (Gale, et al., 2014; Antonellini and Aydin, 1995a), plumes (Applied Stratigraphix
LLC, 2021), dissolution (Sonnenberg, 2016; Lacazette et al., 2007; Oldham, 1996; Lacazette and Engelder,
1992), gravitatioal movements (Bracken, 2020; Grechishnikova, 2017b; Sonnenberg, 2012; Engelder and

Lacazette, 1990), increased pore pressure through diagenesis (Fall et al., 2015; Pollastro, 2010; Pollastro,



1992; Meissner, 1980), subsidence (Olsen, 2007), regional niectiresses (Downard, 2021,
Grechishnikova, 2017a; Sonnenberg, 2012), and stresses induced while drilling (Hughes, 2022; Apaydin,
Ozkan, and Raghavan, 2012).

It is well documented that the bgsbducing oil and gas wells in the NIO B2 chalk throughbet
Hereford Field and the greater Denv eporodygalow n of C
permeability NIO B2 chalk has a moderate to high fracture density (Downard, 2021; Grechishnikova,
2017a; Grechishnikova, 2017b; Grechishnikova, 2016; &urerg, 2014, Cottrellet al., 2013; Sonnenberg,

2012; Pollastro, 2010; Birmingham, Lytle, and Sencenbaugh, 2001; Longman, Luneau, and Landon, 1998;
Pollastro, 1992; Weimer, Sonnenberg, and Young, 1986). Since the 1980s, there have been extensive
structuraland stratigraphic studies on the NIO B2 chalk hydrocarimmreservoir throughout Colorado,
Wyoming, Nebraska, and Kansas. However, controversy remains in academia and industry over the role
micro and macro fracturing plays in hydrocarbon productiont(t2917; Jacobs, 2015; Bratton, et al.,

2006; Hurley and Budros, 1990). This research intends to address this controversy by highlighting how
these fractures have been neglected. Also, address how to better utilize these fractures using old ideas paired
with modern technology to boost overall recovery for wells drilled in the NIO B2 chalk in the Hereford
Field and throughout the greater Denver Basin.

This study focuses on the Hereford Field part of the greater Denver Basin in northern Colorado. The
DenverBasin is an asymmetric Laramide foreland basin covering approximately 70,000 square miles
spanning four different states: Colorado, Wyoming, Nebraska, and Kansas (Figuré,1& 1.3)
(Sonnenberg, 2013). Since oil and gas production took off in tbenuentional NIO B2 lowporosity,
low-permeability reservoir in 2009 (Gary, 2016; Sonnenberg, 2013; Pollastro, 2010; Hemborg, 1993), there
has been one common goal amongst all operators; to improve recovery factor, (i.e. increase return on
investment). Cuently, in the Denver Basin (including Hereford Field), a NIO B2 well has an average
recovery factor of approximately2% (Dillewyn, 2023; Sterling, 2021; Alfataierge, 2017; Sonnenberg,
2017; Fishman, 2005). For decades, it has been known by the ghsimtustry and academic researchers
that natural fractures, not hydraulic stimulated fractures, are the driving mechanism behind why the NIO
B2 wells are economical (Downard, 2023; Grechishnikova, 2017a; Grechishnikova, 2016; Sonnenberg,
2013; Cottrellesnl., 2013; Sonnenberg, 2012; Pollastro, 2010; Birmingham, Lytle, and Sencenbaugh, 2001;
Longman, Luneau, and Landon, 1998; Pollastro, 1992; Weimer, Sonnenberg, and Young, 1986;
Sonnenberg and Weimer, 1981). Wi ndM@B2chakresowcef r act
play would not be economically viable, even with current drilling and completion technologies (Downard,
2021; Sonnenberg, 2017; Grechishnikova, 2017a; Sonnenberg, 2013).
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Figurel.l A contoured structure map from Sonnenberg (2013) datumed on the top of the Niobrara
Formation shows the modeday structural form of the greater Denver Basin. The Front Range of the
Rocky Mountains runs nortbouth and ishown in gray, the green polygons on this map are oil

producing fields and the red polygons are-gamiucing fields. The orange wesdist (AA’) crosssection

line is shown in Figure 1.3 and the Hereford Field is contained within the magenta box. AfieniSerg
2013.
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Figurel.2 The stratigraphiacolumnfrom SonnenbergCurtis,andZumbergg2021)showsall the
producingCretaceougagepay zones(asindicatedby the oil andgassymbolto their left), soure rocks
(SR),thetypical depthsof eachreservoirin the Wattenbergareaof the DenverBasin(immediatelyright),
theformationor groupeachis apartof, andthe stagewhenthe depositiontook place.ln ascendingrder:
DakotalLakota Sandstone, J Sarmist, D Sandstone, Greenhorn, Codell Sandstone, Niobrara (A, B1 &
B2 (outlined in red), C, and Fort Hays (Smoky Hill Member)), Hygiene (Shannon), Terry (Sussex), and
LarimerRocky Ridge (Parkman) (Sonnenberg, 2013). The NIO B2 chalk reservoir unit; ourlirest

and shaded in green, is located central and at the top of the Niobrara B bench.
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Figurel.3 A generalized wedb-east schematic crosgction from Sonnenberg (2013) depicts the
structuralnature of the subsurface of the basin through its central portions. The western limb of the basin
dips steeply east whereas the east limb of the basin has a gradual western dip. Geologic formations in the
Denver Basin range in age from Mississippian (~328 Ma) to Tertiary (~-&7 Ma) (Sonnenberg,

2013). The Niobrara Formation (lingreen box) is thermally mature (in the oil generation window; black
dashed line) in the deeper parts of the basin, whereas in the shallower eastern part of the basin, biogenic
gas accumulates in the Niobrara. In the Hereford Field (projected approximate location with red arrow),
producing reservoirs are thought to lie both within and above the oil generation window. Images from
Sonnenberg, 2013.

All the previous fracture studieperformed on the NIO B2 chalk indicate that fractures are directly
proportional to the producibility of the NIO B2 chalk. However, how these fractures are

understood/interpreted is the determining factor behind the overall recovery factor per well.

Thisresearchnasthreeprincipalgoals.Theyincludel) interpretanddocumentherole thatfracturesn
the Critter Creek17-5906Bwell play in hydrocarborproductionfor the NIO B2 reservoirat the Hereford
Field, 2) usethe interpretedfracturesto quantfy the fracture aperturesfor calculatingthe collective
permeability(CP) of the NIO B2 intervalin the HerefordField, and3) usethefindings of the CPto better
understandndillustratethe impactthe CP systemhason the total permeability(TP) systen in the NIO

B2. Based on these goals we plan to test the following hypotheses:

H1: If the collective permeability (CP) of a fracture can be quantified irdoeetion and drilled in a
less destructive way, then the overall recovery factor should ircfeathe NIO B2 chalk throughout the
Hereford Field.



H2: Decreasingweit o st s and i mproving recovery factor is
achieved by accessing the CP present in the NIO B2 chalk using old drilling techniques pairesiwvith
modern technology.

1.2 Study Area

Hereford Field lies in the northern part of the greater Denver Basin located near Hereford, Colorado
approximately 4 miles from the Coloradfdyoming border (Figurd 4). The original Hereford Field is
comprised of sections 28, 33, and 34, of T12N, R62W, and sections 3 and 4, of T11N, R62W, and is 4 miles
east of E-Q1E 609 disaokeey wall according to the records of the Colorado Oil and Gas
Conservation Commasion (COGCC) (Anderson et al., 2015). When discovered in 1955, the Hereford Field
began producing from the Muddy J Sandstone reservoir. Then in 1991 Snyder Oil Corp. drilled and cored
the Burbach 2@BH well in Section 3, Township 11N, Range 62W. This welk initially a vertical hole
that was drilled horizontally through the lower portion of the NIO B2 chalk interval (Anderson et al., 2015).
According to the COGCC the Burbach-2B well was put on pump but never produced reportable
hydrocarbons, soitwdl ugged & Abandoned (P&AOGd) . I't was not
(2015), that the Burbach Z2DH wel | -wassad @i byi | wel | that coul d b
completion technologies; the same technologies that were used to kickBdikiken play in North Dakota.

The Burbach 26H is one of two wells located at Hereford Field that is focused on throughout this study,
with the second being the Critter Creek3906B (Figurel .4).
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Figurel.4 The satellite imagery with section, township, and range labeled (red lines) and outlined in
magenta is the original Hereford Field {2@09. The green outline shows the COGCC revised extents of
the Hereford Field present day. Locations of the Cri@reek 175906B (SWSW Section 17, Township

11N, Range 63W), and Burbach-2Bl (NWNW Section 3, Township 11N, Range 62W) wells are

shown, as well as the original JackPH discovery well.

1.3 Nomenclature

The traditional nomenclature for the Upper CretaceBosky Hill Member of the Niobrara
Formation consists of in ascending order the D interval, C marl, C chalk, B marl, B chalk, A marl, and A
chalk (Gary, 2016; Sonnenberg, 2011; Landon et al., 2001; Longman et al., 1998; Weimer and Sonnenberg,
1982; Sonnerdrg and Weimer 1981; and Weimer, 1978) (Fidugd. As the NIO B2 chalk reservoir unit
has been studied by operators and researchers, another chalk and marl sequence has been identified in the
uppermost portion of the NIO B2 sequence immediately undgrtiiem A marl in the Denver Basin (Figure
12). However, there is no uniform term wused for this dissection of the NIO B2
chalk/interval/reservoir/bench. For this study, the commonly referred NIO B2 sequence of the Smokey Hill
Member will be referred to akié NIO B2 marl/chalk interval. The NIO B2 chalk is the target for this
research project.



