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INTRODUCTION
Background

The Cretaceous Western Interior Seaway Continental Scientific Drilling Project (WISK-
DP) began in 1991 as a collaborative, multidisciplinary study of middle to Upper Cretaceous
marine strata in the Utah-Colorado-Kansas corridor of the Western Interior Seaway. The project
presently involves about two dozen researchers from the USGS, Amoco Production Company,
and seven academic institutions. Obijectives of the first phase of WISK-DP were to drill three
holes or groups of holes, one in western Kansas, one in eastern Colorado, and one in eastern
Utah. These states span the Cretaceous Western Interior Seaway that extended from the Gulf of
Mexico north to the Arctic Ocean during maximum marine transgressions. (Figure 1). The first
phase of the project was to focus on the two most extensive transgressive episodes in the seaway
during the middle Cretaceous that resulted in deposition of two important organic-carbon-rich
pelagic limestone units, the Cenomanian-Turonian Greenhorn Formation and Santonian-
Campanian Niobrara Formation. An interdisciplinary team of researchers from government,
academia, and industry would conduct biostratigraphic studies, paleoecologic studies, inorganic,
organic and stable isotopic geochemical studies, mineralogical investigations, and high-resolution
geophysical logging. Cores would provide the unweathered samples and continuous smooth
exposures required for these studies.

Information for the eastern end of the transect was obtained from a hole that was drilled in
1988 and continuously cored (with better than 90% recovery) by Amoco Production Company in
western Kansas (Amoco Rebecca K. Bounds #1, Greeley County, Kansas; Figure 2). Cores for
the western end of the transect were obtained in 1991 when the USGS drilled and continuously
cored (with better than 98% recovery) three holes in the Kaiparowits Basin of south central Utah
(Fig. 2). These three cores, USGS CT-1-91, USGS SMP-1-91 , and USGS Escalante #1 (Figure
2) are presently archived in the USGS Core Research Center (USGS-CRC) in Denver. The third
hole (USGS Portland #1; Fig. 2), was drilled by the USGS with DOE funding and continuously
cored (with essentially 100% recovery) in Cretaceous strata in the Cafion City Basin near Florence,
Colorado. The Portland core is also archived in the USGS-CRC, Denver. The purpose of this
report is to present core descriptions and some preliminary geochemical data for the Amoco
Bounds core.

Amoco Bounds Core

The Amoco Production Company, Rebecca K. Bounds #1 well was drilled in March of
1988 in Section 17, T18S, R4 2W, Greeley County, Kansas, to a total depth (TD) of 2645 feet
(806 meters). Ground level elevation was 3824 feet (1166 meters). The hole was continuously
cored from a depth of 522 feet (159 meters) to TD using Amoco's slim-hole high-speed advanced
drilling system (SHADS) also known as stratigraphic high-speed advanced drilling system (Walker
and Millheim, 1989; Randolph and Jourdan, 1991; Scott and others, 1993). Coring began in the
middle of the Smoky Hill Member (Santonian) of the Niobrara Formation (Figures 3 and 4) and
bottomed in the Mississippian. In January, 1992, the Cretaceous part of the Bounds core (522
-1495 feet; 159-456 meters) was released by Amoco and shipped to the USGS-CRC in Denver.
The core was slabbed at the USGS-CRC, and a 2-cm-thick slab of the core is archived there. The
archived slabs are stored in 1-m-long boxes, 3 m per box. This report contains visual core
descriptions (Appendix I) of the core slabs from the Niobrara Formation to the top of the Dakota
Sandstone (522-1115 feet; 159-340 meters; Figures 3 and 4).









Amoco Rebecca K. Bounds #1 S17, T18S, R 42W, 38.1°N, 101.15°W
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Figure 3. Tops of formations and members from the Niobrara Formation to the top of the Dakota
Sandstone in the Bounds core.
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Figure 4. Lithologic log of the Bounds core (modified from Scott and others, 1993) with
descriptions for each member or formation summarized from the 100-cm descriptions
in Appendix I..
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METHODS AND RESULTS
Core Descriptions

