STRATIGRAPHIC INTERPRETATION, GEOCHEMISRY, AND PETROPHYSIG
OF THE NIOBRARA FORMATION, NORTH PARK BASIN,
JACKSON AND GRAND CQINTIES,

NORTH-CENTRAL COLORADO

by
JonJay Charzynski



A thesis submitted to the Faculty and Board of Trustees of the Colorado School of Mines
in partial fulfillment of the requirements of the degree of Masters of Science (Geology).

Golden, Colorado

Date:

Signed:
Jon Jay Charzynski
Sigred:
Dr. Stephen A. Sonnenberg
Thesis Advisor
Golden, Colorado
Date:
Signed:

John D. Humphrey
AssociateProfessor and Head
Department of Geology and
Geological Engineering



ABSTRACT

This study investigates the stratigraphic, geochemical, and petrophysical
properties of the Niobrara Formation in thertth Park Basin. Recent exploration and
production of the Niobrara in North Park has renewed interest in the petroleum system of
the basin. This study aims to add to the knowledge of the Niobrara Formation in the
North Park Basin, aiding in future hydroban exploration. As part of this study, the
Roaring Fork outcrop of the Niobrara was identified, measured, and described. The
section was also logged by a gamrag scintillometer, and samples were collected for
petrographic thin sections and pyrolysislgsia. Well logs from the basin were used to
identify the Niobrara in the subsurface. The formation was divided into 8 units: the Fort
Hays, basal chalk, lower marl, lower chalk, middle marl, middle chalk, upper marl, and
upper chalk. These units were @ated across the basin and structure and isopach maps
were constructed. Cuttings from eight wells from across the basin were collected and
underwent pyrolysis and total organic carbon analysis. The results of the pyrolysis show
that the Niobrara contaifig/pes Il and Il kerogen. The Tmax values indicate that the
Niobrara is immature to peak mature with respect to oil in different parts of the basin; a
maturity map was constructed from these values. All of the Niobrara samples range from
1-5% total organicarbon; most samples fall within the3% total organic carbon
interval. These total organic carbon values indicate a good to very good petroleum
potential for the Niobrara. Using the gamnag, resistivity, sonic, density, and neutron
porosity logs, comytations for log derived total organic carbon content, porosity, and
water saturation were calculated. Log derived total organic carbon approximations from
the resistivity and sonic logs act as a good proxy in areas where no measured total
organic carbon masurements are available, provided care is taken in identifying
anomalous values, mainly in tight or very porous intervals. Porosity values from density
and neutron logs range fror346%. The water saturation values in caledatvells range
from 40 100%.These dataarevaluable to the ongoing evolution of the understanding of

the Niobrara petroleum system in the North Park Basin.



TABLE OF CONTENTS

ABSTRACT .ottt e e ili
LIST OF FIGURES ... .ottt ieeeiii ettt ettt e e e e e e e e e e e s s s ammme e Vii
LIST OF PLATES . ..ottt XV
LIST OF ACRONYMS.... ittt rmmmr e e e e e e e e e nes XVi
ACKNOWLEDGMENTS . ...t XVil
CHAPTER LINTRODUCTION. ..ottt e e 1
1.10OBJECTIVES AND PURPSE OF RESEARCH..........cccvviiiiiiiiivieeiiiiiieeee 2
1.2 StUAY ArEa LOCALD......uuveeeeeiiiiiiiiiie ettt 2
1.3 GEO0IOGIC OVEIVIEW. .....cceeeeeiiiieiieeeeee et eeeea bbb e e e e e e e e e e ean 3
1.3.1 Stratigraphy......ccooooiiiii e 4
1.3.2 Past Saitigraphic Correlation..............ccccuiiiiiimmmri e 5
1.3.3 Niobrara Formation Depositional Environment................ccccvimmmnniinnnne 9
1.3.4 STUCTUIE.....eiiieieieiet s e e e e e e e e e e eneea e as 10

1.4 MEENOTS . ...t eeene e e e et e e e e e e e e e e st e e e e e e e aeens 14
CHAPTER 2:ROARING FORK OUTCROP STUDY.....cciiiiiiiiiiiiiiieieeiiimeeeeeeeee e 17

2.1 Measured Section, Lithologic Description, and Petrographic Thin Sectiond.8

2.1.1 Frontier SANASIONE..........uuuiiiiiiiiiiii et e e e e e smme e e e e e e e 18
2.1.2 Carlile Shale...........oooiii e 18
2.1.3 BaSalalK.......ccooiiiiiiiiiiii e 19
2.1.4 LOWEE MATL..ciiiiiiiiiiei e et e e 19
2.1.5 LOWEE ChalkK.....ccoi it eeee e e e e e e 19
pZ2 LY/ 1T [ | =1V = T S SPRSRSST 20
2.1.7 MiddIE ChalK........ccoeiiiiiiiiiii ettt eee e e eas 20
2. 1.8 UPPEI MALL. ..ttt 20
2.2 TOC and PYrolySIS DALA.........cccuuuuuiiiiiiiiireeiiiiiiiiiiieeeeee e e e e s seesseeeeeeeeaaeaeeeens 22
2.3 OULCIrOP GamMMBAY LOG.......ceiiiriiiiiiiiiiie it eeen e e e e e 25
2.4 SUNMArY and DiSCUSSION........euiiiiiiiiiiiiee et mmee e 28
CHAPTER 3:STRATIGRAPHY ... e mmmr e e e e 29



3.1 Stratigraphic Correlation MethQds..........coooooiiiiiiiiccc e 29

3.2 Correlated INtEIVAIS..........cooviiieeeeeeeeeee e e 29
3.3 Frontier SANUSIONE. .........cevvieiiiiiiiiicce et s emeee e e s e e e e e eeeeeeaan 33
3.4 Carlile SNAIB........coo e e 33
T \\ITo] o] r= 1= W o] 1 1 4 F= U1 o o VA 35
3.5.1 FOrtHays LIMESIONE. .....uuuuiiiii et rene e e eeeeeeeees 35
3.5.2 Basal ChalK..........uuuiiiiiiie s 39
IR0 I o V1= g = T o PSSR 39
3.5.4 LOWEr CRaAIK.....ccoiiiiiiiii e 42
3.5.5 MIddIE MaArL.. ..o 42
3.5.6 MIiddIe QralK........ovviiiiieiiiiiii e 46

G TSI AL o] o =] g 1V = T RSP 51
TR TR S L0 o] =] g O 1 F= 11 P 51
3.6 PIerre Shall.......cooooiiii e 51
3.7 DiscussionfoDepositional ENVIrONMENL..........ccoooiiiieiie e, 54
G IR S IR0 L1 0] 1 4 T= LV PP 56
CHAPTER 4:GEOCHEMICAL ANALYSIS ...cciiiiiiiiieee ettt 59
4.1 Organic Matter and its Classification............cccceeeeeeieeeeeciiii e 59
4.2 Environment of dePOSItION...........coooiiiiiiiiiiieee e 61
4.4 Geochemical MEthOUS.......cooieiii e reee e 63
Y B L | = U PP PPR PP 69
A5 .1 DWINEIL A .. oo ee e e e aeene s 71
A.5.2 FeAeral L. ..ot eeenraaanaa 72
A5 3 Federal Bl.....ccoooo oo eeenee 77
4.5.4 GOVEIMMENT.L.....niiiiii e et e e oo et e e e e e eaae e e e eeanes 78
4.5.5 MexicanCreek GOVernmMeNt.L. ..o iiiiiiiieeeie e 83
S Y [ 1 o T PP 86
4.5.7 Ridge Government ZB...........oiiiiiiiiiiii e ceeeis e e 89
4.5.8 SoUth CoalmONt.L.......cooiiiiiiii e 92
4.6 SUMMAry and DiSCUSSION .....u.iiiiiiiiii e e ieeee et e e e et e e e s eeree e e e esra e e eaeees 95
CHAPTER 5:SOURCE ROCK EVALUATION... ...ttt eesimmer e 97



5.1 TOC ANGIYSIS. . euttuitiiiiiiiiiiiiiie e eeeet ettt rmmme e e ne e 97

I o T (= 41 V/=To I IO L O PP U PP PP PP P PP 97
5.4 IMAEUITEY .ttt ee et 106

5.5 S0UICE ROCK DiSCUSSIOM .. cuenet et 106
CHAPTER 6:Reservoir ROCK EValUation.......c.ooueiee e 109
R 0] 1011 PSP 109
AT = 1 (=] R Y- L1 [ 2= L (o) a TR 113
6.3 RESEIVOIr ROCK DISGIBION. ... eee e eeeaaen 114
CHAPTER 7:CONCLUSIONS AND FUTURE WORK ... .o, 117
REFERENGCES ClITED. .. oot aaee 121
AP P EIN D X e e e e et r———————————— 125

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Vi



LIST OF FIGURES

Figure 1.1 Key Events Chart Biorth Park Basin. This chart was compiled by the
author from numerous studies and reports on the petroleum history of the basin.
(Hembre and TerBest, 1997; Newton, 1957; Oburn, 1966), (Biggs, 1957; Carpen,
1957a, b; Grote, 1957; Saterdal, 1957), (ParkK719Vellborn, 1977)......ccccccoeeevvvnnnnnn. 2.