1.4 Technical Background

This project will quantify the Collective Permeability (CP) of the NIO B2 chalk and focus on how to
better understand the Total Permeabiliif?) system of the NIO B2 at the Hereford Field. The CP is, also
known as AEffective Permeability. o However, CP i
permeability with the multiplication edmedbilitact ur e
(Hughes, 2023). The CP makes up a portion of the NIO B2 total permeability (TP) system. The TP is
defined as the collective, matrix, bulk, and relative permeabilities present in the NIO B2 chalk at the
Hereford Field. Naturally occurring frages play a paramount role in better understanding the CP, and the
TP systems as well.

To better understand the CP and TP systems of the NIO B2 chalk, two key factors must be understood,
1) determine the CP in one direction, and 2) natural near wellleoneepbilities are present pdeilling.
Failure to consider these variables ultimately leads to formation damage and can cause the near wellbore
permeabilities to be partially and/or completely plugged during the drilling and completion phases of a well
(Hughes, 2023; Johansson, 2018; Chakraborty, Karpyn, Liu, and Yoon, 2017; Qilfield Review, 2016; Galal,
Elgibaly, and Elsayed, 2015; Qutob and Byrne, 2015; Ding, Langouet, and Jeannin, 2013; Cheung and
Strom, 2013; Puthalath, Murthy, Surendranathan, 2012nfstet al., 2011; Bahramiet al., 2011; Guo,
Gao, and Wang, 2011; Salimi and Ghalambor, 2011; Bazinet al., 2010; Botteroet al., 2010; Lakatos, Bodi,
and LakatosSzabo, 2009; Yong and Jienian, 2008; Iscan, Kok, and Bagci, 2007; Fishman, 2005; Reed,
1989; Haditch, 1979).

1.5 Data and Methods

The motivation for this research is to enlist a better understanding of the role fractures play in the CP
and give a new look into optimizing the production of hydrocarbons from the NIO B2 chalk at Hereford
Field. It is ny goal to lay out a roadmap on how to help improve recovery factor, optimize production, and

improve well economics based on the role fractures play in the unconventional NIO B2 resource play.

The approach that this project is proposing is not totally Ingwf the hypotheses stated above hold
true, future NIO B2 weltosts could decrease in the Denver Basin by > 30%, and the recovery factor could
improve by > 5% (Hughes, 2023; Dillewyn, 2023). These results can be achieved by utilizing a different

appro&h to drilling a well in a particular way that is unorthodox to the ceokteer model used for



unconventional wells. This project will: 1) use a Weatherford CMI Borehole Image log from the Critter
Creek 175906B well to determine fracture occurrencegrencies, and orientations and assess et
orientation relative to regional structural stresses, 2) utilize petrophysicdbg®lo show the structure of

the NIO B2 chalk reservoir at Hereford Field, and 3) utilize the Burbae3tH2@ell data thatncludes
acoustic anisotropy analysis, mineralogy, photomicrographsséutions, Rock Evaluation Pyrolysis; X

Ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) analysis to interpret key reservoir
properties for the Hereford Field. On a lasgale, this work will provide a fuller understanding of how to
better assess and assist in the development of improved drilling and completion practices in the resource
rich NIO B2 reservoir spanning the greater Denver Badinlata permission used t@oduct this research

can be found in Appendix B.

1.6 Borehole Image Log Data

The proposed study of the NIO B2 chalk at Hereford Field in northern Colorado will utbizeshole
image log that comes from theritter Creek 17%5906B well drilled in the Hereford Field, located
approximately 6.5 miles southwest of Hereford, Colorad8ec 17, TWP 11N, RGE 63W (Figutet).
This image log was collected using a Weatherford CMI wladsed mud borehole imaging tool provided
by CIVITAS RESOURCES, Inc (Figur&5). The interpretations of the image log were done using

Interactive Petrophysc a | (I1'P) software provided by LIloydds Re

The Weatherford CMI image tool was run dehole on a wireline postrilling and precompletion
(Figure1.6). The image tool can be configured in many ways, all dependent on the goals of the operator.
The CM image tool is designed to be used strictly with waiesed drilling muds due to the mechanical
functions for the tool to operate properly (Figdr&). The image tool functions with the eighad tool
sliding along the borehole after the well has bedted (Figurel.8). Each arm is equipped with multiple
button electrodes (176 buttons in total), that collect resistivity measurements of the formation being
investigated by sending an electrical current into the formation that measures a shallow depth of
investigation and can output 5 watts (Figli®). The depth of investigation into the formation surrounding
the borehole is solely dependent upon the resistivity of the formation. Themn@ststive measurements
collected by the image tool can detect fracture apertures as small as 3 microns. Qatzeabguired from
running the image tool has been downloaded and procestedise (Weatherford Labs), corrections to
the image log need to be performed in the IP software before making interpretations. The interpreter must
correct the depth, accelerotee and magnetometer of the image so that interpretations are most accurate.

Even the slightest mistake when correcting these parameters can result in major inaccuracigsl(&igure



Figurel.5 This is acomputergenerated image of the Weatherford CMI wditased mud micro
resistive image tool as it would look downhole while drilling operations were underway. Downhole
logging direction in this image is looking into the page. When the pads are fullyedtthe tool
diameter is 4.1 inches and can be used in wells ranging betwe#8 héhes in diameter. Image from

Weatherford, 2012.
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Logging
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/ Sonde section (MIE)

v
Weathertord

Figurel.6 The complete 18.63 foot Weatherford CMI image tool is ldggea wireline fashion.

Near the top of the tool is the memory section (MIM) that storesHtaigbiution data of 0.7 inch sampling
that i s downl oaded once the tool returns to the
integrated navig#on package that can enhance and gather multiple different petrophysical curves, and the
bottom section is the Sonde section (MIE). The MIE portion of the tool is where the electrode, button,
caliper arms, microesistive pads, and navigation parts acated. This section of the CMI tool collects
reaktime lowresolution data that has a depth of investigation up to 0.5 inches. Image from Weatherford,

2017.

quipotential ; P
Pad Surface / Focused Current

S {
Pl |
Measuring
current

7
Focused Current
Conductive Mud | Formation
Figurel.7 A schematic cartoon image of how th®{tool communicates with the formation being

logged downhole. The left side of the image shows the open area of the borehole which would be filled
with conductive watebased mud. As the pad slides against the wellbore sending a focused current into
the formation (right side of figure) the button electrodes on each pad measure the resistivity produced by
the formation. The Image from Weatherford, 2017.
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Figurel.8 The electrical resistivity is measured atltiple button electrodes (red square) on
multiple arms. All measurements are oriented prod
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Figurel.9 The Weatherford CMI image tool schematic of timection parts of the tool. The
transformetisolated circuit drives the red (pads) relative to the blue memory section (MIM). Image from
Weatherford, 2020. The resistivity of the formation is calculated by the emitted current into the formation
by the folbwing calculation.

— (1.1)
a

Where:

} T resistivity
V 1 voltage
T current

ki tool constant or calibration factor
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Figure1l.10  Imagestrom the Critter Creek17-5906Bwell areshownzoomedin (scalel:40)anda
depthfrom 9,421 - 9,439 (total depth= 19 feet).ImageA) is anunprocessedynamicimage.B) shows
thefully processedninterpretedlynamicimagefollowing datacorrection. A gammaray log of the entire
Critter Creek17-5906Bwellboreis shownonthefar right (greenline) andtheredbarreflectsthe precise

locationin thewellboreof theimagesshown.

1.7 Well Logs

Additional data used in this project includes eight well logs from wells drilled in the Hereford Field that

were provided by Nutech Energy, CIVITAS, atite Colorado Oil & Gas Conservation Commission

(COGCC). These eight well logs wearalyzed usinfluTec 6 s

proprietary

| RAD geop

pick NIO B2 Tops. These tops guided the calculation for generating maps displaying the top structure, unit

thickness, calculated interval clay volume, and calculated fracture permeability of the NIO B2 chalk at

Hereford Field as well as producing stratigraphic ceesgions.
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1.7.1 Burbach Well Data

The Burbach 2BH well plays an important role in this project providing a better understanding of
the CP of the NIO B2 chalk at the Hereford Field. An abundance ohdatiaeen collected on the Burbach
20-3H well that includes acoustic anisotropic analysis, mineralogy, photomicrograpkse¢tions, Rock
Evaluation Pyrolysis, XRay Diffraction (XRD), and Scanning Electron Microscopy (SEM). All of this data
is stored athe United States Geological Survey Core Research Center and was used in this study.

1.8 Previous Work

Fracture development depends on rock mechanics and the stresses present during pre, syn, and post

deposition time (Murray, 2015; Collins, 2012; Pollastg®10; Allen, 2010; Longman, Luneau, and
Landon, 1995; Weimer, 1960). Natural fractures can form shortly after the deposition of a unit (Cardona et
al ., 2022), or they may form much | ater afpgser a
of fractures may exist in an open fracture state, and/or may contain diagenetic cement (Fall, et al., 2015;
Pollastro, 2010).