Figure 5 is a blank core description form that we used to describe the Bounds core. Figure
6 is a key for: 1. symbols used for filling in lithology, ichnofauna, macrofauna, microfauna, and
accessory components in the "LITHOLOGY" column, 2. shading and numbers to depict
ichnofauna in the bars in the "BIOT/sed.fab." column, 3. numbers to represent sedimentary fabric
(mainly degree of bioturbation or lamination) depicted by width of the bars in the "BIOT/sed. fab."
column, and 3. shading and number to represent rock color in the "COLOR" column. The scale at
the left of the "LITHOLOGY" column is in centimeters for each meter of core. Because there are
three meters of core in each archived box of core, each box number has an a, b, and ¢ designation.
The actual core footages, as marked on the core in the field, are given for each box, and the
footages for each 1-m section appears on the left of the "LITHOLOGY" column. The original
descriptions were done in pencil on blank forms (Figure 5). Each change in lithology based on
color, texture, fabric, composition, abundance of biotic components, etc., was used to define a
new lithologic unit. This resulted in a large number of lithologic units (553) but we decided that
this provided the maximum amount of lithologic information. Each lithologic unit was described
systematically in terms of thickness of the unit in centimeters, main lithology, sedimentary fabric
(degree of bioturbation or lamination), type of ichnofauna, color (using the Geological Society of
America Rock Color Chart), and nature of lower contact. This information was both written and
coded on the form. The information was then transferred to digital versions of the forms on a
Maclntosh computer using MacDraw graphic software. The completed 1-m lithologic descriptions
are presented in Appendix 1. The field-measured, drilled interval represented by the 553 lithologic
units in the descriptions was at depths of 529.5 feet to 1126 feet (161.4 m to 343.2 m) for a total
drilled interval of 596.5 feet (181.8 m). The cumulative thickness of the 553 lithologic units as
measured in the slabbed core is 178,575 cm (178.6 m) which means that only 3.2 m of material is
unaccounted for between what was measured in the field and what was measured for 553 lithologic
units in the slabbed core. This is quite good agreement considering that there were several
intervals of bagged rubble and missing core for which we had only a rough estimate of the
stratigraphic thickness represented by those intervals. Also, the 553 lithologic units include 44
intervals marked "sample taken” in which a whole-core sample had been taken at Amoco and for
which we had no indication of lithology or exact stratigraphic thickness represented by that sample.
We suspect that many of those samples were bentonites. Many samples were taken from the
Greenhorn Formation for geochemistry by Michael D. Lewan, then with Amoco and now at the
USGS. We know that those samples were thin (1-2 cm) and taken from within lithologies so they
were not counted as separate units. The Lewan samples are so indicated on the description forms.
A summary description for each member or formation is included along with the lithologic log in
Figure 4.
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Figure 5. Blank visual core description form used for
describing the Bounds core at 100-cm intervals.
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Carbon Analyses

Concentrations of total carbon and carbonate carbon were determined by coulometry
(Engleman and, others, 1985) in ground splits of samples collected at about 10-cm intervals
through the transition between the Smoky Hill Chalk and Fort Hays Limestone Members of the
Niobara Formation, the upper 40 m of the Carlile Shale, and the Bridge Creek Limestone Member
of the Greenhorn Formation. Carbonate in the untreated sample is reacted with perchloric acid to
liberate CO2, which is then titrated in a coulometer cell to measure carbonate carbon. Total carbon
is measured by liberating CO?2 by combustion of an untreated sample and titrating the CO2. Values
of total organic carbon (TOC) were determined by difference between total carbon and carbonate
carbon. Replicate analyses demonstrate the coulometer technique has a precision of better than
*1% for both carbonate and total carbon. Percent CaCO3 was calculated by dividing percent
carbonate carbon by 0.12, the fraction of carbon in CaCO3. Results of the carbon analyses are
presented in Appendix II and plotted versus depth in Figure 7.
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Figure 7. Plots of percent CaCO3 and total organic carbon (TOC) versus depth in samples from
the Niobrara Formation, Carlile Shale, and Bridge Creek Limestone Member of the
Greenhom Formation.
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Inorganic Geochemical Analyses

Splits of the carbon samples from the Niobrara Formation and the Bridge Creek Limestone
Member of the Greenhorn Formation were used to measure the concentrations of 10 major
elements (Si, Al, Fe, Mg, Ca, Na, K, Ti, P, and Mn) by wavelength-dispersive X-ray
fluorescence spectrometry (XRF; Baedecker, 1987). Concentrations of 30 major and trace
elements (Al, Fe, Mg, Ca, Na, K, Ti, P, Mn, As, Ba, Cd, Ce, Co, Cr, Cu, Ga, La, Li, Mo, Nb,
Nd, Ni, Sc, Sr, Th, V, Y, Yb, and Zn) were determined by inductively coupled, argon-plasma,
emission spectrometry (ICP; Baedecker, 1987). For many samples (usually those with high
concentrations of CaCO3) concentrations of As, Cd, Mo, Nb, Nd, Pb, Sc, Th, and (or) Yb were
below the limits of detection.

Estimates of the precisions of the XRF and ICP techniques were obtained by performing
duplicate analyses on 9 samples. The percent difference between duplicates was calculated for
each type of analysis (XRF and ICP). Histograms of average and maximum percent difference
between duplicates are plotted in Figure 8. Scatter plots of element oxide concentrations
determined by ICP versus element oxide concentrations determined by XRF are shown for each
element in Figure 9. The histograms (Figure 8) and the scatter plots (Figure 9) show that
agreement between the two methods is acceptable. Average differences in duplicate analyses for
major elements by XRF and ICP and trace elements by ICP is generally <10% (Figure 8). The
high values (<10%) for maximum percent difference usually are due to one or two samples, and
often it was the same samples that had large differences for several elements.

Results of analyses of both the Niobrara and Bridge Creek samples are presented in
Appendix III. Element concentrations are plotted versus depth for the Niobrara samples in Figure
10, and for the Bridge Creek samples in Figure 11.
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% TOC % Si-xrf % Al-xrf % Fe-icp % Mg-icp

% CaCOqy

Figure 10. Plots of concentrations of major and trace elements and Rock-Eval hydrogen index

versus depth for the Niobrara Formation. For those trace elements in some samples that
had concentrations below the detection limits, a line marked "d.1." is drawn at the
detection limit, and for plotting purposes the concentration in that sample was assigned a
value of one part per million (ppm) lower than the detection limit.
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% CaCO3

Figure 11. Plots of concentrations of major and trace elements versus depth for the Bridge Creek