Figure 1.2 The location of the North and Middle Park Basins, Jackson and Grand
Counties, North Centr&olorado is outlined in red. (from Kinney and Hail, 1959)...3

Figure 1.3 Generalized stratigraphy of the North and Middle Park Basin.............. 6.

Figure 1.4Carbonate to Shale Spectrum. This spectrum, a simplification of
Pettijohn (1975) is used by Longman et al. (1998) in their study on the Niabrara..7

Figure 1.5 Type log for the Niobrara Formation in the Denver Basin. (Longman et
oI 1 TP PPPRPP 8.

Figure 1.6 Cretaceous transgressiegressive cycles. Four trangressive cycles and
three regressive cycles occurred during the Niobrara cyclothem. The transgressive
periods favored chalkich deposition, while regressive cycles favored more-marl

rich deposition as a result of fluctuating currbfoiv. From Longman et al, (1998)

after Kauffman and Caldwell (1993), Obradovich (1993), and Barlow and
Kauffman (LO85).....ccoiiiiiiii et e e e e et 10

Figurel.7 Paleogeographic Representations of the Niobrara Formation. A) Cross
Section from Utah to lowa. B) Overall Niobrara depositional trend. C)
Paleoenvironmental setting during the deposition of the Fort Hays. D)
Paleoenvironmental setting during ttheposition of the lower marl. E)
Paleoenvironmental setting during the deposition of the lower chalk. F)
Paleoenvironmental setting during the deposition of the middle Chalk. G)
Paleoenvironmental setting during the deposition of the upper marl. From hangm
L= L (1 1 1 11

Figure 1.8 Map of the main structural elements of the North and Middle Park Basin
(modified after Haverfield, I8); Lange and Wellborn, 1985)..........cccccevvviiiiieennne. 13

Figure 2.1 Location of Roaring Fork outcrop. The outcrop is located in the west
central Jackson Gmty, indicated here by the red diamond. The satellite image of
the area shows the outcrop, highlighted in blue, along the north bank of Roaring
Fork (Google Maps, 2010)......ccccceeeiiieeiiieeeieeee e e e as 17

Figure 2.2 Photo of the lower chalk in the Roaring Fork Outcrop of the Niobrara21l

Vil


file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890115
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890115
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890116
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890116
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890117
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890117
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890117
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890117
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890117
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890117
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890121

Figure 2.3 Geochemical Log of the Roaring Fork Outcrop. TOC (wt. %), S2 (mg
HC/g rock), HI, S1/TOC*100, and Tmax calculated vitringflectance are
[T (ST Y= ] (= SRS 23

Figure 2.4 Geochemical Graphs of the Roaring Fork Outcrop samples. From Top to
Bottom: Modified van Kevelen diagram HI vs. Ol, Kerogen Type and Maturity

Tmax vs. HI, Kerogen Quality TOC vs. S2, Hl vs. S2, TOC vs. HI, TOC vs., Ol,

and Kerogen Conversion Maturity TmaxX VS..Rl........ccooiiiiiiiiiir e, 24

Figure 2.5 Gammaay Logs from the Roaring Fork Outcrop. A graphical
representation of theeasured section is seen in the left most track and the total
gammaray log in the next track. The spectral gammaglogs are shown together

in the 3 track, and separate in tracks 4 and 5. Uranium (ppm) is shown in purple,
Thorium (ppm) in green, and RESIUM (%) IN OFaNQE-........uuvrrermiiiaaee e eeeeerneneinns 26

Figure 2.6 Comparison of the GR from the Roaring Fork Outcrop to Fedetal 32
The outcrop and well are about 9600 feet away from one another. An extended
crosssection can be seen on Plate 3.1 4D D.........ccoooeeiiiiiiiiiiiieee s 27

Figure 3.1 Location of Wells and Cross Sectidmmsation of the 240 wells used in
identifying intervals in this study. The location of the six regional esessions
presented in this study is shown in black. Two nsdhbth sections,A 6 a-Bd, B
and four eastvest sections, € 6 -DOD-EOE -&0d F h esectonsccano s s
be seen in Plate 3.1. Precambrian surface outcrops are shown in pink. Tertiary
intrusive surface outcrops are shown in orange. Both the Precambrian and Tertiary
intrusive units act as constraints on the presence of the Cnesaogerval in the

(1Yo 1o o 1SR 30

Figure 3.2 Type Log. Type log for the Niobrara Formation in the North Park Basin.
Gammaray response in combination with Resistivity, Density Porosity, Neutron
Porosity, and Sonic Logs from well USA-22L.............oovvuviiiiiiiiiieeeneene e 32

Figure 3.3 Structure Maps on top of the Frontier. The color bar of the contour lines
ranges from3000 (purple) to 10,000 (red) feet in relation to-lesel, & seen in

the upper right corner of the map. The contour interval is 500 feet. Precambrian
surface outcrops are shown in pink. Tertiary intrusive surface outcrops are shown in
orange. Both the Precambrian and Tertiary intrusive units act as constraimes on
presence of the Cretaceous interval in the region................ccccccinnei e, 34

Figure 3.4 Isopach Map of the Carlile. The color bar of the contourrimges
from O (purple) to 500 (red) feet, as seen in the upper right corner of the map. The
CONLOUN INTEIVAI IS 25 FEEL......eiiiiiieiee et eeee e e e e eeeaeaeees 36

viii


file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890124
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890124
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890124
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890124
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890124
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890125
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890125
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890125
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890126
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890127
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890127
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890127

Figure3.5 Structure Map on top of the Carlile. The color bar of the contour lines
ranges from3000 (purple) to 10,000 (red) feet relative to-k=eel, as seen in the
upper right corner of the map. The contour interval is 500.feet................ccevvveuees 37

Figure 3.6 Isopach Map of the Niobrara Formation. The color bar of the contour
lines ranges from O (purple) to 1000 (red) feet, as seen in the upper rigdt abr
the map. The contour interval is 25 feet.........ccoe i 38

The purple zone in the center of each of the maps is a result of the Niolirara no
being present in two wells; the interval was eroded away in these.wells............. 38

Figure 3.7 Isopach Map of the Fort Hays. The colordbdine contour lines ranges
from O (purple) to 100 (red) feet, as seen in the upper right corner of the map. The
CONLOUN INtEIVAl IS 2.5 fEEL.....ciieeeeiiee e errr e e e e e e e e 40

Figure 3.8 Isopach Map of the basal chalk. The color bar of the contour lines ranges
from O (purple) to 100 (red), as seen in the upper right corner of the map. The
CONLOUT INEIVAI IS 2.5 fBOL. ... .uiiiiiiiiiiiiii et 41

Figure 3.9 Isopach Map of the lower marl. The color bar of the contour lines ranges
from O (purple) to 100 (red) feet, as seen in the upper right corner iiheT he
CONEOUN INTEIVAI IS 5 FEEL......uiiiiiiiiiiiiiiii e d 43