Fractures in the NIO B2 are formed by processes that range in nature froisclaleyerogenic to small
scale localized. Thesprocesses include basin subsidence/uplift (Sonnenberg, 2012; Allen, 2010; Erslev,
1993; Weimer, Sonnenberg, and Young, 1986), relaxation and flexure (Longuevergneet al., 2009),
compaction (Fall et al., 2015; Pollastro, 2010), compression (Collins, 2&®tides (Levine, 1982; and
Arditty, 1978), faulting (Downard, 2021; Underwood, 2013, and Sonnenberg, 2012, Erslev and Larson,
2006), dewatering (Cartwright and Lonergan, 1996), geomechanics (Bracken, 2020; Kim, Hwang, and
Jang, 2016), and diagenetiafarally occurring processes such as high pore pressure (Fall et al, 2015;

Sonnenberg, 2012; Lorenzet al., 1991; Engelder and Lacazette, 1990). These naturally occurring fractures,

such as those present in the NIO B2 at the Hereford Field creates a paton@hbility network that is the

u

foundation of the rockds collective permeability

communicate miles (Downard, 2021). An examination of these fractures will help us to better understand
how the CP plays io the overall TP system of the NIO B2, not just at the Hereford Field but throughout
the entire Denver Basin (Downard, 2021; Alrataierge, 2017; Grenchishnikova, 2016 & 2017; Pollastro,
2010).

An example of largecale fracture development in the NIO B2nas from Erslev and Larson (2006).
According to these authors, during the L&etaceouso-Tertiary Laramide Orogeny, uplift of the deep

basement core beneath the North American tectonic plate altered the axis of the Denver Basin reactivating

15



pre-Laramice age structural features and fractures that were formed in older stress regimes (Allen, 2010;
Erslev, 1993).

PreLaramide structural elements found in the Lower Pierre Shale, Niobrara, and Codell Formations
throughout the Denver Basin (Adekunle, 2020demvood, 2013; Allen, 2010; and Erslev and Larson,
2006) were impacted by Laramidge stress regimes and new fractures were formed oriented obliquely to
older structural trends. Grechishnikova (2017), Collins (2012), and Allen (2010) observed and analyzed
two different fracture sets present in the Niobrara outcrops at the CEMEX quarry. These fracture sets are
knownasl1l)Jf racture set th&4 sdhawecdlediwteee nmi7Ber al i zat
as syALaramide Orogeny inoriginand2)f r act ur e sets t-Hat3 stamidk earlee tewd @
fractures with no calcite fill, are interpreted as gosmtamide in age (Grechishnikova, 2017; Allen 2010).
Allen (2010) also performed a subsurface fault and fracture analysis oitalvsrage log from just north
of the Wattenberg Field, concluding that the primary fracture strike orientation in the subsurface for the
Ni obrara Formation aver aged 3 F*Larammde g frattireassttat the | t i s
CEMEX quarry § known to have no cementation and are primarily open fractures (Grechishnikova, 2017;
Collins, 2012; Allen 2010).

In contrast to large continertstale stresses, smaltale localized stresses are constrained to a
particular part of the Denver Basin aimdsome instances, may be related to very earlydgpositional
deformation processes. These stresses can vary depending on the rock and/or sediment types (Bracken,
2020; Gross and Engelder, 1995; Evans, Engelder, and Plumb, 1989). Downard (2021)otth20%3),
and Sonnenberg and Underwood (2012), all utilized 3D seismic to document fractures and fdrouatbn
low-angle polygonal fault systems (PFS) in the Niobrara Formation (Figut&a-F). PFS are syn
depositional features, formed by compactiand dewatering of the Niobraege marine substrate
(Cartwright and Lonergan, 1996). Underwood (2013) noted that PFS are fractal and play an important role,
in influencing the orientation and occurrence of megpositional fracturing (Downard, 2021; Kyle
Bracken, 2020; Underwood, 2013; Sonnenberg and Underwood, 2012).
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Data courtesy of Enrhes

Seismic line, Bunting survey, showing two tiers of normal
faults.

Lower Parre Time Structure
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Figurel.1ll A series of images from Sonnenberg and Underwood (2012) documenting polygonal

fault systems found in the Pierre Shale (PS) and its member unBgig\ic line from Enerplus showing

the lowangle PFS in black with the Niobrara, Lower PS, and Hygiene SS tops, B) Time structure map of
the Lower PS highlighting the polygonal shapes present, C) Amplitude map of the Lower PS with defined
polygonal shapeis black, D) Most negative curvature attribute map E) Lower PS most positive curvature
attributes, and F) Lower PS similarity attributes. From Sonnenberg and Underwood, 2012.

In the BerthoudField, it wasnotedby Pollastro(2010),thatfracturesn theNiobraraA, B, andC chalk
bencheshowedrientationgperpendiculato beddingandhadoffsets/jogavhencrossingdifferentbedding
planesTheauthoralsonotedarelationshipbetweerfracturedensityandchalkbenchthicknesswith higher
fracturedensitesin the thicker chalk benchesTheserelationshipsbetweenunit thicknessand fracture
densityareimportantdependentelationshipgo note.

Thetraditional nomenclature for the Upper Cretaceous Smoky Hill Member of the Niobrara Formation
consists oftte D interval, C marl, C chalk, B marl, B chalk, A marl, and A chalk in ascending order (Gary,
2016). However, the NIO B2 chalk has been divided
chal k/ marl and the | owe equenaes (Garyp2016;Kernan,2645).i B20 c hal
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CHAPTER 2 GEOLOGIC OVERVIEW

The ancestral Denver Basin began to take shape roughly 1.7 billion years ago (Cunningham et al., 1994).
However, the presemtay Denver Basin developed during the Late Cretaceous (~100 Ma) to the Ear
Tertiary Laramide Orogeny (~410 Ma) (Figure2.l). A structural map of the Denver Basin from
Sonnenberg (2013), datumed on the Top of the Niobrara shows the basin to be an asymmetric sedimentary
basin that is present in Colorado, Wyoming, NebraskaKamsas (Figur@.2). The Colorado portion of
Denver Basin is bound on the west by the nedhth trending Front Range of the Rocky Mountains, in the
south by the Apishapa Arch, and in the east by the Las Animas Arch in Colorado and western Kansas. The
Wyoming portion of the Denver Basin is bounded to the west by the Laramie Range and to the east by the
Hartville Uplift. The Nebraskan portion of the Denver Basin is bound on the west by the southern extent of
the Black Hills and in the east by the ChadrozhdAllen, 2010; Erslev and Larson, 2006; Erslev, 1993).

The Denver Basin reaches depths greater than 10,000 feet in some areas. The maximum width of the basin
is approximately 100 miles, tapering to the south to approximately 20 miles near Coloradys,Sprin
Colorado, and is approximately 180 miles long, covering roughly 70,000 square miles (Kernan, 2015,
Sonnenberg, 2012).

The Denver Basin formed coeval as @retaceousgeWesterninterior Seaway(WIS) inundatedhe
North Americancontinentfrom the north andsouthspanningasfar westasNevadaandeastacrosKansas
(Figure2.3A). TheDenverBasinis a large asymmetric foreland sedimentary bakimeasterdimb of the
DenverBasinis shallowdippingwestwhereaghewesternimb of thebasinis steefty dippingeast(Figure
2.3B) (Sonnenberg013).

Naagene Exiansicn
— Waning of Laramide compression
— Seviar Thrust Event 3
— Sewier Thrust Event 2.2
— Colorado Mineral Belt
e Laramide Orogeny
Micbrara Cil ¥ N
— Piarra Shala Deposition
— Sevier Thrust Event 2.1
— Minbrara Deposition
— Sevier Thrust Event 1
Subsidence Anamaly
— Codell Deposition
Seviar Orogany
Cretaceous Period
140 120 100 10 Gl 40 20 a
lime (Mya)

Figure2.1 A complete timeline of all major regional and local structural events that influenced the
development of the Denver Basin. The green line marks the timing of oil generation in the Niobrara
Formation, the red lines signify episodes of compression and ®xietige blue lines are deposition

events, the brown lines are organic events and major basin subsidence, and the gray line shows the timing
of the Colorado Mineral Belt. Image from Downard, 2021.

18



) )
'Y !
, I (
) i
co V | KS
. e
“w
Figure2.2 The Greater Denver Basin is outlined (black dashed line) and all the major oil (green

polygons) and gas (red polygons) fields within the Denver Basin. The Denver Basin resided in four states

(Colorado (CO), Wyoming (WY), Nebraska (NB), and Kansas (kS3,c h

stateods

abbrevi a

in yellow. The Hereford Field is shown just south of the Colorado/Wyoming border. The pink dashed line
running north/south signifies a 3,000 ft contour, signifying the Biogenic/Thermogenic gas accumulation
boundary thahas been documented in the Niobrara throughout the Denver Basin. Biogenic (methane) gas
occurs in shallow chalk reservoirs in the Denver Basin east of this line. Thermogenic (methane) gas
occurs in the Denver Basin's deeper parts west of this line. Imadiéied from Sonnenberg, 2012.
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Figure2.3 A) Paleogeography of the Cretaceous Western Interior Seaway during the deposition of
the Late Cretaceous age Niobrara Formation (2@B5 Ma) and the wesb-east crossection line

shown in Figure 2.3B. B) shows a generic westast schematic crosgction from Sonnenberg (2013)
depicting the structural nature of the subsurface of the basin through its central portions. The western limb
of the basin dips seply east whereas the east limb of the basin has a gradual western dip. Geologic
formations in the Denver Basin range in age from Mississippian {33@%a) to Tertiary (~-&7 Ma)
(Sonnenberg, 2013). The Niobrara Formation (thin blue line, Figure 2t&Barget of this study, is

thermally mature (in the oil generation window, black dashed line) in the deeper parts of the basin,
whereas in the shallower eastern part of the basin biogenic gas accumulates in the Niobrara. The Codell
Sandstone is digniféeby the black arrow pointing to the thin black line underlying the Niobrara