Limestone Member of the Greenhorn Formation. For those trace elements in some

samples that had concentrations below the detection limits, a line marked "d.l." is drawn

at the detection limit, and for plotting purposes the concentration in that sample was

assigned a value of one part per million (ppm) lower than the detection limit.
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Carbon and Oxygen Isotope Analyses

Stable-carbon isotope ratios were determined on splits of the carbon samples from the
Bridge Creek Limestone Member of the Greenhorn Formation using standard techniques (Pratt and
Threlkeld, 1984). Powdered whole-rock samples for determination of carbon and oxygen isotope
ratios in carbonate were reacted at 90°C with 100% phosphoric acid, and the evolved CO7 was

dehydrated and purified in a high-vacuum gas-transfer system. All isotope ratios were determined
using a Finnigan MAT 252 isotope-ratio mass spectrometer. Results are reported in Appendix IV

and plotted versus depth in Figure 12 in the standard per mil (%c) d-notation relative to the
University of Chicago Pee Dee belemnite (PDB) marine-carbonate standard,

8%o =[(Rsample/RppB) 11 x 103,

where R is the ratio (13C:12C) or (180:160).
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Figure 12. Plots of carbon and oxygen isotope ratios (expressed as the per mil [%o] difference
relative to the PDB marine carbonate standard) versus depth in samples from the Bridge
Creek Limestone Member of the Greenhorn Formation. The stratigraphic position of
the Cenomanian/Turonian boundary is indicated by a line marked "C/T".
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Rock-Eval Pyrolysis

Rock-Eval pyrolysis was used to determine the type of organic matter in samples from the
Niobrara Formation (Appendix V). The Rock-Eval method provides a rapid determination of the
hydrogen and oxygen richness and degree of preservation of sedimentary organic matter (Tissot
and Welte, 1984; Peters, 1986). Concentrations of free and adsorbed hydrocarbons (HC) released
by programmed heating of the sample in a stream of helium at a relatively low temperature (250°C)
for 5 min are recorded as the area under the first peak on a pyrogram (S 1) (milligrams of HC per

gram of sample). The S peak is roughly proportional to the content of organic matter that can be
extracted from the rock or sediment with organic solvents. The second peak on a pyrogram is
composed of pyrolytic hydrocarbons generated by thermal breakdown of kerogen as the sample is
heated from 250° to 550°C (S) (milligrams of HC per gram of sample). CO» also is generated by
kerogen degradation and is retained during the heating interval from 250° to 390°C, and it was
analyzed as the third peak on the pyrogram (S3) (milligrams of COy per grams of sample). The

Rock-Eval instrument also records the temperature of maximum hydrocarbon yield (Tmax). The
S1 and S3 peak areas, when calibrated and normalized to percent total organic carbon (TOC), yield
a hydrogen index (HI) and an oxygen index (OI) expressed as milligrams of HC and CO, ,
respectively, per gram of TOC. Values of HI and OI correlate well with atomic H:C and O:C ratios
determined in the same samples by other methods (e.g., Tissot and Welte, 1984). The results of

Rock-Eval pyrolysis are given in Appendix V, and values of HI are plotted versus depth in Figure
10.

Amoco Geochemical Data

Results of geochemical analyses on 55 samples from the lower 26 m of the Greenhorn
Formation (Bridge Creek Limestone, Hartland Shale, and Lincoln Shale Members) and upper 11 m
of the Graneros Shale obtained by M. D. Lewan while he was with Amoco Production Company
are given in Appendix VI. Locations of these samples are indicated on the 100-cm core description

forms in Appendix I. Values of §13C of isolated kerogen in the standard per mil (%) 8-notation
relative to the PDB marine-carbonate standard, percentages of N, C, H, and O in isolated kerogen,
% TOC, and the Rock-Eval parameters S1, S2, H-index, and Tmax were measured using standard
methods at Amoco's Research Center in Tulsa. Concentrations of major-element oxides and sulfur
(in percent), and 13 trace elements (Ba, Cr, Cu, Nb, Ni, Pb, Rb, Sr, Th, U, Y, Zn, and Zr in
parts per million, ppm) were determined by XRF at X-ray Assay Laboratories (XRAL), Toronto,
Canada. Plots of selected geochemical parameters versus depth are shown in Figure 13.
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Figure 13. Plots of % CaCO3; % TOC; hydrogen Index; 513 C in kerogen; % total S; % N, C,
and H in kerogen; and whole-rock concentrations of major and trace inorganic elements
versus depth for the Amoco data from the Greenhorn Formation. Boundaries between
the Bridge Creek, Hartland Shale, and Lincoln Shale Members are indicated by dashed
lines on the CaCO3 plot. The stratigraphic position of the Cenomanian/T: uronian
boundary is indicated by a line marked "C/T" on the CaCO3 plot.
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Figure 13 (cont.)
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Appendix 1. Descriptions of 1-m sections of the Amoco Bounds core.
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Appendix II. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formations or Members