Figure 3.10 Isopach Map of the lower chalk. The color bar of the contour lines
ranges from @purple) to 100 (red), as seen in the upper right corner of the map.
The contour INtErvVal IS 5 fEeL.........uiiiiiiiiiiiii e 44

Figure 3.11 Isopach Map tfe middle marl.. The color bar of the contour lines
ranges from O (purple) to 250 (red), as seen in the upper right corner of the map.
The contour interval iS 10 feeL.........ccooiiiiiiiiiiieeeiiiiieeeeeee e eeeeeeae e AD

Figure 3.12 Isopach Map of the middle chalk. The color bar of the contour lines
ranges from O (purple) to 500 (red) feet, as seen in the upper right corner of the
map. The contour interval is 25 feeL.........coooiiiiiiiiiieee e a7

Figure 3.13 Isopach Map of the lower chalk of the middle chalk. The color bar of
the contour lines ranges from 0 (purple) to 2&@l) feet, as seen in the upper right
corner of the map. The contour interval is 10 feet.........cccooeeiiiiiiiceciiiiiiieeeeeee 48

Figure 3.14 Isopach Map of the Maffithe middle chalk. The color bar of the
contour lines ranges from 0 (purple) to 100 (red) feet, as seen in the upper right
corner of the map. The contour interval iS5 feet..........ooovvviiiiiccciiiee, 49



Figure 3.15 Isopach Map of the upper chalk of the middle chalk. The color bar of
the contour lines ranges from 0 (purple) to 250 (red) feet, as seen in the upper right
corner of the map. The contour inten&IL0 feet...........veeiiiieeiii i, 50

Figure 3.16 Isopach Map of the upper marl. The color bar of the contour lines
ranges from O (purple) to 250 (rddgt, as seen in the upper right corner of the
map. The contour interval is 10 feel.........cccoiiiiiiiiiiieee e 52

Figure 3.17 Isopach Map of the upper chadlike color bar of the contour lines
ranges from O (purple) to 250 (red) feet, as seen in the upper right corner of the
map. The contour interval is 10 feel.........ccoooiiiiiiiiiiee e 53

Figure 3.18 Structure Map on the bottom of the Pierre (Top of Niobrara). The color
bar of the contour lines ranges freBD00 (purple) to 10,000 (red) feet, as seen in
the upper right corner of the map. The contour intervad@sfBet...............c.cccveennnne 55

Figure 3.19 Niobrara Depositional Trends. Schematic model for deposition of the
Niobrara. A combination of sea level angtrent flow changes control the
variations in the chalk deposits seen on the area. From Longman et al..(1998)..57

Figure 4.1 van Krevelen and Modified van Krevelen Diagrams. A) A van Krevelen
diagram showing maturity pattays, maceral groups, and kerogen types. B) A
modified van Krevelen diagram plotting HI vs. Ol showing maturity pathways.
(modified after Kuzniak (2010) after Peters (1986))........ccooeevviiiiiiiccciiiieeeeeeiiin 62

Figure 4.2 Map showing the cuttings from the eight wells for which cuttings were
analyzed for this study highlighted in blue and the 19 wells in which previous
geochemical analyses are available through USGSidiingéd in green...................... 70

Figure 4.3 Geochemical Log for the samples tested for Dwinell 3A. TOC (wt. %),
S2 (mg HC/g rock), HI, S1/TOCHD, and Tmax calculated vitrinite reflectance are
presented. Cuttings from Dwinell 3A were sampled on about 30 feet intervals, with
a total of 12 samples, from 3220 to 3740 feet. Formations are indicated by labels;
Kc (Carilie), Kf (Frontier), Kn (Niobrangand Kp (Pierre)........cccccoviiiiiiiiiiiienne s 73

Figure 4.4 Geochemical Graphs for Dwinell 3A. From Top to Bottom: Modified
van Krevelen diagram HI vs. Ol, Kegen Type and Maturity Tmax vs. Hl,

Kerogen Quality TOC vs. S2, HI vs. S2, TOC vs. HI, TOC vs, Ol, and Kerogen
Conversion Maturity TmMaX VS. Pl ieeeiiiiiiie et 74

Figure 4.5 Geochemical Log for the samples tested for Federal 1. TOC (wt. %), S2
(mg HC/g rock), HI, S1/TOC*100, and Tmax calculated vitrinite reflectance are
presented. Cuttings from Federal 1 were sampled on about 30 &weaist with a


file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890146
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890146
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890146
file:///C:/Documents%20and%20Settings/HB47607/Desktop/Thesis%20after%20format%20review%20edits%20(Repaired).docx%23_Toc269890146

total of 20 samples, from 3800 to 4460 feet. Formations are indicated by labels; Kc
(Carilie), Kf (Frontier), Kn (Niobrara) and Kp (Pierme)u......ccccoovieiiiiiiiianieeeeeee, 75

Figure 4.6 Geochemical Graphs for Federal 1. From Top to Bottom: Modified van
Krevelen diagram HI vs. Ol, Kerogen Type and Maturity Tmax vs. HI, Kerogen
Quality TOC vs. S2, Hl vs. S2, TOC vs. HI, TOC vs., Ol, and Kerogen Caarers
Maturity TMaX VS. Pl iiiiiiceeeeeee e ee s e s e s e e e e ememenen ] ©

Figure 4.7 Geochemical Log for the samples tested for FederalTBC (wt. %),

S2 (mg HC/g rock), HIS1/TOC*100, and Tmax calculated vitrinite reflectance are
presented. Cuttings from FederallBvere sampled on 3010 feet intervals, with a
total of 9 samples, from 7500 to 8080 feet. Formations are indicated by labels; Kc
(Carilie), Kf (Frontier), Kn (Nobrara) and Kp (PIierre)..........ccuvevieeiiiiiviciiniieeeeaeas 79

Figure 4.8 Geochemical Graphs for Federdl. B-rom Top to Bottom: Modified

van Krevelen diagram HI v©lI, Kerogen Type and Maturity Tmax vs. Hl,

Kerogen Quality TOC vs. S2, Hl vs. S2, TOC vs. HI, TOC vs., Ol, and Kerogen
Conversion Maturity TmMaxX VS. Pl e 80

Figure 4.9 Geochemical Log for the samples tested for Government 1. TOC (wt.
%), S2 (mg HC/g rock), HI, S1/TOC*100, and Tmax calculated vitrinite reflectance
are presented. Cuttings from Government 1 were sampled-2a4®f@etintervals,

with a total of 6 samples, from 2330 to 2840 feet. Formations are indicated by
labels; Kc (Carilie), Kf (Frontier), Kn (Niobrara) and Kp (Pierte)............eeevveeieneens 81

Figure 4.10 Geochemical Graphs for Government 1. From Top to Bottom: Modified
van Krevelen diagram HI vs. Ol, Kerogen Type and Maturity Tmax vs. Hl,

Kerogen Quality TOC vs. S2, Hl vs. S2, TOC vs. HI, TOC vs., Ol, and Kerogen
Conversion Maturity TmMaX VS. Pl 82

Figure 4.11 Geochemical Log for the samples tested for Mexican Creek
Government 1. TOC (wt. %%2 (mg HC/g rock), HI, S1/TOC*100, and Tmax
calculated vitrinite reflectance are presented. Cuttings from Mexican Creek
Government 1 were sampled on about 30 feet intervals, with a total of 20 samples,
from 4320 to 4920 feet. Formations are indicated bglig Kc (Carilie), Kf
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Figure 4.13 Geochemical Log for the samples tested for Meyriri4TOC (wt.
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Figure 4.17 Geochemical Log for the samples tested for South Coalmont 1. TOC
(wt. %), S2 (mg HC/g rock), HI, S1/TOC*100, and Tnwalculated vitrinite

reflectance are presented. Cuttings from South Coalmont 1 were sampled on about
20 feet intervals, with a total of 28 samples, from 6450 to 6990 feet. Formations are
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Figure 4.18 Geochemical Graphs for South Coalmont 1. From Top to Bottom:
Modified van Krevelen diagram HI vs. Ol, Kmyen Type and Maturity Tmax vs.
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Conversion Maturity TmaX VS. Pl Q4

Figure 5.1 Location of the 34 wells for which TOC is derived from resistivity and
sonic logs in the Niobrara Formation using the Passey et al. (1990) method.....101