Formation. In the Hereford field producing reservoirs are thought to lie both within and above the oil
generation window. Image A) Roberts and Kirschbaum, 1995 and B) Sonne2iiisg,
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2.1 Smoky Hill Member of the Niobrara Formation

The NiobraraFormationat HerefordField wasdepositedduring a time of major marinetransgression
in theWIS, madeup of boththe Coniacian(~86.389.8Ma) FortHaysLimestoneoverlainby the Santonian
(~83.6-86.3Ma) SmokyHill Member(Sonnenberg2017)(Figurel.2). The SmokyHill Memberhasbeen
describedoy manyworkers(Gary, 2016; Sonnenberg, 2011; Landon et al., 2001; Longman et al., 1998;
Weimer and Sonnenberg, 1982; Sonnenberg and Weimer 1981; and Weimer, 1978) and has been
subdividednto severdifferentalternatingmarl/chalkintervalsthatarecomprisedf cyclesof organicrich
shales(marl), chalky shales(marl), and massivechalk beds(chalk); listed in ascendingorder asthe D
interval,C marl, C chalk,B marl, B chalk(referredhereinastheNIO B2 chalk), A marl,andA chalk.Each
of theseD, C, B, andA chaks arecommonlyreferredto asfi b e n (Wildlian) Hawkins,andLapierre,
2013;DrakeandHawkins,2012;Weimer,1996;SonnenbergndWeimer,1981;Weimer1960).

The Fort Hays Limestoneat the Hereford Field is describedas a distal limestoneinterbeddedwith
marineshale(William, Hawkins,andLapierre,2013;SonnenbergndWeimer,1981;Weimer1960)and/or
a highly bioturbatedmicritic limestoneand mudstongKauffman, et al., 1985).The SmokyHill Member
A, Bl1, B2, C, and D marls are gray to black in color and are laminatedcomprisedpredominatelyof
siliciclastics, but also include carbonateforaminifera, coccolithophoresand coccolith platelets, and
inoceramidshells(Longmanetal., 1998). The NIO A, B1, B2, C, andD chalksaredescribedascalcite
rich andmadeup of a combinationof peloids,pelagicforaminifera,coccoliths,andoystershellsthat can
be highly bioturbatedLockridgeand Scholle,1978).The Niobrarachalk benchesreinterpretedo have
beendepositedduring arapidtransgressionf warmerwatersin the WIS. Thereservoirconditionsfor the
NIO B2 chalk at Hereford Field and throughoutthe Denver Basin are variable, however,the stacked
petroleumsystemghatmakeup the DenverBasinareknownto produce oil, gas, and condensate frive
DakotalLakota Sandstone, J Sandstone, D Sandstone, Greenhorn, Codell, Niobrara (A, B1, B2, C, D and
Fort Hays), Hygiene (Shannon), Terry (Sussex), and Latidoeky Ridge (Parkman) reservoirs
(Sonnenberg, 2013).

2.2 Hereford Field Background and Producion

The Hereford Field was first discovered in 1955. The Early Cretaceous Late Albian Stagé@HBL0
Ma) Muddy J Sandstone was the original target reservoir (Anderson, Melby, and Folcik, 2015). After the
Hereford discovery production quickly diminishéde to a decline in oil prices. Then in the 1970s to early

1980s rising oil prices led to the discovery of the Wattenberg Field ~45 miles to the southwest of the
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Hereford Field and sparked an increase in drilling activity in the Hereford Field (FAdréAnderson,
Melby, and Folcik, 2015). Shortly thereaft¢iobraraproductionin the DenverBasindeclinedin the1980s
dueto low oil and gas prices making wells uneconomicalPollastro, 2010; Weimer, Sonnenberg, and
Young, 1986).

The first horizontal weldrilled in the Hereford Field was in 1991, when Snyder Oil Corp. drilled and
cored the Burbach 28H in Sec. 3, T11N, R62W (Anderson, Melby, and Folcik, 2015). Rock Evaluation
pyrolysis was performed on two NIO B2 chalk samples and it was interpretatié¢haydrocarbons had
migrated into the NIO B2 reservoir (Anderson, Melby, and Folcik, 2015). Anderson, Melby, and Folcik
(2015) also noted that the cored interval in the lower NIO B2 chalk contained abundant horizontal stylolites
but uncommon natural feceures. It is unsure what was uncommon about the natural fractures recognized in
the Burbach 2BH core and data. However, in October 2009, EOG successfully drilled and completed the
horizontal Jake -®1H reviving and expanding the overall size of the FbedeField. In total, the Hereford
Field has produced 13,051,261 barrels of oil; 24,282,492 cubic feet of gas, and 14,156,461 barrels of water
(COGCC, 2023).

After the Jack 01H well was drilled based on a hydrocarismh NIO B2 with uncommon natural
fractures. EOG went on to accumulate some 400,000 acres throughout the Colorado/Wyoming portions of
the Denver Basin.
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CHAPTER 3 FRACTURE OVERVIEW

3.1 Overview

Fracturesare found in every rock, and different types of fractures have different fluid-flow
characteristicslt hasbeenknown sincethe early 1900sthat natural fracturestransmit fluids and that
hydrocarbonganbe morereadily producedrom fracturedrock (Oldham,1996).Over the last 15 years,
technologicabdvancementkavesignificantly improvedthe global successatewhendrilling oil andgas
wellsin i t i gnbhonv@ntionateservoir{Sonnenberg2021;Downard,2021;Collins,2012;Sonnenberg,
2012). The low-porosity low-permeabilityNIO B2 chalk in the DenverBasin and Hereford Field is a
prolific hydrocabonrich reservoirandthe driving mechanisnbehindwhy this play is atall economicais
dueto thefractures(Downard,2021;Sonnenberg2013;Collins, 2012; Sonnenberg2012).

3.2 Classification of Fractures

Fractures are classified in a variety of ways (see Chapter 1.1) but for purposes of this research, we will
utilize a classification into four different mode types, designated madés Mode | (opening) is an open
fracture that opens perpendicular te fhacture propagation direction. Mode Il (sliding) is a shear fracture
with motion parallel to the fracture propagation direction. Mode Il (tearing) is also a shear fracture but has
motion perpendicular to the fracture propagation direction. Finally, eMbd (closing) forms in
contractional settings and is often associated with the formation of stylolites, also knownrcaachsti
(Fossen, 2016; Fletcher and Pollard, 1981). These mode types produce different fracture types: shear (i.e.
faults), joints (Alen, 2010; Underwood, 2013; Grosset al., 1995), fissures (when filled with air/gas or fluid)
veins, deformation bands (Grechishnikova, 2017; Collins, 2012), compaction bands (Mollema and
Antonellini, 1996), and stylolites (Sonnenberg, 2013) (Downard, ;2B84sen, 2016). Ganechanical
properties of the NIO B2 (eg., brittleness and ductility), combined with stress and strain, strongly influence
the development of fractures and fracture intensities (Murray, 2015; Pollastro, 2010; Longman, Luneau,
and Landon1995; Weimer, 1960). The geomechanical properties of the NIO B2 at the Hereford Field will

be examined in more detail in chapter 5.

Rock fracture behavior is due in large part due to their brittle and/or ductile nature. This tendency is
particularly tree when rocks are experiencing temperature and pressure changes. There are two different
categories of deformation structures that will form during pressure and temperature changes; extension
and/or contraction. These deformation structures develop bagedhamn r ock és compositi on
stressdef or mgt,i amd( & he strain ( ghy( dahdssm( 6.cTHus, asxstpessr i e n c €
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i ncr eadtheersck lfedins to act in an elastic (stretching) fashion. The rock will eventuallyiteach
yield point (YP), and the rock will fracture if the rock's brittleness > ductility. However, as the rock
increases in ductility the rock will begin to accommodate the strain more efficiently, thus fracturing is less
likely to occur, and sometimes wiibt occur at all.

At the Hereford Field, the NIO B2 chalk is carborate c h compri sed of fdAchalk
foraminifera in a micrite/clay matrix (Underwood, 2013; Longman et al., 1998). Analysis of the Burbach
20-3H core from the Hereford &lid described by this author confirms this rdgge presence (see Chapter
6.3 for discussion). This petrographic structure makes the NIO B2 chalk brittle enough for fractures to form

under naturally occurring conditions.

Borehole Image Log Fracture Clasification

Fracturesform by naturalor inducedstresseslt is imperativeto first know how to categorizeand
classifythesefracturesvhenanalyzinga boreholeimagelog (Figure3.1). Theseformationprocessewere
definedby Lacazett€2017)which helpto betterdefinebreakoutandfractureinducementandarediscussed

below.