559.22 170.45 9.59 5.12 447 32.4 Smoky Hill Chalk Mbr., Niobrara Formation
559.57 170.56 9.13  5.63 3.50 35.6
55990 17066 945  5.88 3.57 37.2
560.25 170.76  9.66  5.65 4.01 35.8
560.56 170.86 9.82  6.40 3.42 40.5
560.90 17096 9.01 6.06 295 38.4
56120 171.05 10.12 579  4.33 36.7
561.50 171.15 9.84 627 3.57 39.7
562.00 17130 10.08 6.72 3.36 42.5
562.35 17140 9.36 5.96 3.40 37.7
562.70 171.51  9.18  4.53 4.65 28.7
563.00 171.60 1030 5.17 5.13 32.7
563.28 171.69 9.82  6.02 3.80 38.1
563.48 171.75 998  7.04 2.94 44.6
563.67 171.81 1128  7.31 3.97 46.3
563.85 17186 9.80 6.32 3.48 40.0
56430 17200 9.79 6.84 2.95 433
564.65 172.11 10.53 593 4.60 37.5
56494 17219 10.13 5.8 4.55 35.3
56530 172.30 990  6.10 3.80 38.6
565.63 17240 1043  6.96 3.47 44.1
565.95 172.50 1047 7.72 2.75 48.9
56630 172.61 10.48  6.11 4.37 38.7
566.63 17271 10.65 6.32 4.33 40.0
566.70 172.73 10.05  7.09 2.96 44.9
56698 172.82 10.82 6.41 4.41 40.6
567.02 172.83 10.16 6.37 3.79 40.3
567.19 17288 10.70 6.07  4.63 38.4
567.62 173.01 1020 574 446 36.3
567.85 173.08 942 500 @ 4.42 31.7
568.28 173.21 909 550 3.59 34.8
568.61 17331 10.73 10.07 0.66 63.7
56891 17340 977 566  4.11 35.8
56920 173.49 9.48  5.15 4.33 32.6
569.50 173.58 1098  9.02 1.96 57.1
570.00 173.74 10.02 6.04 3.98 38.2
57020 173.80 10.51  6.29 4.22 39.8
570.67 17394 1130 7.05 425 44.6
57120 174.10 12.74  8.65 4.09 54.8
57136 174.15 1469 7.94 6.75 50.3
571.60 17422 1291 9.74 3.17 61.7
57190 17432 1143 7.16  4.27 45.3
57225 17442 1143  8.30 3.13 52.5
572.60 17453 11.14 543 5.71 344
572.89 174.62 13.22  7.08 6.14 44.8
573.15 17470 1290  7.15 5.75 45.3
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Appendix II. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formations or Members

573.62 174.84 13.65 8.18 5.47 51.8
574.00 17496 10.63 795 2.68 50.3
57422 17502 1195 7.31 4.64 46.3
57460 175.14 1444  6.97 7.47 44.1
57496 17525 10.60 10.07 0.53 63.7
575.26 17534 11.19 10.06 1.13 63.7
575.68 17547 1245 9.27 3.18 58.7
57590 17553 1230  9.64 2.66 61.0
576.07 175,59 13.06 8.80 4.26 55.7
576.32  175.66 1292 10.50 242 66.5
57640 175.69 12.28  9.98 2.30 63.2
57700 17587 12.75 10.24 2.51 64.8
57730 17596 12.84  9.75 3.09 61.7
57770  176.08 13.04 949 3.55 60.1
578.00 176.17 1095 10.35 0.60 65.5
578.70 17639 12.08 8.64 3.44 54.7
578.84 17643 1091 10.13 0.78 64.1
578.85 176.43 13.53 9.75 3.78 61.7
579.15 176.52 10.55  5.12 543 324
57942 176.61 1220 10.61 1.59 67.2
579.75 176.71 12,55  9.88 2.67 62.5
580.03 176.79 12.55 10.30 2.25 65.2
58042 17691 12.62 11.04 1.58 69.9
580.77 177.02 11.73 10.85 0.88 68.7
581.09 177.12 1148 10.87 0.61 68.8
58142 177.22 1259 998 2.61 63.2
581.75 17732 1242  9.15 3.27 57.9
582.12 17743 12.12 942 2.70 59.6
58231 17749 11.92  8.85 3.07 56.0
582.65 17759 11.65 17.62 4.03 48.2
583.10 177.73 1242 948 2.94 60.0
583.40 17782 12.62 9.65 297 61.1
583.75 17793 1299 10.57 242 66.9
584.05 178.02 12,79 10.33 246 65.4
584.38 178.12 12.73 7.91 4.82 50.1
584.69 178.21 1247 794 4.53 50.3
585.10 178.3¢ 12.59 10.23 2.36 64.8
585.40 178.43 13.01 8.51 4.50 53.9
585.72 17853 10.86 10.18 0.68 64.4
586.15 178.66 12.22  8.20 4.02 51.9
586.30 178.70 12.67 9.59 3.08 60.7
586.45 178.75 11.80 6.33 547 40.1
586.79 178.85 13.83 8.30 5.53 52.5
587.09 17895 13.08 893 4.15 56.5
587.22 17898 13.14 8.83 431 55.9
58745 179.05 14.24 7.36 6.88 46.6
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Appendix II. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formations or Members