Figure 5.2 The Type Log for this study, here demonstrating the DPHI and NPHI
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The color bar ranges from 4255°C, using a 2° contour interval. Immature Tmax
values range inator from purple to blue to green. The onset of maturity, 432°C,
begins with yellow shading. At the beginning of peak maturity, 445°C, orange
shading is used. Red shading begins at the onset of late maturity, 450°C. The
shading is interpolated in betwedrese critical points. This map suggests that the
movement of the faults is responsible for increasing the thermal maturity of the

I\ [T0] o] =1 = VPP TPPRRTRR 108

Figure 6.1 Location of wells with DPHI, NPHI, and SW logs. Density porosity logs
(orange), using a limestone matrix, are located in 13 wells. Neutron porosity logs
(purple) are found in 12 wells. Eight wells have logs for water saturatiomjgree.110

Figure 6.2 DensigNeutron Crossplot for USA 32-1. Bulk density is measured in
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CHAPTER 1

INTRODUCTION

The geology of th&lorth Park structural bashmas long been studied, beginning
with mapping conductebly King (1878) F. V. Hayder(1873) and S. F. Emmons and
Arnold Hague (1877) Thareahas been the location of petroleum exploration since 1912
when the South McCallum anticline was drilled unsuccessfully. In 1925 the first
discovery well was drilled orhie North McCallum anticline arttie Dakota Sandstone
wasthe producing intervaBuccesn the South McCallum anticline, howevers
delayeddue to carbn dioxide and water productiolm the 1950s, the Coalmont,
Battleship, ad Canadian Riveiields were discovered and developed mainly from the
Dakota and Lakota intervals. In 1971, the Lone Pine Oil Field was discovered,ipgoduc
substantial amounts of dilom the Lakota Formatigrover2.5MMBO, from a smallLl60
acrearea.Potential remains for the discovery of new fields in this basin. Complex
structural traps may be numerous in the adea to numerous periods of structural
deformation and limited seismic and well data. Basinterechydrocarborplays may
exist. Also, statigraphictraps in the Jurassic Entradanfistone may exist where it
onlaps in the vicinity of the Rabbit Ears Range. In addition, traps created by thrusts, such
as the Independence Mountain Thrust, remain largely untéstechbre and TerBest,
1997; Oburn, 1966)

TheNiobrara Formatiomf the North Park Basin has recently receixetewed
attention forits petroleumpotential In 2007, EOG Resoaes drilledthe #-32H Buffalo
Ditch discovery welin the Eclipse Fieldh the SE % of the SE4 of Sec32, T7N, R80W
which targeted the Niobrara. The concept utilizeszontal welltechnologyand
multistagefracture stimulatiofRocky Mountain Oil Journal, 20096y hroughFebruary
2009, two wells havproduced36,669 barrels of oil, 40.4 mmcf gas, and 21 bédels
of water(Colorado Oil and Gas Conservation Commission, 20@9aJs has shot a 36
squaremile 3D seismic survey and has plans to proceed with awetigest program.

EOG estimates that on its acreage the reservdiredNiobrara is 9@50 feet thick with



an average porosity of 36, has an initialeservoirpressure of 3700 psi, andattom
holetemperature of 210°fOil & Gas Journal, 2008)

As outlined above, the petroleum system present in the Northlaltlle Park
Basin haseen productive in the past and ki@ potential for the discovery of new
resourcesboth conventional angnconventionalA summary of this petroleum system
has been copiled into a key events chart and is showniguFe 1.1.

Paleozoic Mesozoic Cenozoic

Rock Units
Source Rock
Reservoir Rock
Seal Rock
Overburden Rock

Preservation

Figure 1.1Key Events Chart of North Park Basin. This chart wasampiledby the authofrom
numerous studies and reports on thegbetrm history of the basifHembre and TerBest, 1997; Newton,
1957; Oburn, 1966)Biggs, 1957; Carpen, 1957a, b; Grote, 1957; Saterdal, 1@%fk, 1977; Wellborn,
1977)

1.10BJECTIVES AND PURPGEOF RESEARCH

The purpose of thistudy wado examine the stratigphy of the Niobrara
Formationanddeterminehow thisformationrelates to the petroleum systéosated in
theNorth Park BasinSpecifically, the source and reservoir rock potential oNiobrara
Formationhas beemnalyzed. Data used in tregudyincluded measured sections,
outcropgammaray logs, petrographichin sections from outcrop sampl@gochemical
analysis and subsurface log&&mmaray, Resistivity, Densityetc).

1.2 StudyArea Location

The study area incorporates both the Nartd MiddlePark areas located in

Grand and Jackson Counties, Ne@ntral Colorado (Figure.d). Both of these basin



areas are topographic basins, separated by intrusive rocks; togetheptiesgnt one
structural basin. For the purpose of this proposal, the basin will be referred to as the
North Park Basin. The North Park Basin is located from Townships 1-3@utlorth

and Ranges 782 West. Outcrops of the Niobrara Formation are inteemtitf present

on the margins of this basin. These exposures are limited due to both erosion and glacial
cover.
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Figure 1.2 The location of the Northand Middle Park Basins Jackson and Grand CountiesNorth
Central Colorado is outlined in red. (from Kinney and Hail, 1959)

1.3 Geologic Overview

TheNorth Park Basin is single structural basin, broken into two distinct
topographic areag.ogethertheyconstitute an area thatabout 1@ miles long and 30
miles wide.North Parkis bounded byhe Park Rangen the west, the Independence
Mountain Thrust on the north, the Medicine Bow Mountains of the Front Range on the
east, the Never Summer Thrust on the southeast, and the Rabbit EggRame south.
Middle Park isbounded by the Park Rantgethe west, the Rabbit Ears Range to the

north, the Font Range to the east, and WWdliams River Mountains, and théasquez



Mountains to the soutiThese relationships are best seen in Figure 1&:ation 1.3.4
on the structure of North Park.

1.3.1Stratigraphy

As the basin coincides with the axial trend of the ancestral Rocky Mountains, the
sedimentary rocks in the basin range from Permian to Quaternary as older units have
either been eroded or were never deposited. These sediments reanhmébicknesses
of 17,000 feefHail, 1965) The rocks that lie on the Precambrian basement get younger
from the Permian in the north to Cretaceous to the gdutbto, 1957)The Permian
through Jurassimocks are predominately nanarineand collectivelyreach thicknesses
of 1,400 fee(Stites, 1986)The Cretaceous intervaf marine sandstones, limestones,
and shaleseach thickesses of 6,000 fedithe Cretaceous Dakota Sandstone, Mowry
Shale, Bentonl&de, Frontier &ndstone, Niobrara Formation, and the Pierre Shale were
deposited in thepicontinental sesaof the Western Interior Seawayor-marine Tertiary
units are up to 1000 feet thick and represent basin fill deposits that are the result of
adjacent uplifts of Laramide and pdsiramide tectonisr{Stites, 1986)In addition to
these sediments, P&#ocene glacial till and Holocene colluvial and alluvial material has
been deposited.