Breakoutsoccur simultaneouslyon oppositesidesof the wellbore dueto formationinstability
causedoy drilling processesWhenmeasuringoreakoutorientationsbecausehe wellboreis in 3D space
the breakoutaxis hasa plungeazimuth(horizontalangleequalto the compasszimuth)andplungeangle
(vertical angle) (Lacazette 2017). A breakoutonly indicatesthe orientationof the minimum borehole
perpendiculacomponenof presertday stresdields, not the presertday minimumprincipal stresgShmin)
(Lacazette2017) Breakoutsandinducedtensilefracturesform in the compressiveandtensilequadrants
on both sidesof the wellbore. Inducedtensile fracturesform pardlel to the wellbore when Simin is
perpendicularor nearly perpendicularto the wellbore (Lacazette 2017). When Symin is inclined to the
wellboretensilefracturesform in thetensilequadrant@ndareinclinedto thewellbore If tensilefractures
form aheadof the drill-bit the fractureswill be presenton both sidesof the wellbore, however,tensile
fracturescommonlyform behindthe bit whendrilling which causes$ndependentracturesto form oneach

sideof thewellboredueto the mechanicatlecouplirg of thewellbore(Lacazette2017).
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Mean Trace Per Pad
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5 6 7 8
Weatherford, 2020
Figure3.1 An imagelog is anunrolledcylinder. Thenorth sidesof the squareon theright sideof

theimageabovearethe same(North) locationof thewellbore. The WeatherfordCMI imagetool usedfor

the Critter Creek 17/5906B well is an eightirm and eighpad tool and the numbers8lare in relation to

t h e positbrsidthepvellbore. The inclined green circle in the cylinder on the left side of the image is
how it would look in the wellbore and when the wellbore (cylinder) is unwrapped the inclined circle in
the wellbore becomes a sinusoid (green line, rigig)simage from Weatherford, 2020.

3.3 Hereford Field Stress Analysis

The HerefordField hasundergoneseveralphaseof structuraldeformationassociatedvith the rise of
the modernRocky Mountains.Thesedifferent phaseof deformationmakeit complexto determinethe
maximum horizontal principal stressdirection (Sumay. Downard (2021), interpretedtwo basement
lineamentstrending northwestand northeastrespectivelyin her 3D seismicanalysis.Thesestructural
trendshavebeenconfirmedin both the Silo and Fairway Fields (Downard,2021). Similarly, Lund Snee
andZoback(2022)notedsimilar Samax variability overshortdistancesn the northernportionof the Denver
Basin.Thenorthernportionof the DenverBasinis dominantlyin a compressivestateof stress,with Symax
trendingnorthwestto-southeasin a directionof N 5 5. Algo, within this areaof the DenverBasinsubtle
portionsof the basinin andaroundHerefordField arein an extensionaktateof stress(Lund Sneeand

Zoback,2022).1t is worth noting that the rotationin Simax in the DenverBasinoccursacrossthe north
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southtrendingbasinaxis (RMAG, 2014). The northeastsouthwesttrending Simax interpretedby Allen

(2010) correlateswith calculatedLaramideage compressionaxes indicating tha Sumax Stresstrends
associatedvith the Laramideorogenyvary between8 09 3(Larson,2009; Erslev and Larson,2006;
Holdaway,1998,GregsomandErslev,1997).The fracturesin the J; joints aresyn-Laramidein agetrend
northeassouthwestat approximaely 78 -8 4 Aajoirds ark syl.ar ami de andl723 end a
(Grechishnikova, 2017; Allen 2010). Over a short distance in the Denver Basin, the stress state (i.e.,
anisotropy) ofSumax can vary abruptly, making it difficult to intersectfracturesif the proper pre-drill

analysigs not performed.

3.4 Potential Complexities

No research is undertaken without anticipation of complications that may arise in the process or the
application of the outcomes. Rock properties and structural history that influence fracture development vary
temporally and spatially making the CP modéiclit. The IP software being used in this study has the
potential to quantify the aperture of fractures interpreted in the borehole image log (Help Desk, 2022),
however, it was recognized at t he out sde.to tDhaatta tfhoer
this project is focused on the Hereford Field and results may vary in application to other oil and gas wells
in the Hereford Field and fields throughout the greater Denver Basin, so caution must be used in applying
results widely. This process highly interpretive and fracture orientations relative ggasand Simin and
overall fracture numbers may vary between interpreters. Moreover, each well drilled in the NIO B2 chalk
has its own unique TP system, and calculating the CP for each watlegldo be drilled is highly

recommended for achieving optimal recovery results.
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CHAPTER 4 IMAGE LOG OBSERVATIONS AND STATISTICS

4.1 Data Analysis

This researchhasthree principal goals. They include 1) interpretingand documentingthe role that
fracturesin the Critter Creek17-5906Bwell play in hydrocarborproductionfor the NIO B2 reservoirat
the HerefordField, 2) usingthe interpretedfracturesto quantify the fractureaperturesand calculatethe
collective permeability(CP) of the NIO B2 reservoirin the Herefad Field, and3) usethefindings of the
CPto betterunderstandndillustratethe impactthe CP systemhason the total permeability(TP) system
in theNIO B2 interval.l believethatdoingsowill lay aroadmagfor improvingultimaterecoveryfor wells
drilled in the NIO B2 chalkthroughoutthe GreaterDenverBasin. This analysiswill be doneusinga key
piece of data; the Weatherford Comgiacmicroimager (CMI) watebased image log from the Critter
Creek 175906B well, thus illustrating the importancé understanding the permeability systems in the
NIO B2 at the Hereford Field. These original goals proved difficult to achieve; for the reasons explained
below, however, even in failure and difficulty many insights have been made that will enable usteimp

our processes.

The borehole image log for the horizontal Critter Cree®a06B well shows a high fracture frequency
for the NIO B2 interval. These fractures occur at a variety of scales, however, all the fractures are similarly
oriented. Before thamage log could be used for observations, the initial data collection from the CMI
image tool produced a multiple gipites i zed fil e, which was c-®gl | ed at
Log I nterchange Standardo (DLilISe was ||l t@adgedait mt 6 i l
Interactive Petrophysical modeling software, the uncorrected image appeared pixelated wsttalgray
image quality, like unprocessed seismic data (Figui). This pixelation can be caused by the image tool
not re@iving the emitted resistive measurements in sequential order due to the disturbance caused by the
wellbore casing and drilling fluids. First, before this image can be used for interpretable observations, it
needs to be properly deptbrrected (Figurel.1B). This depth correction was performed by using the
downhole gammaay log, which had been depth corrected to adjust the image log to match the NIO B2
interval. An accelerometer correction was then performed by using theaeptbted Weatherford pad
azmuth (IAP1) mnemonic. The IAP1 records and plots the azimuth of the wellbore relative to an imaginary
horizontal line at the drill rig surface. The azimuthal data provided by the IAP1 log are used in the
interpretational phase of the image log (Figlu®. The IAP1 curve helps interpreters understand the path
of the well bore and helps interpreters identify v
that may have transpired during the drilling phase of the well (Lacazette, 2022).dd@sging somewhat
cleaned up the image log from the Critter Creel6206B well, although the resultant image was still far

less than optimal (Figu4.3) (Lacazette, pers. comm.2023).
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Figure4.1 Imagesfrom the Critter Creek17-5906Bwell areshownzoomedin (scalel:40)anda
depthfrom 9,421°- 9,439 (total depth= 19 feet).ImageA) is anunprocessedynamicimage.B) shows
thefully processedninterpretedlynamic imagefollowing datacorrection. A gammaray log of the entire
Critter Creek17-5906Bwellboreis shownonthefar right (greenline) andtheredbarreflectsthe precise
locationin thewellboreof theimagesshown.
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Figure4.2 The completedynamicboreholeémagelog from the horizontalCritter Creek17-5906B
well showsthe IAP1 curve(yellow line track2). The undulationin theyellow line alongtheimagelog
aboveshowsthe paththe Critter Creek17-5906B well took whendrilled. Whenlooking atthis image,
notemovingfrom top to bottomis actuallymovinghorizontallyin anorth-trendingdirection. Thewell
landedin the NIO B2 chalkata measurediepthbetweenr,870- 17,876feet.
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Corrected Weatherford CMI

Contained Joints
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Two corrected borehole image logs from the same Critter Cre8R0GB well at the

High

same measured depths (~16,0085,020 feet). These two image logs were depth and accelerometer

corrected using two different softwae 6 s .

Noti ce

t he

di

fference

images. The resistivity image log with an oraisgale comes from the Borehole Imaging Specialists

(2019) fracture study, and the gragale image log is the image log analyzed for this stUldgre is a
drastic difference in image quality between the two resistive images. Left image from Borehole Imaging

Specialists final report, 2019, p. 22.

4.2 Image Log Observation Rules

i n

Both natural and induced fractures can penetrate through the entivere¢Riguret.4). Differentiating

i mag

between the two can be quite complex when interpreting fracture types. Lacazette (2017), discussed six
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important rules to use when interpreting a borehole image log to help differentiate natural vs induced
fractures. Theules are discussed below in detail (TahlB).

DEP‘I'NI Dynamic Image
DEPT Weatherford CMI
(Fr) | High Default High
Bl ]

Figure4.4
8,6671 8,704feet(scalel:20).Interpretationshowbedding(green) fracturegorange)andcontained
joints (blue). Containedoints abutagainstoeddingboundariesThis imageis a 360-degreeémageof the
b o r e hirterioce, @lked outflat.
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Any analysis of image logs should begin with an assessment of the orientation of the fracture azimuth
(i.e., the angle at which the fracture intersects the wellbore), borehole Wremientation (i.e., the
compressive quadrant in the wellbore), and the fracture symmetry (Lacazette, 2017). An image log is a 360
degree documentation of the inside of a borehole thatisa-mlled cy | i nder ,-cascutmp | ar t ¢
the middle fron-top-to-bottom (Figure3.3). Viewing a fracture in an image log gives the fracture a
sinusoidal appearance in majew format, in which the image log is displayed. This sinusoidal orientation
is true for both natural and induced fractures. Moreover, batliral and induced fractures can transect

across the entire wellbore.