587.70 179.13 1322 849 4.73 53.7
587.95 17921 13.13 9.58 3.55 60.6
588.23 17929 1297 844 4.53 534
588.50 17937 1270  7.32 5.38 46.3
588.85 17948 14.28 8.58 5.70 543
58895 179.51 1147 11.20 0.27 70.9
589.17 179.58 16.07 8.61 7.46 54.5
589.60 179.71 1327  5.67 7.60 35.9
589.90 179.80 13.77 7.12 6.65 45.1
59030 17992 1197 8.01 3.96 50.7
590.60 180.01 1223 743 4.80 47.0
590.95 180.12 14.68 5.97 8.71 37.8
591.30 180.23 14.75  7.11 7.64 45.0
591.65 180.33 16.01 8.18 7.83 518
592.00 18044 14.78  6.72 8.06 42.5
59270  180.65 14.12 8.13 5.99 51.5
59239 18056 1148 794 3.54 50.3
593.05 180.76 15.31 7.74 7.57 49.0 Fort Hays Limestone Mbr., Niobrara Formation
593.38 180.86 9.39  7.76 1.63 49.1
593.75 18098 1293 10.19 2.74 64.5
594.23 181.12 13.13 10.28 2.85 65.1
59455 181.22 1336  9.28 4.08 58.7
59477 181.29 1047  8.52 1.95 539
59492 18133 1256 10.33 223 65.4
595.25 18143 1258 10.75 1.83 68.1
59560 181.54 10.04 943 0.61 59.7
59580 181.60 12.11 8.83 3.28 559
595.87 181.62 13.27 10.17 3.10 64.4
596.15 181.71 1424  8.67 5.57 54.9
596.30 181.75 11.41 10.68 0.73 67.6
596.65 181.86 12.05 11.20 0.85 70.9
597.00 18197 1422 10.62 3.60 67.2
597.40 182.09 14.06 8.26 5.80 523
597.68 182.17 13.84  9.56 4.28 60.5
59795 18226 1420  9.82 4.38 62.2
59829 18236 1244 946 2.98 59.9
598.61 18246 1339 9.03 4.36 57.2
599.05 18259 1090 1041 0.49 65.9
599.20 18264 1333  9.78 3.55 61.9
599.28 182.66 1334  9.85 3.49 62.4
599.35 182,68 13,55 9.90 3.65 62.7
599.50 182,73 11.23 10.57 0.66 66.9
599.62 182.76 14.75  8.03 6.72 50.8
59980 182.82 1046 893 1.53 56.5
59995 182.86 1247  9.78 2.69 61.9
600.15 18293 14.19 9.93 4.26 62.9
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Appendix II. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formations or Members

600.40 183.00 15.11 7.90 7.21 50.0
600.50 183.03 10.61 10.14 0.47 64.2
600.71 183,10 13.31 9.15 4.16 57.9
600.80 183.12 13.79 9.95 3.84 63.0
600.93 183.16 12.25 10.26 1.99 65.0
601.15 183.23 10.53 9.99 0.54 63.2
601.35 183.29 10.80 10.22 0.58 64.7
601.50 18334 11.06 10.64 0.42 67.4
601.70 183.40 12.36 10.57 1.79 66.9
601.80 18343 1494  7.88 7.06 49.9
601.95 18347 1522 721 8.01 45.6
602.30 183.58 10.78 1046 0.32 66.2
603.14 183.84 1141 10.67 0.74 67.5
604.25 184.18 16.88  7.81 9.07 49.4
604.59 184.28 10.61 10.56 0.05 66.8
60492 18438 10.74 10.10 0.64 63.9
60529 18449 10.25 10.16 0.09 64.3
605.63 18460 888 8.34 0.54 52.8
606.05 184.72 10.89 10.74 0.15 68.0
606.35 184.82 11.52 10.76 0.76 68.1
606.70 18492 1340 1049 291 66.4
607.06 185.03 10.68 10.60 0.08 67.1
607.40 185.14 11.01 10.89 0.12 68.9
607.76 18525 10.64 10.49 0.15 66.4
608.05 185.33  8.23 7.77 0.46 49.2
608.43 18545 11.71 8.63 3.08 54.6
608.76  185.55 11.01 10.65 0.36 67.4
609.12 18566 11.30 11.00 0.30 69.6
611.03 186.24 10.99 10.38 0.61 65.7
672 204.83  8.95 8.75 0.20 55.4 Codell Sandstone Mbr., Carlile Shale
673 205.13 15.70  8.53 7.17 54.0
674 20544 545 5.21 0.24 33.0
675 205.74 0.91 0.82 0.09 5.2
677 20635 4.41 4.36 0.05 27.6
679 20696 236 2.26 0.10 14.3
680 207.26 0.19 0.05 0.14 0.3
681 207.57 025 0.02 0.23 0.1
682 207.87 0.15 0.02 0.13 0.1
683 208.18 0.12  0.02 0.10 0.1
684 208.48 0.13  0.02 0.11 0.1
685 208.79 0.19 0.02 0.17 0.1
686 209.09 0.17 0.03 0.14 0.2
688 209.70 020 0.02 0.18 0.1
689 21001 0.13  0.03 0.10 0.2
690 21031 022 0.02 0.20 0.1
691 21062 022 0.02 0.20 0.1
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Appendix I1. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formations or Members