The Arctic seatransgressethe Rocky Mountain Region beginning in the Early
Cretaceoussetting the stage for tHermationof the Western Interior Seawalynits such
as the Dakota Group afmdontier were deposited transitionalterrestrial tomarine
environments at the margins of the .seadiment wasupplied from both theastern and
western margins, arttie supply from the weskepositedhe thickest successiaridore
shale rich units were deposited when Alnetic sea had joined the Gulf of Mexico over
thetranscontinentadrch(Haun and Kent, 1965kreating one of the largef®reland
basins in the worl@Weimer, 1984)These units get progressively younger to the south as
a result of thgorogressive encroachmeat the Arctic Sedowardto the Gulf of Mexico.
Numerous progradational and retrogradional sequences occurred during the Cretaceous

resulting in the various units seen in the area



The Niobrara Formation was deposited duringGbaiacian(Weimer, 1984)It
consists of intervals afalcareoughalk and organicich shale unitswithin the
Niobrara, four limestone intervals and three shale intervals are recognized, both in
outcrop and on@pphysical logs. Ithe North Park Basin and the Denver Basin the
lowemost limestone is known as the Fort Hays Limestone and the rest of the units are
grouped together dhe Smoky Hill Member (Figer 1.3. The Fort Hays Limestone lies
on an erosional sface above the units of the Carlile Shale through Greenhorn
Formation; theupperboundary varies from an erosional to transitional contact with the
overlyingpelagicPierre ShaléWeimer, 1984) Thickness variatios andunconformities
previously identified irthe Niobrara Formation are interpreted to be the result of
northwest movement of the American Plate, portions of the sea floor developing
compression and uplift, and submarine scour during contemporanedaseladrop
(Weimer, 1984)

1.3.2 Past Stratigraphic Correlation

Themembersf the Niobraravere deposited in the Denver Basin aodrelations
existinto aher Rocky Mountain basinhe most recent publishstludies of the
Niobrara are by Longman, Ldan, and Luneau in 1998 and 200hese papers
characterize the nature and distributionha&f Niobrara lithologies and thegiotential as a
hydrocarbon source roskhroughout the Rocky Mountain region, including North Park
Basin. These workers break the Niobrara Formation into eight members, based primarily
on their chalk content. The units are described usiaghalk to marl totsale definitions
as seen in Figure.4 The following descriptionsf the Niobrara interval summarizes the
work of Longman et a1998)and Landon et a(2001)

Thelowermost membeof the Niobrara Formation is the Fort Hays Limestone
(N900in Figure 1.9. It is generally a tan to light gray, bioturbated chalk with shaly,
microstylolitic interbeds. The chalk beds generally range fronb @e®t thick, with an
average thickness of 2 feet, while the shaly partings are typicaiy iddhes thick. The
entire Fort Hays ranges in thickness from less than 10 feet (in SE Wyoming) to upwards



Figure 1.3Generalized stratigraphy of the North andMiddle Park Basin
(from Stites, 1986 after Hail, 1965; Weimer et al., 1986)
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of 120 feet (in New Mexico). In the North Park Basin, the thickness of the unit ranges
from about 1040 feet thick, although it is notably less rich in carbonate. The Fort Hays
has a finely crystalline carbonate matrix of disaggregated coccolith fragwiénts

suspended skeletal fragments comprising mostly

0 Pure Chalk 100
of planktonic foraminifer tests, oyster shell > 95 P
fragments, inocerimid shell fragments, and 15 85 e
. . . . Chalky Marl r
disaggregated calcite prisms. Chondrites, P 25 7% o
Planolites, Thalassinoides, Teichichnus, e e
. : . ras 65
Zoophycos are important traceskils presentin = ¢ T
the unit. The Fort Hays can be distinguished on e
n Marl C
wireline logs by a low blockgammaray, a high t a
resistivity, a convergence of the neutron and C 65 35 b
density porosity, and a high sonic response. | 0
h - ion of the Ni is | a7s 25 n
The remaining portion of the Niobrara is known ¢ y Marly Shale a
the Smoky Hill member. It consssof alternating 85 15 t
e
chalk and martich units.These units are thHeasal g5 Sl 5
ale
chalk lower shalelower chalk middle shale 100 0
middle chalk upper shaleandupper chalk Figure 1.4 Carbonate to Shale Spectrur
This spectrum, a simplification of Pettijol
Thelower most part of the Smoky Hill (1975)is used by Longman et.£[998)in

. . ) their study on th&liobrara.
member is théasal chal{N850in Figure 1.9. It

is a light colored, bioturbated chalk and chalky marl interbedded with marl and marly
shale. Théasal challkvaries in thickness in the region from zero (in southeaster
Wyoming) to over 180 feet (in the Raton Basin), and i$@@®eet thick in North Park.
The thickness of the unit is influenced by paleostructures in the area. Plantonic
foraminifer tests and inocermid shell fragments are common while chalk pellets are
present in the marl interbeds. The contact with the overlying unit is gradational, as can be
noted by an upward increasiggmmaray response.

The next unit is théower shalgN800in Figure 1.5. It is a browniskgray
laminated marl with a slightly siltglay matrix. Some chalky marl interbeds exist in the
unit. It is characterized by flattened chalk pellets and, to a lesser degree, planktonic

foraminifer. It ranges in thickness from zero to eighty feet across the Rocky Mountain



region. A highgammaray response is noted in this unit.

Thelower chalk(N700in Figure 1.5 overlies thdower shalelt is a brownish
gray, wispy laminated, slightly burrowed chalky marl. It is mostly comprised of chalk
pellets, usually 6#85%, but may also contain planktofacaminifers and oyster and
inocerimidfragments. Théower chalkis zero to seventfive feet thick in the region,
with a thickness of 185 feet thick in North Park. Thickness variations of this unit have
been observed, characterized by northeasthwest trending discontinuous lenses and
podsof chalkrich fecal pellett oi ned Api | e hqngmampetaliP98hThe s by
lower chalkis seen ogammaray logs by a three finger@sponse, indicating the
presence athree main chalk beds.

Above thelower chalk is the
middle shaléN500in Figure 1.5. It TYPE LOG
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chalk rich units while the marl units are composed of primarily flattened chalkspellet
The lowest has a more micritic matrix compared to the clay matrixes of the marl and
upper challunits. Theupper chalkunit of themiddle chalkis more varied than itewer
counterpart. Théower chalkexhibits convergence on the neutron and densitysity
logs, while thegammaray response is upward increasing throughrtiedle chalk

Theupper shaléN200in Figure 1.3 is stratigraphily above themiddle chalk It
is composed of dark massive marly shales to chalky marls. The unibB03@et hick
through the region, with thicknesses fromBID feet within North Park. Flattened chalk
pellets, oyster and Inoceramus shell fragments, pyrite framboids can be seen in the clay
matrix of these shales and marls. Tipper shalés typified by a higlgammaray
response.

Theuppemost unit of the Niobrara is thgper chal{N100in Figure 1.9, also
known as the Beecher Island Zone. It is a light tan, speckled, microporous chalky marl,
that is massive with faint wispy laminae. Chalk pellets, plankttmraminifer,

Innoceramus fragments, oyster fragments are common in its micritic to clay matrix. The

upper chalkis zero to fifty feet thick throughout the regiongluding North Park.

1.3.3Niobrara Formatioepositional Environment

Carbonate deposition began after the complete flooding of the Hartville Uplift
around88.8 Ma, connecting the north and south arms of the Western Interior Seaway
(Longman et al., 1998))his set up @ounterclockwise flow pattern from the ancestral
Gulf of Mexico to the Arctic SeéSlingerland et al., 1996The warm southern currents
allowed for the coccoliths and plaokic forams abundant in intervals of the Niobrara to
be present. Throughout the overall deposition of the Niobrara, this overall marine
transgression persisted, albeit wikver orderfluctuations Figure 1.6showsa schematic
of these transgressiregressive cycles. Thiwer order cycles control the amount of
current flow in the WIS. During the transgressive cycles, higher relative sea level allowed
for more of the carbonatéch waters from the south to invade the area of the WIS which
is now ColoradoFour trangressive cycles occurred during the Niobrgcébothem

resulting in the deposition of the Fort Hagasal chalklower chalk middle chalk and



Figure 1.6 Cretaceous
transgressiveregressive cycles,
Four trangressive cycles and tr
regresive cycles occurred durin
the Niobraracyclothem The
transgressive periods favored
chalkrich deposition, while
=| regressive cycles favored more
===| markrich deposition as a result
=== fluctuating current flow. From
=1 Longman et al(1998)after
Kauffman and Caldwel|1993)
g===| Obradovich(1993) and Barlow
f and Kauffman(1985)
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upper chalkintervals. Alternatively, during the regressive cycles, the currents from the

south were reduced, and the southward flowing Arctic currents inhibited carbonate
production and deposition. Three regressive cycles took place during the Niobrara
cyclothem resulting in the deposition of thewer shalemiddle shaleandupper shale
intervals. In addition to the fluctuating current flows, a gradual deepening of the WIS
resulted in time periods when bottom waters throughout parts of the WIS were anoxic,
favoring the presemtion of organic matter. Paleaggraphic reconstructions of different

time periods during the Niobrara cyclothem carviesved in Figure 1.7

1.34 Structure

This study primarily deals with the stratigraphy of the basin and less concerned
with its structure. However, a basic understanding of the structural evolution and
elements of the basin is essential. The North Park Basin is considered one of the most
structurally complexRocky Mountainntermontane basin&Vellborn, 1977) Three
periods of deformation are known to have occurred in the basin during the late

Cretaceoufocene, late Eocene, and Miocd?imcene(Hembre and TerBest, 1997)
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Northeastsouthwest compressional forces of Laramide tectonism of latac@ous

through Eocene time aresponsible for most of the major deformational feat(lcaage

and Wellborn, 1985)North Park Basin was forrdeduring the Larimide as the

surrounding mountain ranges, Front, Mediddmv and Park Ranges, were uplifted.