Distinguishing between natural and induced fractures is quite difficult. When distinguishing between
the two fracture types (natural and induced), one should consider that nattuatfrace not geometrically
related to the wellbore, whereas induced fractures are (Lacazette, 2017). For induced fractures, they tend to
stack in depth (i.e., similar azimuthal positions) if the fracture does not penetrate the entire wellbore.
Whereas, rnaral fractures that do not penetrate the wellbore will have differing azimuthal positions
(Lacazette, 2017). Natural fractures that penetrate the entire wellbore are symmetrical and can have similar
azimuthal orientations and can even have similar otientof insitu stresses (Lacazette, 2017). Induced
fractures that penetrate across the wellbore tend to develop asymmetrically but can have similar azimuthal
orientations (Lacazette, 2017). Knowing the breakout direction (igi,) ®f the wellbore carelp to
determine the tensilen$ax quadrant and/or orientation of the wellbore. Induced-galing fractures
develop in the tensile quadr ant ,3.5wthsialsohworihsotirgy0 to
that if an induced fracture ikaught to be natural, look at the fracture propagation direction; an induced
fracture will always orient itself in the direction of-&itu Simax &8s it moves away from the wellbore
(Lacazette, 2017).

4.3 Image Log Observations

The image log in this study isewn in a range of light to dark colors. The dark signature in the borehole
images represents resistive rocks, such as mudstone, marl, and shales, oil smearing, or ciilledd gas
fractures (Figuret.5). These dark signature features argmhcipal interest in this image log analysis.
Their importance will be discussed in the interpretation section below. The white pixels in the CMI image
log represent less resistive rock, such as siliciclastic and/or lime/carbonate lithologies, offilkadcite

fractures.
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Figure4.5 This processed borehole image is moderately zoomed to a scale of 1:100. Some fractures
can be observed. However, most of the fractures present in this screengrab cannatilelgefin

determined due to their lack of clarity. The Critter Creek gamma log is shown to the far right (green) and
the location of this specific image is shown by the red line. Image measured depth ranges between 9,182"
9,222 displaying a total of 46 fee

4.3.1 Interpreted Features

Threefeaturesaremappedutin the Critter Creekboreholeémagelog thatincludesbedding fractures,
andcontainedoints (Figure4.4). A total of 233 bedding picks, 915 fractures, and 44 contained joints were
observedn the VIl log from theCritter Creek17-5906Bwell (seediscussiorbelow).

Bedding

The 233 bedding orientations identified remain consistent throughout the Critter Creek well (Figure
4.6). Theyaremarkedin figuresby agreenline. Bedscanrangein thicknesfrom centimeter¢o metersin
the NIO B2 chalk. Transitionsin rock resistivity areshownin theimagelog (i.e., white to dark, or darkto
white) and canreflectbedlithology transitions hardto soft or soft to hard,respectivelyBeddingplanes
appearelativelyhorizontalto low angleanddo notappeadramaticallyerosivealthoughtheimagequality
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makest difficult to identify boreholebreakoutandsubtlenearfractureerosionasmight beseerin outcrop

or corein rocksfrom this depositionaketting.
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Figure4.6 ThecompleteCritter Creek17-5906Bboreholeémagelog showsall 233 beddingpicks
(greenlines). Thethreedifferenttracksdisplayedarel) a depthtrackwith labelsevery200feet2) a
dynamicresistivitylog, thewhite refersto alessresistiverock andthe blackrefersto amoreresistive
rock,and3) atadpoleplot showingthedip angleof the beddingandthetail of thetadpoleis referringto
thedip direction.
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Fractures

Fracturesn the Critter Creekimagelog appearsdarklinesrunningrelatively perpendiculato bedding
orientationsandaremarkedasorangelines. 915individual fractureswerepickedin the Critter Creek17-
5906B imagelog (Figure 4.7). Thesefracturesare seento predominatelypenetratethroughthe entire
wellbore, or only partially penetratehe wellbore. They canalsojust as easily abruptly end (i.e., abut).
Fractureglo appeatto clusteracrossseverafeetof thelog in variouspartsof the Critter Creek17-5906B
well. Fracturesandfractureclusterscanbe separatedby 1 0 6f $eetof nonfracturedformation.The 915
fracturesobservedn the Critter Creek17-5906Bwell trend northeastsouthwesf{ 0 0082 2 ahdaye
orientedperpendicularto-semiperpendiculato bedding.Theyappearassmallfi s | in thesngagein the
imagelog (Figure4.5). However,dueto poorimagequality, only the mostdistinctanddefinedfractures

wereinterpretedesultingin the 915usedin this analsis.
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Figure4.7 Shownareall 915fractureqorangdines)thatwereinterpretedn the Critter Creek17-
5906Bboreholemagelog showingthetotal measurediepthof thewell 8,000- 17,000feet(~ 9,000total
feet). Thethreedifferenttracksin thisimageare,1) depthwith labelsevery100feet,2) dynamic
resistivitylog, white refersto alessresistiverock, andblackrefersto a moreresistiverock, and3) tadpole
plot, showingthedip angleof thefracturerelativeto horizontalandthe fractureorientationbasednthe
pointingdirectionof thetadpoletail.
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Contained Joints

Jointsin theimagelog (shownin figuresasbluelines)aremappedandreferredtoasfi ¢ o n tjaoi i nnetds o
in this project,meaningoints thatarerestrictedto individual bedding,abutagainstotherfeaturesdo not
transectthrough the entire core, and are commonly oriented perpendicularto bedding.A total of 44
containedoints weremappedn the Critter Creekwell occurringin dark, high resistivity intervalsof the
imagelog (Figure4.8). All 44 containedointsresidein theupperl/3of theimagelog dueto imageclarity

decreasingnovingfurtherinto the Critter Creekwell.
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Figure4.8 The Critter Creek17-5906Bboreholeimagelog showsall 44 containedoints (blue
lines). Theimagelog is displayedetweermeasurediepthsof 8,000i 10,200feet. Thethreedifferent
tracksdisplayedarel) depthwith labelsevery200feet2) dynamicresistivity log, the white refersto a
lessresistiverock andthe blackrefersto a moreresistiverock, and3) tadpoleplot showingthedip angle
of thejoints andthetail of thetadpoleis referringto thedip direction.
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4.4 Image Log Interpretations

As previously stated, the primary orientation of the 915 fractures observed in the Critter C580KB7
imagelg stri ke-2o02t weNEh &8nd have high dip andgbBes with
The mearwellbore orientation of the Critter Creek-579 0 6 B we | | is calcul ated t
Niobrara was deposited in the basianshas rotated du@the overall basin changing from a compressive
to an extensional structural regime, hence thewast J and northwessoutheast.Jracture sets and the
current northwessoutheast snax orientation at the Hereford field (Grechishnikova, 2017; Ker@aab;
Allen, 2010). Observations of fractures in the Critter Creek906B well are oriented between thedd
J fracture sets that can be recognized in the NIO B2 chalk throughout the greater Denver Basin. The older
of the two fracture setsisthewi t h an average84riwmdrad a et HaganyBu n g e
average oriebhfati o6rec¢hi 4A®i kova, 2017; Allen, 20
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Figure4.9 The 915 fractures (orange triangles) pli@ted as poles to planes in stereographic
projection showing the true dip of the fractures
primarily -2Rke &NEi(tackmo§gedidyraom) The red arrow signifi
mean wellboe orientation of the Critter Creek-bB06B welland the blue arrow represents,& at the
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Subsurface fractures are important mechanismgdnsporting fluids in the subsurface, therefore it is
important to characterize their occurrence and nature (Oldham, 1996). It has been recognized that the
driving mechanism behind all Niobrara production throughout the Denver Basin is the fracivmek net
(Downard, 2021; Grechishnikova, 2017; Sonnenberg, 2017; Anderson, et al., 2015; Oldham, 1996).
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However, the fracture permeability for the fractures present in the NIO B2 chalk stands to be quantified to
help give a better understanding of the CP aAdyistems.

The gas data detected pdsilling and precompletion in the Critter Creek 35906B well reveals
insights into the importance of the CP in the NIO B2 chalk. At the same time, these observations raise the
question; if gas can be detected froearwellbore permeabilities that are known to be partially or
completely plugged by drilling muds/fluids, then could it be possible to increase overall production without
inhibiting these neawellbore permeabilitiesRrgumentshavebeenmadethatdrilling mudscanfill near
wellbore permeabilitiesncluding fractures diminishingtheir rolesin boththe CPand TP systemsandin
some casesmuting them completely (Hughes, 2023; Dillewyn, 2023; Johansson, 2018; Chakraborty,
Karpyn, Liu, and Yoon, 2017; Qilfié Review, 2016; Galal, Elgibaly, and Elsayed, 2015; Qutob and Byrne,
2015; Ding, Langouet, and Jeannin, 2013; Cheung and Strom, 2013; Puthalath, Murthy, Surendranathan,
2012; Moinfaret al., 2011; Bahramiet al., 2011; Guo, Gao, and Wang, 2011; Salimhalath@Gor, 2011;
Bazinet al., 2010; Botteroet al., 2010; Lakatos, Bodi, and Lal@&abo, 2009; Yong and Jienian, 2008;
Iscan, Kok, and Bagci, 2007; Reed, 1989; Holditch, 191@)ck 3 of the Critter Creek 175906B well log
displaysquadrupolemassspectometerdrilling gasdatathat was collectedat the well site (Figure4.10).
Examinationieadsto someinterestingobservationsegardingherelationshipbetweerfracturesandgasin
the well. One cannote in this datathat the gasreading;as shownby C1, C2, C3, C4, and C5 curve
deviations showhighergasreadingswhenintersectinghe fractures. Although this authorhadthe desire
to link gasdatato nearwellbore permeabilities(i.e., fracture apertures)Unfortunately,poor imagelog
clarity, madeit difficult to distinguishfracture aperturesizesin the Critter Creek 17-5906B well (see
discussiorbelow). Thisinability to distinguishthoseportionsof thewell characterizethy microandmacro
fracturesgpreventghe CPfrom beingquantifiedfor the NIO B2 reservoirat the HerefordField.
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Figure4.10  Thisdynamicresistiveimagelog showsopenfracturegredlinestrack2) betweerd, 765
- 9,835 measurediepth(track 1). In track 3, quadrupolenassspectrometegasdatawascollectedwhile
drilling: Methaneg(C1redline, valuesrangebetweerf6.5137,733.3artspermillion (ppm)),Ethang(C2
goldline, valuesrangebetweer261.6139,139291.%pm), PropangC3 purpleline, valuesrange between
18.542,547.6ppm),Butane(C4 greendashedine, valuesrangebetweert.4-7,675.9ppm), Pentan€C5
cayenndine, valuesrangebetweenl.6-1,207.6ppm),andRateof PenetratiofROP)graydashedine,
track 3 unitsareminutesperfeet(min/ft).