692 21092 022 0.02 0.20 0.1
693 21123 0.18 0.02 0.16 0.1
694 21153 027 0.02 0.25 0.1
695 211.84 023 0.02 0.21 0.1
696 212.14 0.21 0.02 0.19 0.1
697 21245 024  0.02 0.22 0.1
698 21275 025 002 0.23 0.1
699 213.06 020 0.02 0.18 0.1
700 21336 (0.19  0.02 0.17 0.1
701 213.66 028  0.02 0.26 0.1
702 213.97 028 0.03 0.25 0.2
703 21427 021 0.04 0.17 0.3
704 21458 025 0.07 0.18 04
705 21488 021 0.03 0.18 0.2
706  215.19 030 0.04 0.26 0.3
707 21549 029 0.05 0.24 0.3
708 21580 030 0.05 0.25 03
709  216.10 028 (.04 0.24 03
710 21641 032 011 0.21 0.7
711 216.71  2.06 1.91 0.15 12.1
712 217.02 028  0.02 0.26 0.1
713 217.32 0.27  0.03 0.24 0.2
714  217.63 029 0.04 0.25 0.3
715 21793 024  0.03 0.21 0.2
716 21824  0.21 0.02 0.19 0.1
718 21885 027 003 0.24 0.2
719 219.15 0.6l 0.03 0.58 0.2
720 21946 048  0.22 0.26 14
721 21976 030  0.05 0.25 0.3
722 22007 025 0.04 0.21 0.3
723 22037 039  0.03 0.36 0.2
724 22068 033 0.03 0.30 0.2
725 22098 040 0.05 0.35 0.3
726 22128 046  0.03 043 0.2
721 22159 037  0.06 0.31 04
728 221.89 038  0.08 (.30 0.5
729 22220 045 012 0.33 0.8
730 22250 040 0.03 0.37 0.2
731 22281 0.39 0.09 0.30 0.6
732 223.11 041 0.06 0.35 04
733 22342 045 0.01 0.44 0.1
734 22372 042 0.03 0.39 0.2
735 22403 033 0.05 0.28 0.3
736 22433 036 0.07 0.29 0.4
737 22464 044 003 0.41 0.2
738 22494 041 0.01 0.40 0.1
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Appendix II. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formations or Members

739 22525 043  0.03 0.40 0.2
740 22555 033  0.03 0.30 0.2
741 22586 032 0.02 0.30 0.1
742 226.16 0.72  0.55 0.17 3.5
743 22647 072  0.46 0.26 2.9
744 22677 039  0.01 0.38 0.1
745 227.08 038  0.05 0.33 0.3
746  227.38 048  0.14 0.34 0.9
747  227.69 043  0.02 0.41 0.1
748 22799 0.68 0.21 0.47 1.3
749 22830 042 0.03 0.39 0.2
750 228.60 071  0.03 0.68 0.2
751 22890 0.66 0.02 0.64 0.1
752 22921 097 0.01 0.96 0.1
753 22951 0.62  0.04 0.58 0.3
754 22982 263 0.16 2.47 1.0
755 23012 236  0.02 2.34 0.1
756 23043 198 0.03 1.95 0.2
758  231.04 2.17  0.02 2.15 0.1
759 23134 229  0.04 2.25 0.3
760 23165 209 0.17 1.92 1.1
761 23195 249 023 2.26 1.5
763 23256 246  0.19 2.27 1.2
764 23287 282  0.26 2.56 1.7
765 233.17 3.06 047 2.59 3.0
766 23348 277 043 2.34 2.7
767 23378 269 0.36 2.33 23
769 23439 289 047 242 3.0
771 23500 276 033 2.43 2.1
773 23561 260 0.62 1.98 3.9
774 23592  3.89 1.48 2.41 9.4
776 236.52  3.18 1.07 2.11 6.8 Fairport Chalky Shale Mbr, Carlile Shale
778 237.13 345 090 2.55 5.7
780 237.74 360  0.67 2.93 4.2
782 23835 348 0.59 2.89 3.7
784 23896 650  3.22 3.28 204
786 23957 4.05 1.36 2.69 8.6
788  240.18 5.09 2.08 3.01 13.2
790  240.79 578 234 3.44 14.8
791 241.10 6.02  3.06 2.96 19.4
793 24171 7.19 4.28 291 271
795 24232 6.75 3.68 3.07 23.3
797 24293 698 4.33 2.65 27.4
799 24354 814 426 3.88 27.0
801 244.14 866 4.71 3.95 29.8
803 24475 9.89 491 4.98 31.1
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Appendix II. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formauons or Members

805 24536 998 5.94 4.04 37.6

807 24597  8.69 3.55 5.14 22.5
962.07 29324 1193 7.15 4.78 45.3 Bridge Creek Limestone Mbr, Greenhorn Formation
962.47 29336 11.62 11.10 0.52 70.3
963.39 29364 11.80 6.81 4.99 43.1
963.64 293.72 1030 9.80 0.50 62.0
96398 293.82 1198 8.28 3.70 52.4
964.45 29396 11.74 8.90 2.84 56.3
964.85 294.09 1039 10.08 0.31 63.8
965.15 29418 11.62 7.61 4.01 48.2
965.65 294.33 11.59 7.61 3.98 48.2
965.90 29441 10.15 9.45 0.70 59.8
966.14 29448 10.31 8.40 1.91 53.2
966.47 294.58 12.07 6.92 5.15 43.8
966.77 29467 034 0.19 0.15 1.2
967.50 29489 1122 936 1.86 59.2
967.77 29498 10.86 9.98 0.88 63.2
968.25 295.12 1040 8.52 1.88 53.9
968.57 29522 9.78 6.36 3.42 40.3
968.88  295.31 8.56 7.60 0.96 48.1
969.55 29552 11.09 5.34 5.75 33.8
96994 29564 11.49 7.32 4.17 46.3
97041 29578 11.65 7.94 3.71 50.3
970.71 295.87 11.09 10.87 0.22 68.8
970.87 29592 1142 940 2.02 59.5
971.07 29598 11.82 8.48 3.34 53.7
97131 296.06 1043 10.01 0.42 63.4
971.58 296.14 12.03 8.73 3.30 55.3
971.67 296.17 1195 7.94 4.01 50.3
971.95 296.25 1248 8.11 4.37 513
972.02 296.27 11.64 7.99 3.65 50.6
972.15 29631 12.06  7.88 4.18 49.9
97223 29634 1195 8.73 3.22 55.3
97230 29636 1149 9.26 2.23 58.6
97236 296.38 10.58 9.74 0.84 61.7
97245 296.40 1036 10.08 0.28 63.8
972.54 29643 1046 10.15 0.31 64.2
972.62 29645  9.99 9.58 041 60.6
972.70  296.48 10.41 9.30 1.11 58.9
972.76  296.50 11.43 8.95 2.48 56.7
972.84 296.52 11.74 8.35 3.39 529
97290 296.54 11.60 7.82 3.78 49.5
973.03 296.58 11.09 6.62 4.47 41.9
973.13 296.61 1028 5.20 5.08 32.9
973.22 296.64 11.38 6.77 4.61 429
97340 296.69 1043 4.83 5.60 30.6
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Appendix II. Results of analyses for total carbon (T-C) and carbonate carbon (C-C) in samples from the
Niobrara Formation, Carlile Shale, and Greenhorn Formation.