These ranges were all part of the Ancestral Rdg&yntain HighlandDuring late

Eocene time, folds and north and northwest trending reverss fasiilting in tightly

folded and even overturned and thrusts with thousands of feet of displagéve#ihorn,
1977) During MiocenePliocene time, widespread volcanism and intrusion occurred, and
is exemplifiel by the Rabbit Ears Ran@jdembre and TerBest, 19971he main

structures present ithe basimresummarizedn Figurel.8.

Mountainranges bound the North Park Badihe Medicine Bow, Park\ever
SummerWilliams River,Vasquezand Front Ranges consists of Precambrian igneous
and metamorphic rock3 hese ranges form the boundaéshe basin. The Rabbit Ears
Range separates North Park frbfiddle Park. This range is formed from intrusive and
extrusive igneous activity.

Folding associated with uplift of the surrounding mountain ranges is present in the
basin.The major folds of ta basin will be briefly discusse@lhree named synclines are
present in the area: the North PafNkalden, and Sulfur Springgrsclines.The North
Park gncline is an asymmetricébld. Of theanticlineslocated in the basithree are
known for their petrieum traps: the M€allum, Battleship, and Coalmoartticlines.The
McCallum anticline is broken into north and south components by a small s&attier
anticlines present in the basin are the Elk Mountain, Sentinel Mountain, Spring Creek,
Sand CreekShe@ Creek andGranbyanticlines.

Faultsin the basirare a result of the uplifts that occurred in this region. The main
faults that are located in this basin will be briefly summarized Kdskque dip-slip
normal faults are present in the basin, inalgdiheBoettchey Sheep Mountain, Delaney
Butte, South McCallumandCoalmontFaults The Sentinel Mountain and Elk Mountain
Faults are two of the reverse faults noted in the bakirustfaults present includéhe
Never SummeftillwaterVasquez OvehrustZong Mt. BrossBuffalo Creek Thrust

plate, Williams Range Thrust platedependence buntain thrustand the Central

12
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Thrust Belt. The Spring Creek Fault Zone divides the northern third of the Wasire
faulted anticlines prevail, from the southern third, where thrusting is predominate.

1.4 Methods

The first phase of this studigvolves the identification and interpretation of the
Niobrara Formation and surrounding units in outchapoutcrop ofthe Niobraravas
located in North Park and waseasurd; the lithology waslescribed in detail. Samples
werecollected from each outcrop. These sampleszused to creatpetrographichin
sections that weranalyzed undea petrographic microscope tceitify the constituents
andto classify each sampl@he samplesvere alsaised forpyrolysisand total organic
carbongeochemistry analysegheoutcropwas alsdogged by a gammeay RS-125
SpectrometerThisallows for the outcropo becorrelated to subsurface ganinag logs.

The next phase of this study investighitee Niobrara Formation in the
subsurface. Thigork integratel data collected from the outcrop investigation, especially
the outcrop gammeay readingswith subsurface wklogs. The data for this project
consist of digital and raster logsquired fromlHS and MJ Services undagreemerst
with the Colorado School of Mines. Thesll logswereimported into the IHS GeoPlus
Petra software through which the correlation ofghlesurface well log®ok place.
Important horizons of the Niobrara and other important formatiaeidertified. These
correlations aréased on both previous correlations as well as the outcrop Stolypur
and isopach maps of each of these horizegreconstructedimportantrock properties
werealsoevaluated across the basis part of the subsurface study using petrophysical
techniquesThese properties include porosityater saturation, total ganiccarbon
contenf and maturity.The methods used in evaluating these properties include basic well
log analysigAsquith et al., 2004anda technique developed by Passey ef1&90)for
calculating organic richness from porosity and resistivity.lbgaddition to thewvell
logs, geochemical data frosubsurface cuttings was algsed. Thee datahave been
obtained on the USGS Core Website and includes a study of eight wells in Jackson and
Grand Counties by EOG in 2006. These wells have available data for-tayk x

diffraction, total organic carbonymlysis, and vitrinite reflectance for select intervals
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The methods for evaluating tedata (and geochemical data from outcrop samples)
based on analysis technique® guidelinesutlined by Peter§l986) Langford and
BlancValleron(1990) and Peters and Cagd®94) All of the above data atesedto
interpretthe Niobrara Formatioi he role that the Niobrara plays in the petroleum
systemof the basirwasevaluated specifically the potentiaource and reservoir rocks.
As a result of this studyf the Niobrarafuture exploration areas asaggested.
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CHAPTER 2

ROARING FORKOUTCROP STUDY

The outcrop used in this study is located orviestern margin of the North Park

Basin and is exposed along the north side of Roaring Cegékin the se-, se-, Sec.l,

T8N, R82W;sw-, sw-, Sec. 6, BN, R1W; anchw -, nw-, Sec 7, T8N, RB1W as

shown in Figure 2.1. This outcrop was fourydcensultingpast outcrop work in the basin
(Stites, 1986and geologic maps (RMAG, USGS). Other outcrapse investigated,;
however, exposure of the Niobrara is very limited in the basin as it is prone to erosion,

and this exposure was deemed the best exposed.

Figure 2.1 Location of Roaring Fork
outcrop. The outcrop is located in the
west central Jacken County, indicated
here by the red diamond. The satellite
image of the area shows the outcrop,
highlighted in blue, along the north bank
of Roaring Fork (Google Maps, 2010).

248
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20040
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This outcroptotalsabout 300 feet in thicknesBhe outcrop represents pions of
the Frontier, Carlile, and Niobrara Formatiomsfteensamples were collected from the
outcrop, at 20 foot intervals. Tgretrographic thin sections wepeeparedrom these
samples and were analyzed under a petrographic microscope to identifynistituents
and the classification of each sample. The samples were also used for whole rock
pyrolysis and total organic carbon geochemistry analyses. The outcrop was logged by a
gammaray RS-125 Spectrometer, allowing for the outcrop to be correlatestbsurface

gammaray logs.

2.1 Measured Section, Lithologic Description, and Petrographic Thin Sections

The measured section, lithologic description, and petrographic thin sections are
compiled together in Plate 2.1. Figure 2.2 shows an example of the odtceojntervals
seen in the outcrop are the Frontier Sandstone, the Carlile Shale, and the Niobrara
Formation. Sukunits of the Niobrara present in the outcrop are the basal chalk, lower
marl, lower chalkmiddle marl,middle chalkand the upper marl. The following sections

present the observations seen in the outcrop by interval.

2.1.1 Frontier Sandshe

The section exposed begins in the Frontier SandsitreeErontielis a fine
grained sandstone and is fossiliferous, containing shell fragment&radimgerexposed
in this outcrops about 20 feet thicklhe unit is composed ohgular quartz grainaith

porous intervals between the grains.

2.1.2 Carlile Shale

The Carlile Shale lies above the Frontier Sandstone. This unit is composed mainly

of shales, but chalkich intervals are interbedded within the unit. One such interbed is

18



seen about 15 feabove the Frontier measuring abotibat in thicknessThis chalk bed
had a very strong effervescence when a diluted HC| was apphedinit isa grainstone
composed o$keletal grains, ifading shells and foraminifer&halk units within the
Carlile are limited.Above thischalkunit, the outcrop is covered for an estimated
stratigraphic thickness of 250 feet until the next exposeidof the Carlile This unit is a
graycalcareous shaiatramicritewackestonavith thin laminae about 16 feet (exgol

thick and containsarbonate skeletal grains, including foraminifera.