Evenwith alack of aperturedata,it is apparenthatthe fracturesare presen@andareallowing gasinto
the wellbore pre-hydraulicstimulation.Gasshowsweredetectedn the well evenafterthe drilling phase
wascompletedAs statedpreviously,during thedrilling phaseof oil andgaswells, drilling mudsareknown
to plugthenearwellborepermeabilitiesespeciallywhenawell is drilled overbalancedesultingin cutting
off partsof the CP and TP systemsat play. The Critter Creek 18906B well wa drilled overbalanced
using watetbased muds > 10 muaeight (Lacazette, pers. comm., 202Hpwever,evenunderthese

conditionstheCritter Creek17-5906Bwell still showsgasinputinto theboreholeastheloggingtool passed
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multiple fracturedzones Suggestinghatnotall nearwellborepermeabilitiesn the Critter Creek17-5906B

well remainednhibited postdrilling.

All fracturesthatarediscreteto the nakedeyearemicroscopidn size.However,fracturesdo not have
to havea gapingapertureto be effective.For anyfractureto beincludedin the CP systemfor the NIO B2
chalk,thefracturemusthaveanaperturebig enoughfor a hydrocarbormoleculeto flow throughit.

The recognition herein is that all the interpreted fractures in the GZittexk 175906B image log are
micro and macro fractures with some of the fractures shown to be contributing enough gas to be detected
even after using heavy viscous drilling muds.
unconventional reservoirslowever, the argumepbsedhereinwouldbethattheoil andgasindustryneeds
to reassesds approachto wells, adoptingan approachto drilling underbalancedand managingfines
migration during drilling operations.Such approachesave the potentialto utilize micro-fracturesfor

achievingoptimalhydrocarborproduction.

4.5 Comparison of Research Observations

In a previousCritter Creek17-5906Bfracturestudyconductedoy BoreholelmageSpecialist§2019),
BoreholelmagingSpecialistgBIS) interpretel 4,44 7fractureqFigure4.1]). Theywereclassifiedasopen,
cementedpartially open,andclosed(Figure4.12. Therewasmuchagreemenbetweertheinterpretations
of BIS andthosehereinof this authoragreedwith regardingthe BIS analysis.Both the Boreholelmage
Specialist42019)studyandthis researcHoundthatmostof the fracturesweredipping at high anglesand
striking northeasssouthwestIn both studies openfractureswereinterpretedasthoseshowinga shadow
like pronouncedlarkresistiity signaturein theimagelog. The morepronouncedi.e., thicker) the black
lines were, the more likely they were interpretedto be openfractures(Reinmiller, pers.comm. 2022)
(Figure4.13. It is worth notingthatzeroof the 4,44 7fracturesobservedn the BoreholelmageSpecialists
study (2019), were interpretedas inducedfractures(Figure 4.14). Along with the interpretedfractures
Boreholelmage Specialistsinterpreted5 micro-faults. A micro-fault is definedas any offsetin a rock

discreteto thenakedeye.
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N Type
118 Open
2,810 Cemented
1,426 Partially-Open
93 Closed
0 Faults
4,447 TOTAL

Figure4.11 Fractureinterpretedoy BoreholelmageSpecialistsn the Critter Creek17-5906Bwell
with fracturenumber(N) groupedby type.Imagefrom BoreholelmageSpecialistdinal report,2019,p.
3.

N Type
386 <70°
4,061 >70°
1,260 Partial
3,187 Continuous
5 Microfaults

Figure4.12  Tableshowingthefracturenumbersnterpretedy BoreholelmagingSpecialistsn the
Critter Creek17-5906Bwell categorizedy the number(N) thatexhibita dip of lessthan or greaterthan
70 degreegType columnandshownin yellow), andthe numberof fracturesthatarepartialwith the
boreholeor continuousacrosghe entirewellbore(red). The numberof interpretedmicro-faultsis shown
in (gray).lImagefrom BoreholelImageSpecialistdinal report,2019,p. 3.
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DEPTH Corrected Weatherford CMI
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(W) wdea'w

10803, 10804
Open
fractures

10806

10808

Open
fractures |

10810

10812

10814

10816

Figure4.13  Thetwo partial Critter Creek17-5906Bboreholeémagelogsareshowingthedifference

in dataclarity aswell astwo openfractureshathavebeeninterpretedin bothimagelogsat
approximatelymeasurediepthsof 10,802and10,810feetatascaleof 1:100.The left resistivity image

log with an orange scale comes from BawreholelmagingSpecialisi{2019) fracture study shows open
fractures (brown line The right dynamic image log comes from this study and shows open fractures
(purple line). There is a drastic difference in image quality between the two resistive images. Left image
from BoreholelmageSpecialistdinal report 2019,p. 20.
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Well Name: CRITTER CREEK 17-5906B
ﬁtergonet interval: 7870.00 to 17876.00 ft Tadpote plot - coded by pick type

ORGM Uneotates data
0 1309 o+

8000
8500
9000
9500
10000
10500
11000
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12000
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13000
13500
14000
14500
15000
- 15500
16000
16500
17000

° 10 0 » 40 £ €0 70 0 20
D (") - coded by pick sub type y 17500

Figure4.14  Thenumberof inducedfracturesinterpretedN) betweemmeasuredlepthsof 7,8701
17,876feetin the BoreholelmagingSpecialisfracturestudy(2019)of the Critter Creek 175906B well.
Image fromBoreholemageSpecialistdinal report 2019, p. 13.

Themostglaringdifferencebetweenthis studyandthat of BoreholelmagingSpecialist(2019),wasin
thetotal numberof fracturesinterpreted.This studyinterpretedhe presencef 915 fracturesandthe BIS
study interpretedthe presenceof 4,447in the imagelog. The reasonfor the drasticdifferencein total
fracturenumberdetweerthetwo studieds, this studyfocusessolelyoninterpretingfractureapertureshat
canbeusedto quantifythe CP of the NIO B2 reservoiratthe HerefordField. Whereasthe BIS studywas
performedasa genericfractureanalysisocusedoninterpretinganyandall fractureg(i.e., open,cemented,
partiallyopen closedandfaults) (Lacazette, pers. comm. 2023; Reinmiled Parker, pers. comm. 2022)
A featureis anymechanicafailure or manipulationof therock dueto appliedstresseactingon therock.

4.6 Fracture Aperture Calculations and Complications

The CP of a formation can be calculatedusing the fracture apertue calculationapproachthat was

derivedby Luthi and Souhaité (1990). This calculation is done using the following equation.
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® &Y 4.1)

Where:

Wi fractureaperturejn millimeter

ci coefficientfrom forward modeling,obtainednumerically

AT additionalcurrentdivided by voltage

Rn "1 mudresistivity; exponent = from forward modeling,obtainednumerically

R0 1 formationresistivity; exporent'® = 1-the numericalvaluedeterminedor b

Lut hi and S ofnadiueeapert@récalculétibn® andmportantstepin understandinghe CP
nature of the NIO B2 chalk. Such data can help improve recoveryfactorsin fi t i @grtandgentional
reservoirs,thus helping interpretersto better understandthe fracture morphologis. However, this
calculationis oftenignoredwhenworkersmodelthe NIO B2 reservoirinterval, not justin the Hereford
Field butthroughouthe GreaterDenverBasin. This oversightis duein partto theindustryparadigmthat
thesemm-scaleor smallerfracturesare of little significanceandare mostlikely goingto be pluggedby
drilling fluids duringthedrilling andcompletionstageof awell. Thereforeareunimportantcontributing
nothingto productionandthe NIO B2 needsto be hydraulically stimuated. However,as our borehole
imagelog and gasdatashow, thesefracturesdo appearto actively contributeto migratinggasinto the
wellbore(seesection4.4 of this study)andwe would recommenditilizing the Luthi andSouhaité (1990)
calculation appmach toquantifythe CP of the NIO B2 chalk.

In this study,we hypothesizedhatby interpretingthe fracturespresenin the Critter Creek17-5906B
well and quantifying the CP of the NIO B2 chalk in the Hereford Field, we could unlock improved
approache® modelingtheNIO B2 reservoirsSuchimprovementsvouldleadto longerandgreateoverall

productionin the Niobrara,a decreasén well costs,andanincreasen capital.