Depth-ft Depth-m % T-C % C-C % TOC % CaCO3 Formations or Members

973.72 296.79 991 9.64 0.27 61.0
97400 296.88 12.81 8.78 4.03 55.6
97438 29699 945 393 5.52 24,9
974,66 297.08 12.67 8.25 442 52.2
975.55 297.35 9.38 8.77 0.61 55.5
976.28 297.57 021 0.14 0.07 0.9
976.43 297.62 10.75 10.49 0.26 66.4
977.37 29790 11.25 10.54 0.71 66.7
977.73  298.01 8.01 7.32 0.69 46.3
97791 298.07 10.63 4.51 6.12 28.5
978.40 29822 1267 6.15 6.52 38.9
978.75 29832 10.83 10.64 0.19 674
979.05 29841 8.84 394 4.90 24.9
979.19 29846 825 71.70 0.55 48.7
979.45 29854 11.83 5.15 6.68 326
980.06 298.72 9.61 9.15 0.46 57.9
980.86 29897 10.85 10.53 0.32 66.7
982.03 29932 817 7.99 0.18 50.6
982.25 29939 0.14 0.06 0.08 0.4
982.42 29944  2.18 1.83 0.35 11.6
983.10 299.65 10.26 10.08 0.18 63.8
983.22 299.69 626 591 0.35 374
98340 299.74 9.72 940 0.32 59.5
983.66 299.82 10.77 10.52 0.25 66.6
98390 299.89 10.88  8.67 2.21 549
984.33  300.02 8.84 8.27 0.57 52.3
984.80 300.17 10.04 5.29 4.75 33.5
985.23 30030 10.58 6.80 3.78 43.0
985.38 300.34 10.44 7.22 3.22 45.7
985.50 300.38 10.02 9.68 0.34 61.3
985.61 30041 10.01 9.77 0.24 61.8
985.80 300.47 1037 942 0.95 59.6
98595 300.52 10.51 8.31 2.20 52.6
986.14 300.58 10.15 8.40 1.75 53.2
986.73 300.76 9.02 847 0.55 53.6
987.22 30090 10.83 6.97 3.86 44.1
987.73 301.06 10.24 5.60 4.64 354
988.12 301.18 990  8.98 0.92 56.8
988.71 30136 941 494 447 31.3
989.48 301.59 951 4.82 4.69 30.5
990.27 301.83 895 4.81 4.14 30.4
990.55 30192 908 7.98 1.10 50.5
991.07 30208 8.83 4.32 4.51 27.3 Hartland Shale Mbr., Greenhorn Formation
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Appendix IV. Results of carbon and oxygen isotope analyses of samples from the Bridge Creek Limestone Member of the
Greenhorn Formation.

Depth-ft Depth-m Delta 13C (PDB) Delta 180 (PDB)

962.47 293.36 0.78 -4.38
963.64 29372 0.35 -6.48
964.45 293.96 1.69 -1.46
964.85 294.09 1.17 -6.27
965.15 294.18 2.18 -6.92
965.65 29433 1.95 -1.17
965.90 294.41 1.41 -1.15
966.14  294.48 1.78 -1.29
966.47 294.58 2.19 -7.22
967.50 294.89 1.56 -6.49
967.77  294.98 1.57 -6.45
968.25 295.12 1.80 -1.27
968.57  295.22 2.09 -71.19
968.88  295.31 1.82 -7.68
969.55  295.52 2.65 -7.07
97041 29578 2.55 -1.32
970.71  295.87 1.68 -6.16
970.87 29592 2.51 -6.25
971.07 29598 2.47 -1.01
971.31  296.06 1.95 -6.66
971.58  296.14 2.52 -6.83
971.67 296.17 2.85 -6.79
97195  296.25 2.92 -6.91
972.02  296.27 2.74 -6.50
972.15  296.31 3.02 -1.10
972.23  296.34 2.5 -6.80
972.30  296.36 2.62 -6.25
972.36  296.38 243 -641
97245  296.40 2.08 -6.46
972.54 296.43 2.23 -6.51
972.62 29645 2.34 -6.19
972710  296.48 2.63 -6.12
97276  296.50 271 -6.26
972.84  296.52 2.92 -6.51
97290 296.54 3.08 -6.54
973.03  296.58 3.20 -6.61
973.13  296.61 3.34 -6.50
973.22  296.64 3.07 -1.24
97340  296.69 3.57 -6.72
973.72  296.79 2.02 -6.50
974.00 296.88 2.54 -1.14
974.38  296.99 3.39 -6.83
974.66  297.08 222 -71.94
975.55 297.35 2.38 -1.35
97643  297.62 1.80 -6.76
971.37 29790 1.59 -1.65
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Appendix 1V. Results of carbon and oxygen isotope analyses of samples from the Bridge Creek Limestone Member of the
Greenhorn Formation.