2.1.3 Basal Chalk

The Niobrara Formation lies above the Carlile Shale. The first unit of the
Niobrara is thdasal chalklt is more resistant in the outcrop than the underlghaje
unit. It isgray and calcareous, moderately effervescing to atid basal chalk is about
15 feet thick in this outcrognd has thin layers present

2.1.4 Lower Marl

Above basal chalk is the lower marl. This unikgss resistant than the underlying
chalk. Itcontains many bentonite layeranging from % 2 inches thick each. Overall,

the lower marl is about 10 feet thick

2.1.5 Lower Chalk

The lower chalkies above the lower marl. It is about 25 feet in theds) The
lower chalk is gelintramictite wackestoreomposed omany skeletal grains, including

globigerinid planktic foraminifers witbalcitespar filled chambers.
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2.1.6 Middle Matrl

Above this unit lies a more recessive gray, calcareous thariddle marl. This
marl unit is about 70 feet think, though only aboufe$ thickare exposed in this
outcrop The marl is calcareous dwetinterval reacts strongly to acithe units is

laminated and is a pelmictite wackestone.

2.1.7 Middle Chalk

Themiddle chalk lies above the middle marl. In this outcrop, the middle chalk is
about 100 feet in thickness. The middle chalk is mainly an intramicrite wackestdine
unit has skeletal grains within the matrix of the rank|uding globigerinid planktic
foraminifers with spar filled chambersitervals that are more pellet and rmaech are
interbedded within the challhe unit reacts moderately to acgentonite layers, about
% to linch thick each, are present in this interval. Portions of thisvaitare sandy and

contain dark fossil fragments.

2.1.8 Upper Marl

The upper marl is the last unit exposed in the Roaring Fork outcrop. About 50 feet
of the marl is presenlt is calcareous, with portions that react weakly, and others with
moderate tstrong effervescencét contains some silty to very fine grajsd is
classified as a pelmicrite wackestone. The pellets in this unit are flattened, most likely as
a result of compactio.he exposure of this outcrop ends as intervals above this anit ar

covered.

20
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2.2 TOC andPyrolysis Data

The 15 samples that were collected from the Roaring Fork outcrop were analyzed
at the Colorado School of Mines usin§aurce Rock Analyzér . Figures 2.3 and 2.4
summarize theedata. A table of thes#atais compiledin AppendixA. Total organic
carbon values ranged from 0.28 wt% (Frontier) to 3.14 wio¥%ef shalg. All of the
samples, excluding the Frontier, have TOC values above 1 wt. %; the majority of the
Niobrara samples are above 2 wt.&b¢d havegood to very goothydrocarbon potential
However, the S1 vaes range from 0.040.30 and indicatpoorhydrocabon source
potential zone. The S2 values range from 0.08 (Frontier) to 18eSal(chalk Most of
the samplearein the fair to goodhydrocarbon sourggotential interval; three of the
samples, inluding two in the Frontier, aiia the poor petroleum pential range. When
plotted on a modified van Krevelemagram, the samples plot between the Type Il and
Type Il lines. TheHI values of the samples raak Type Ill, mixed Type Il and Ill and
Type Il kerogen. The S2/S3 values are variable and rangelypml to Type I
kerogen. When TOC is plotted against S2, the samples plot as Type Ill, mixed Type I
and Ill, and Type Il kerogen. Based on thierpreted marindepositional environment
of this interval, it is expected that a mixture of Type Il angélijil wouldbe present.
These data from the pyrolysis suppibis expectation.

In order to evaluate the maturity of the interval sampled, the Tmax values must be
used as no vitrinite reflectance betmal alteration index data weaealyzed for this
well. The Tmax values fahe outcrop sampleange from 383158°C, with an average
of 423°C.These values indicate that the samples are immature @em@rationThe
production indexPRI) values for the Niobrara samples rarigen 002 to 0.07. This
indicates that all of the samples are immature. These both stippodnclusiorthat the
interval tested has not reached maturity. This maturity represents the maximum thermal
maturation the samples have underg@amel arenot necessaglrepresentative of the

present heat flow conditions
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2.3 OutcrogGammaray Log

The Roaring Fork wicrop was measured with a portable GR spectral
scintillometer. This provides readings of the total radioactivity as well as a breakdown of
the amount derived from potassium, thorium, arahiwm of each interval tested.

Readings were taken every 2 feet, with each measurement taking 120 seconds. These
gammaray readings are useful in that they can be used as an aid in determining lithology
and correlating, in this case, from an outcrop eghbsurface. When analyzing spectral

GR in mudrocks, potassium is associated with clay minerals and feldspar, uranium is
associated with organic matter and phosphates, and thorium is associated with heavy
minerals and volcanic agBohacs, 1998)

The total and spectrgammaray logs for the Roaring Forkutcrop can be seen
in Figure 2.5. The potassium and thorium curves appear to be tracking each other. This
allows for the variations in tharanium curve to have a greater effect on the total GR
curve. As the uranium curve is associated with organic matter, and one would expect, in
the context of the Niobrara Formation, that more organic matteldvib@ present in the
more madrich intervalswhen compared to merchalkrich intervals. This allows for use
of the GR curves in identifying these alternating chiadk and marrich intervals in the
Niobrara.

In order to correlate the units seen in the outcrop to those in the subsurface, the
outcr@ gammaray readings were comparedgammaray readings from a well. The
well used in this correlation is Federal B2located about 9600 feet from the location of
the outcrop. The comparison of the logs can be seen in Figure 2.0wET&R
readingsm the Frontier sandstone correlate toltveer readings from the lowest portion
measured in the outcrop. At the base of the main portion of the measured sme8on,
gammaray readings can be correlated to Hasal chalkAbove this unit, the GR
readings increase in th@ver marl Next, the readings begin lmwer, andthe unitis
interpreted to be thiewer chalk Above this, the outcrop was taeathered to measure
the GR in allbut two spots; it is inferred from thesemewhat higher readings that this
interval is themiddle marl Above themiddle mar) thelower GR readings indicate the

presence of thmiddle chalk The more martich interval within themiddle chalkcan be
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seen as the GReadings increase, and then track back down as the interval returns to

being chalk rich. Above theniddle chalk the GR readings begin to increase; this interval

is interpreted as thgpper marl The measured section agammaray readings end in the

upper marl
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Figure 2.6 Comparison of the GR from the Roaring Fork Outcrop to Federal 321. The outcrop and
well are about 9600 feet away from one another. An extendedsgosn can be seen on Plate 3.1 in

Do .
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2.4 Summaryand Discussion

The Roaring Fork Outcrop of the Niobrara was analyzed as part of this study. In
addition to a measured secti@etrographidhin sections were created angqlysis
analysis was performed from samples collected in the field. An ougenopnaray log
was also created. The measured section and thin sections (Plate 2.1) provide detail on the
lithology of the Niobraraincluding that prtions of the Frontier, Carlildasal chalk
lower mar| lower chalk middle mar) middle chalk andupper markre present in the
outcrop.The pyrolysis data show that the samples most likely contain Types Il and I
Kerogenand were deosited in a marine environmeMOC measurements on the
samples reveal that most samples have at least 1 wt.%, and most contain more than 2
wt.% TOC rating as a good potential source rdditdrogen indices of the samples range
from 200400.The samplesra thermally immaturebut would generate oil and gas upon
generationThe outcroggammaray log provided a means to tie the outcrop to the
subsurface. This also provides a level of lithologic control to the subsurface stratigraphic

interpretation.
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CHAPTER 3

STRATIGRAPHY

Although studies on the stratigraphy of the Niobrara Formation have been
published, none have provided a detailed description of Niobrara sediments in North Park
Basin. This chapter explains the methodology in deatification of the stratigraphic
intervals, presents structural maps, and details the stratigraphic characteristics of each

unit described.