The calculation processes pr opos e dgraimmed inta thé i

LIl oyddéds Register I nteractive Petrophysical

fracture aperture calculation module in the software to calculate the fracture apartbhesSritter Creek
17-5906Bboreholeimagelog (Figure4.15. This fractureaperturecalculationwasattemptedbn multiple
occasiongndatvariousdepthsacrosghe 10,000ft Critter Creek17-5906Bwellbore.However,dueto the
poorimagequality (asdiscussedbove) the softwarewasunableto calaulatefractureaperturesproducing

resultsthat were not accurate,invalid, or implausible. Every workaroundoption the software vendor

mo d e |

provided was attempted,with poor resultsor unsolvableerrors. Help deskpersonnelfor theL | oy d 6 s
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Registelinteractive Petrophysicainodelingsoftwarewerequeriedandthefollowing responsevasreceived
from the helpdeskpersonnebddressinghis matter:

Fracture aperture calculatiomné | ogi ¢ is based on the paper by
personally, their logs is flawed. | find it hard to believe that they can accurately compute the aperture of
a fracture using this methoddowever, it's an industry "standard". To get the fracture aperture to work in
IP, we really need to have "thick" fractureblairline fractures won't have enough pixels to determine a
suitable "foreground" conductivityWe also compute a "background" conductivity from the lithology
behind the fracture.To identify the foreground and background conductivities, we use the histogram to

deineate between the two. O

A | Fracture Aperture Settings 7 Y B ApertureQut:DEPTH | ApertureOut:Ap
FT mm
Input Parameters 9002.303
- 002,631
Fracture Type Al “| S002.555
Con 1 100000 ' 2003, 287 -0.004107
Q003,616
Con 2 1
. ! 0003.944
Rm REsRESS | 9004, 272 -0.004059
1 3004.6
Rxo Corventional:;RTAT w
| Q004,928
. . 3005, 256
F:m“ —s 5005, 564
(_) Entire Well (@) Current Viewing Area 2005.912 0.0049561
Q006,24
Output Set
Add Set 2006, 565 -0.004277
2006, 896
Ape ut [ApertureOu 9007.224
007,553
Additional Calculations Q007,881
Main Fracture Direction | Sub-Horz or Sub Ver 9008, 209
) Q008,537
Fracture Frequency W S008. 565
[ calculate Porosity Q009,193 0.000326
[[] calculate Permaabiity BiisiIis
2009849
Q010,177 0.0003169
9010, 505
H Analysis Close
b — 010,833

Figure4.15  A) Imagesof thelP softwarefractureaperturanodulepanelsshowinga sampleof the
parametersisedto calculatetheil F r a & p a r ®fitheiatérpretedracturesCon 1i N/A, Con 2i

mud filtrate dependency parameter, Rmud f i |l trate resistivity, comes
for the RESS mnemonic, 2.14 ohmms, R h al | ow zone resistivity comes
data set | made for the RTAT mnenmshallow resistivity, the Output Set was linked to the
AApertureQOuto data set made to store the calcul at
aperture calculation between 9,002.30310.833" and the right column shows the apertuaeisg in

millimeters however the negative aperture values are not valid results illustrating just one of the problems

in the software approach.
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The lack of confidence by the software developer in the basic premise of LutSioahdité (1990)
renders the aftware approach very suspect and virtually useless for these types of microfracture
calculations. It was a very disappointing outcome. Some workers feel that the fracture aperture calculation
methodology of Luthi and Souhaité (1990) should be revisit&tiese limitations and skepticism by
programmers leave us unable to utilize the software to calculate the cumulative permeability (CP) of the
NIO B2 chalk from the Critter Creek 55906B well.

4.7 Fracture Intensity Logs of Varying Intervals

Fracture intensityfor this study is defined as the number of fractures per window (i.e., specified
intervals) over the entire length of the well. Fracture intensity logs were derived using the 915 fractures that
were interpreted from the horizontal Critter Creek59D6B rehole image log in the NIO B2 reservoir
between measured depths of 80007000 feet. The three different intervals analyzed include 100, 50, &
25ft intervals for 915 fractures over 9,000 horizontal feet. Each of the three different intervals isathatisti
displayed by fracture count and density (also known as frequency) per specified interval and is displayed
graphically as the fracture % over the specified interval across the entire length of the wellbore. These
fracture log analyses are performedih oy dds Regi ster I nteractive Petro

three interval types will be discussed below.

100 ft Interval

The fracture intensity log for the 100 ft intervals displays a maximum fracture count of 106
between a measured dept8gd00i 8,100 ft (Figured.16). The average fracture count per 100 feet over
the 9,000 ft well is approximately 9.72 fractures/100 feet with a maximum fracture frequency of
approximately 0.6 fractures per ft. However, the average fracture frequencyQvé&.50% of the 915
interpreted fractures are in the first 2,000 feet of the image log (i.e., 8®Q00 foot depths) (Figure
4.17). Most of these fracturesare highn gl e wi t h a di p a n-goftheastisoudh O and s

southwest with a fewudliers.
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Fractura Count

Fractura Density

Dip Angle of Fracture

DEPTH

Figure4.16

High

FA0Dt:Fracturs_Cnt (Frets/ 100ft)
o 10,

FA00f:Fractura_Dan (Frets/f)

o

)

*
x

%

MG_Fractures {Tadpak)
15|00 True, Al 50

*

deg Vot AT o it b o d e s b i A e M i s s

Fracture intensity log for the horizontal Critter Creek5BD6B well measured over 100

ft intervals. Moving left to right across the figure: Track 1, depth marked out in 200 ftalstefvack 2,
CMI Image log with all 915 fractures displayed (orange lines), Track 3, Fracture count over 100 ft
intervals, Track 4, Fracture density (frequency) per 100 ft, Track 5, Dip angle of fracture (orange
tadpoles) Thetadpoleplot showsthe dipping angleof the fracturerelativeto the horizontalandthe
fractureorientationbasedon the pointing directionof thetail.
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Fractures measured over 100ft Intervals
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Figure4.17  Graph showing the percent (%) of fractures per 100 ft intervaltbee®,000 ft Critter
Creek 175906B wellbore. The verticalaxis is the % of fractures, and the horizontalis is the
horizontal measured depth of the Critter Creel6@@6B well. The highest percentage of fractures is in
the first 2,000 feet of thehgth of the image log (~ 8,00QL0,000 foot depth).

50 ft Interval

Fractures intensities measured over 50 ft intervals show similarities to the 100 ft intervals with a
few differences (Figure.48). The maximum fracture count for the 50 ft interval$sfractures at a
measured depth of 8,150 feet. The average number of fractures across the entire 9,000 ft wellbore is 4.8
fractures per 50 feet with a maximum fracture frequency of approximately 1.1 and an average fracture
frequency per 50 feet across teetire wellbore of approximately 0.1. Likégure 417, over 50% of
fractures over 50 ft intervals are in the first 2,000 feet of the Critter CreBR06B log (Figuret.19. Most
of the fracturesare highng!l e wi t h di p a n-gdrtleeast/soutséuthwest svithraifelwi n g

outliers.
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Depth Tmage Fracture Count Fracture Densiy Dip Angle of Fracture

DEPTH Corrected Weatherford CMI FASQ:Fracture_Cnt (Frcts/50ft) FAs0:Fracture_Den (Frcts/ft) MG_Fractures {Tadpole)
WG_Fractures o . |o. 15|00 T True sl 0

“

1
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Figure4.18 Fracture intensity log for the horizontal Critter Creek58D6B well measured over 50 ft
intervals. Moving left to right across the figure: Track 1, depth marked out in 200 ft intervals, Track 2,
CMI Imagelog with all 915 fractures displayed (orange lines), Track 3, Fracture count over 50 ft

intervals, Track 4, Fracture density (frequency) per 50 ft, Track 5, Dip angle of fracture (orange tadpoles).
Thetadpoleplot showsthedippingangleof thefracturerelativeto the horizontalandthe fracture
orientationbasedon the pointing directionof thetalil.
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Fractures measured over 50ft Intervals
8.00%

7.00%

6.00%
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0.00%

MD Critter Creek 17-5906B

Figure4.19 Graph showing the percent (%) of fractures per 50 ft interval over the 9,000 ft Critter
Creekl17-5906B wellbore. The verticalaxis is the % of fractures, and the horizontalis is the

horizontal measured depth of the well. The highest percentages of fractures are found in the first 2,000
feet of the length of the image log (~ 8,0000,000 bot depth).

25 ft Intervals

Fracture intensities measured over 25 ft intervals are similar to those seen in both the 100 & 50 ft
intervals (Figure £0). The maximum fracture intensity is 34 fractures at a MD of 8,125 ft. The average
fractureintensity calculated over a 25 ft interval is 2.45 fractures with an average fracture frequency of
approximately 1.8. Similar to both 100 & 50 ft intervals, the majority of the fractures interpreted are located
within the first 2,000 feet of the well, hower, the 25ft interval calculation shows a bit more uniform
distribution of fractures throughout the well than the 100 and 50 ft intervals (Fidii)e Most of these
fracturesarehiga ngl e, di ppi ng >nohBast/scutsalthveest wh akfewmwgliersa or t h
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Figure4.20 Fracture intensity log for the horizontal Critter Creek5BD6B well measured over 25 ft
intervals. Moving left to right across the figure are four different tracks (1 aegutked out in 200 ft

intervals, 2) dynamic resistive image log showing all 915 fractures displayed (orange lines), 3) Fracture
count over 25 ft intervals, 4) Fracture density (frequency) per 25 ft, and 5) Dip angle of fractures (orange
tadpoles) Thetadpde plot showsthedipping angleof thefracturerelativeto the horizontalandthe
fractureorientationbasedn the pointing directionof thetail.
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