Depth-ft Depth-m Delta 13C (PDB) Delta 180 (PDB)

977.73  298.01 2.24 -7.31
977.91  298.07 3.38 -7.02
978.75  298.32 0.49 -4.86
979.05 298.41 3.31 -6.97
979.19  298.46 1.90 -7.02
979.45 298.54 3.61 -6.97
980.06 298.72 0.92 -6.61
980.86  298.97 -2.66 -3.79
982.03 299.32 0.89 -5.76
98242 299.44 4.11 -4.38
983.10  299.65 1.43 -6.11
983.22  299.69 2.44 -6.23
983.40 299.74 1.97 -6.62
983.66  299.82 1.49 -6.45
983.90 299.89 2.00 -6.92
984.33  300.02 1.08 -791
984.80  300.17 L.75 -71.16
985.23  300.30 1.56 -741
985.38  300.34 1.70 -6.45
985.50  300.38 1.38 -743
985.61 300.41 1.35 -7.30
985.80  300.47 1.34 -7.29
985.95 300.52 1.41 -7.94
986.14  300.58 1.30 -7.82
986.73  300.76 1.65 -6.71
987.22  300.90 1.73 -1.73
987.73  301.06 1.82 -7.38
988.12 301.18 1.46 -7.22
988.71 301.36 1.73 -6.57
989.48  301.59 1.57 -6.96
990.27 301.83 1.88 -6.14
990.55 301.92 1.38 -6.98
991.07  302.08 1.16 -7.20
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Appendix V. Results of Rock-Eval analyses of samples from the Niobrara Formation.

Depth Depth S2 H-Index O-Index Tmax
(feet) (meters)  (mg/g) (mg/g) (mg/g) % TOC (deg.C)
560.25 170.76 7.52 249 22 4.01 412
560.90 170.96 8.60 291 33 2.95 416
561.20 171.05 21.03 485 32 433 409
562.00 171.30 8.50 239 19 3.36 409
563.28 171.69 7.91 208 18 3.80 411
563.67 171.81 9.00 226 20 3.97 409
564.65 172.11 12.12 263 19 4.60 413
564.94 172.19 15.78 346 28 4.55 414
565.30 172.30 4.21 110 10 3.80 415
566.70 172.73 6.56 221 22 2.96 413
567.19 172.88 10.91 235 16 4.63 409
567.62 173.01 15.66 351 30 4.46 413
568.28 173.21 12.91 359 27 3.59 411
568.91 173.40 5.25 127 13 4.11 415
570.00 173.74 12.78 321 30 3.98 411
570.67 173.94 9.16 215 15 4.25 413
571.90 174.32 11.97 280 26 4.27 412
573.15 174.70 13.58 189 15 5.75 408
574.22 175.02 9.30 200 14 4.64 411
574.60 175.14 18.25 244 13 7.47 412
575.26 175.34 4.86 430 38 1.13 413
576.32 175.66 2.35 97 16 2.42 422
577.00 175.87 1.71 68 12 2.51 421
577.70 176.08 12.58 354 30 3.55 413
578.85 176.43 7.28 192 17 3.78 414
579.75 176.71 9.77 365 37 2.67 415
582.31 177.49 14.30 465 36 3.07 417
582.65 177.59 16.36 405 28 4.03 416
584.38 178.12 15.26 316 26 4.82 410
584.69 178.21 6.49 143 10 4.53 413
585.10 178.34 9.43 399 30 2.36 415
586.15 178.66 8.31 206 14 4.02 416
586.79 178.85 23.48 424 25 5.53 411
587.45 179.05 27.88 405 26 6.88 411
587.95 179.21 2.89 81 6 3.55 447
589.60 179.71 26.76 352 23 7.60 415
589.90 179.80 25.01 376 24 6.65 411
590.30 179.92 13.82 348 28 3.96 417
590.60 180.01 7.38 153 13 4.80 415
591.30 180.23 32.06 419 24 7.64 411
594.55 181.22 15.70 384 36 4.08 414
594.92 181.33 5.31 238 42 2.23 417
597.40 182.09 24.22 417 25 5.80 413
597.95 182.26 14.12 322 30 4.38 412
598.61 182.46 15.14 347 27 4.36 414
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Appendix V. Results of Rock-Eval analyses of samples from the Niobrara Formation.

599.20 182.64 8.50 239 19 3.55 409
599.62 182.76 15.00 115 5 1299 412
600.15 182.93 6.43 150 14  4.26 413
600.93 183.16 0.44 22 24 1.99 419
601.35 183.29 0.85 146 91 0.58 427
601.95 183.47 3.12 38 4 8.01 417
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