3.1 Stratigraphic Correlation Methods

Stratigraphic correlations in this thesis were performed using IHS Petra
software. Wells with log data within the Niobrara units were used. Figure 3.1 shows the
location of the wells used and regional crssstions presented in this studye log
data included, but wemot limited to,gammaray, resistivity, density, sp@ganeous
potential, and sonic logs. The majority of these logs were in raster image form. The
digital logs that were used were digitized by the autRegrettably, there areo core
data from the Niobrara interval in North Park available to the publictrarsd none has
been used in this study to compare with the log data. The type log presented in this

chapter is located at the intersection of thBB a-BDd Dsedians.

3.2 Correlated Intervals

Tenintervals were correlatdshsed on the log character of the Niobrara interval.
These intervals ar@ ascending ordethe Frontier Sandstone, Carlile Shale, Fort Hays
Limestone pasal chalklower mar| lower chalk middle mar] middle chalk(the middle
chalkis further subdividd into two chalk units, divided bymaarl unit),upper marland
upper chalkThese tops are based primarily on the work doneomgmanet al (1998);
however, the term marl is usénstead of shale in order to reflect the calcareous nature
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Figure 3.1 Location of Wells and Cross Sectiontocation of the 240 wells used in identifying
intervals in this study. The location of the six regional ceesgions presented in this study is shown
black. Two northsouth sections, M 6 a-B d , B a n d-wdstsectionse@ & tD 6D-E 6E -a
F dThese crossections can be seen in Plate Brecambrian surface outcrops are shown in pink.
Tertiary intrusive surface outcrops are shown in orange. Both the Precambrian and Tertiary intrt
units act as constraints on the presence of the Cretagerval in the region.
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the interval. The work of angmanet al (1998)is summarizedn the $ratigraphy section
of Chapter 1 of this thesis.

The characteristics of these units on well logs can be seen in Figure 3.2, a type
log from USA 322-1 |located in the eastern region of the North Park Basin, just north of
the Spring Creek Fault Zone. The well is part of both esestionsBB 6 B-D 4 .
Starting from the basaf the type log, the Frontier Sandstone is identified by its low
gammaray (GR) and high resistivitfRES)log response. The overlying Carlile Shale is
identified bylower RESand highelGR responses than the Frontier. The Fort Hays,
located at the base of the Niobrara, is indicated a low blgakymaray, a dramatically
higher resisvity than in the Carlile, a convergence of the neutffdéRHI) and density
(DPHI) porositylogs, and a high sonic response. Hasal challof the Smoky Hill
Memberis similar to the Fort Hays, but is recognized by a higher, less clean GR
response, bower, less consistent RES response, atack of convergence of the NPHI
and DPHIlogs. Thelower marlis distinguished by a higher GR alagver RES response
when compared to the units above and below it. IdWer chalkis indicated by a
decrease in GR vad#is. The overlyingniddle marlis noted by higher GR arldwer RES
curve values. Theiddle chalkis broken into three units;lawer chalk a marl, and an
upper chalk Thelower chalkis indicated by a low GR and a high RES res® and a
convergence ahe NPHI and DPHIogs. The marl unit of theniddle chalkis
characterized by a higher GR and a decrease in the RES respongpp@ihehalks
similar to thelower chalk but is more variedndhas a higher GR response (lwer
than the separating madndlower RES values. Thapper maris recognized by an
increase in GR and a decrease in RES. The top of the Niobrara (also the togppithe
chalk) was picked where the resistivity curve values dramatically drop offupper
chalkinterval also cotainslower GR values than the marl it overlies.

Many cross sections were constructed throughout the interpretation work
completed in this study. In this report, only crssstions representing the regional
nature of the units are shown. These regionagds sections include two nowtbuth
sections, AAd a-Bd, Ban d-wdstsectionse@ & tDOD;EOE -&BHdahkd
may be viewed together on Plate 3.1.
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Figure 3.2 Type Log. Type log for the Niobrara Formatim in the North Park Basin. Gammaray
response in combination with Resistivity, Density Porosity, Neutron Porosity, and Sonic Logs fromr
USA 322-1.
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3.3 Frontier Sandstone

The Frontier Sandstone is compdf thinbedded, rippldaminatedsandstone
and shaly interbeds with calcareous cement. The Frontier was deposited in both marine
and noamarine environments. The Frontier Sandstone is identified by itgdownaray
and high resistivity log response. It is a very distinctive markerlvedghout the study
area. Only the top of the Frontier was picked on well log interpretation for this study,
and, as a result, an isopach of the unit cannot be constructed. However, a structure map,
Figure 3.3, of the top of the Frontier Sandstone is itapbas the units studied in this
thesis overlay the Frontier.

This structure map indicates thebsealepth of the top of the Frontier. The
formationgenerally dips into the center of the basiortN of the Spring Creek Fault
Zone, which separates thertieern third of the basin from the rest, there ismayor
faulting, ancthe Frontier gps away from the margins of the basin. South of the Spring
Creek Fault Zone thgresence of at least one major fault can be seen. This fault is
indicated by the shallowedge of the Frontier in the center of the basin. Further south,
in Grand County, the number and coverage of wells is limited, and thus, evidence
supporting the previous interpretation of the numerous thrust faults is inadequate to
confirm or contradictheir presence. Though the elevation data from the Frontier
Formationare not present tsupport these interpretatione presence of these faults is

not unreasonable as previous outcrop mapping and gravity data support them.

3.4 Carlile Shale

The Calile Shale conformably overlies the Frontier Sandstone. It is
composed of siltstone, shale, sandstone, and limestone deposited under marine
conditions. The Carlile Shale is identified on well logs by low resistivity and high
gammaray responses. The thickss of the Carlile Shale in the wells studied ranges
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Figure 3.3 Structure Maps on top of the Frontier.The color bar of the contour lines ranges fr@®d00

(purple) to 10,000 (red) feat relation to sedevel, as seen in thepperright corner of thenap. The

contour interval is 500 feet. Precambrian surface outcrops are shown in pink. Tertiary intrusive surface
outcrops are shown in orange. Both the Precambrian and Tertiary intrusive units act as constraints on the
presence of the Cretaceous inteimahe region.
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between 45 and 720 feendaveragsabout 250 feet thick. The thickness of thelizar
Shale is generally unifornidowever a few areaslo showthicknessvariations A portion

of the Carlile interval was eroded in two wells in the ceateéhe basin, resulting in a
thinner area. In Grand County in the south of the basin, the Carlile thickens from east to
west; however, the number and coverage of wells is sparse in this area and many faults
are believed to be present causing the trendstedee of limited confidence.

A structure map of the Carlile Shale wamstructedn Figure 3.5. This structure
map is very similar to the structumap of the Frontiefhe regions that are the deepest,
mainly in the center of the basin, are the sarhe. thrust fault in the center of the basin,
south of the Spring Creek Fault Zone, is alsspnt at the Chle interval.

3.5 Niobrara Formation

The Niobrara Formation overlielse Carlile Shale in the studyea. It is
composed of alternating maith and chalkrich intervals. The Niobrara Formation
ranges from 250 to 1100 feet in thigdas in North Park araverag@s475 feet thick. The
Niobrara has historically been broken into two memlbesFort Haysandthe Smoky
Hill Members. In thisstudy, the Smoky Hill has been further subdivided into 7 intervals
based on their log character, mainly the GR and RES log responses. The following
sections will discuss each of these intervals in detail. An isopach map of the total
Niobrarais shownin Figure3.6. The total Niobrara interval seems relatively uniform in
thickness, buathickenirng to the norths present.

3.5.1 Fort Hays Limestone

The Fort Hays Limestone lies at the base of the Niobrara Fornzattboverlies
the Carlile Shale. This contact, as noted in Kansas, Wyoming, and eastern Colorado by
Weimer(1984)is sharp and is a regional unconformity. The Fort Hays is a tan to light

gray, bioturbated chablkith shaly, microstylolitic interbed3.he Fort Hays interval is
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Figure 3.4 Isopach Mapof t Carlile. The color bar of the contour lines ranges from 0 (purple) to 500
(red)feet, as seen in thepperright corner of thenap. The contour interval is 25 feet.
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Figure 3.5 Structure Map on top of the Carlile.The color bar of the contour lines ranges fr@d00
(purple) to 10,000 (red) feetlative to sedevel, as seen in thepperright corner of thenap. The contour
interval is 500 feet.
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