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ABSTRACT 

 

 A diagenetic assessment of the B chalk, B marl and Fort Hays Member of the Niobrara Formation, 

in eight cores and one outcrop sample, revealed that progressive diagenetic alteration occurred with 

increasing burial depth and increasing temperatures. Cathodoluminescence petrography, scanning 

electron microscopy, geothermal data, and stable oxygen isotopes provided insight into the varying 

diagenetic changes that have occurred.  

 An increase in temperature lead to a decrease in porosity and permeability from greater 

accumulations of calcite cement through recrystallization and reprecipitation (seen through SEM), 

yielding more depleted isotope (δ
18

O) values as the system became more closed. Early diagenesis of the 

Fort Hays Member was supported by little evidence of compaction or pressure solution, as well as early 

lithification of the carbonate mud. As a result, the Fort Hays presented more enriched δ
18

O values than 

were seen in the chalks and marls. Evidence for early diagenesis was also present in the 

cathodoluminescence portion of the study, where the Fort Hays was brightly luminescent in comparison 

to the chalks and marls, and elemental data showed high concentrations of Mn
2+

 (700+ ppm).  

The marls, compared to the chalks, yielded δ
18

O values that were attributed to two possible 

scenarios 1) lower permeabilities resulting from more clays and greater cementation, that prevented ion 

exchange between fluids and sediments; and/or 2) more opportunities for pressure solution exist in the 

marls, and, therefore, dissolved carbonate is transported from sites of dissolution in marly intervals to 

sites of precipitation in neighboring chalks under higher temperature conditions.  

Utilizing calcite-water fractionation curves and corrected bottom hole temperatures for the DJ 

basin, it was found that the isotopic composition of Late Cretaceous ocean water in the CWIS relative to 

standard mean ocean water (SMOW) may have been closer to 3‰, which is heavier than the values 

previous workers have published.  
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  CHAPTER 1

INTRODUCTION 

The Denver-Julesburg (DJ) basin is centered on the eastern flank of the Rocky Mountains 

and extends from south of Denver, to southeastern Wyoming, western Nebraska, and western 

Kansas.  The basin is an asymmetric syncline that includes Cenozoic, Mesozoic, and Paleozoic 

sedimentary rocks. The tight oil- and gas-bearing reservoirs of the late Cretaceous Niobrara 

Formation are of key importance in developing economic oil and gas plays within the basin. The 

Niobrara Formation is widespread and was deposited in the Cretaceous Western Interior Seaway 

(CWIS) between the early Coniacian and early Campanian during an overall transgressive episode 

[Weimer, 1960]. The Cretaceous section of the Western Interior is characterized by large-scale 

transgressive and regressive oscillations that were controlled by major global sea-level changes and 

Cordilleran tectonic activity. 

During two relatively short periods of high sea level, when the influx of siliciclastic 

sediments was restricted, a variety of carbonate sediments accumulated on the stable eastern shelf 

of the seaway [Longman et al., 1995]. Many of the carbonate-rich sediments form only a small part 

of the total Cretaceous stratigraphic package deposited in the seaway, but they are locally important 

as both hydrocarbon reservoirs and source beds. Chalks within in the Niobrara act as these primary 

hydrocarbon reservoirs and display high porosities and low permeabilities, with controls on 

favorable reservoir properties of these chalks being principally diagenetic [Pollastro & Scholle, 

1986]. 

Organic and inorganic chemical compositions and stable isotopic values of carbonate 

sediment deposited in the CWIS provide insight into changing paleo-oceanographic and paleo-

climatic conditions during the Late Cretaceous, as well as diagenetic changes since the time if its 

deposition. Isotopic studies of carbonate sediments are useful in that they predict maximum depths 

of burial, paleogeothermal gradients, and proximity to zones of deformation. Stable isotope 

composition of these sediments is consistently related to burial depth. Oxygen isotopic values for 

samples of whole-rock carbonate from the Niobrara Formation across the CWIS are strongly 

depleted relative to most age-equivalent chalks or limestone from either NW Europe or the U.S. 

Gulf Coast regardless of depth of burial. There is little doubt that burial diagenesis in the CWIS has 

played a major role in altering the oxygen isotopic compositions of Middle to Upper Cretaceous 

limestone and chalk units [Pratt et al., 1993].  
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The purpose of this project was to study the diagenetic changes that have occurred within 

the Niobrara Formation from where it outcrops in western Kansas to where it is found in the 

deepest portions of the DJ basin. Diagenetic changes were evaluated based on cathodoluminescence 

petrography, scanning electron microscopy, geothermal gradient data, and δ
18

O values collected 

from 8 cores. Together, these data help to evaluate reservoir properties of the B Chalk, B Marl and 

the Fort Hays Member of the Niobrara Formation. 
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  CHAPTER 2

GEOLOGICAL SETTING 

The Denver-Julesburg (DJ) basin is centered on the eastern flank of the Rocky Mountains 

and extends from south of Denver, to southeastern Wyoming, western Nebraska, and Western 

Kansas.  The basin is an asymmetric syncline that includes Cenozoic, Mesozoic, and Paleozoic 

sedimentary rocks. The tight oil- and gas-bearing reservoirs of the late Cretaceous Niobrara 

Formation, however, are of key importance in developing economic oil and gas plays within the 

basin. Within Colorado, at its deepest location within the axis of the DJ basin, the Niobrara Fm. lies 

at depths of around 2590 m (8500 ft) and gradually shallows eastward until it is found outcropping 

in Kansas and Nebraska.  

The Niobrara Formation is widespread and was deposited in the Cretaceous Western 

Interior Seaway (CWIS) between the early Coniacian and early Campanian during an overall 

transgressive episode [Weimer, 1960]. The seaway was bordered on the west by the rising Sevier 

orogenic belt and on the east by a stable cratonic platform—creating the asymmetric foreland basin 

shown in Figure 2.1. The Cretaceous section of the CWIS is characterized by large-scale 

transgressive and regressive oscillations that were controlled by major global sea-level changes and 

Cordilleran tectonic activity. According to Pratt et al. [1993], five major episodes of marine 

transgression and regression are recorded during the Cretaceous in the CWIS by symmetrical to 

asymmetrical cyclic sequences that range from a few meters to tens of meters in thickness. At times 

of maximum transgression, the CWIS provided a connection between the Tethyan and Arctic 

oceanic realms (Figure 2.2). Patterns of sedimentation within the basin were principally controlled 

by the supply of coarse clastics generated by Sevier activity on the western portion of the seaway, 

and thought to be deposited primarily below wave-base in waters ranging in depth from tens to 

hundreds of meters. Currents also transported some of the finer grained siliciclastic silts and muds 

many tens of kilometers onto the more stable and gently dipping eastern portion of the seaway. The 

land mass on the eastern side of the seaway had relatively low relief, and therefore, siliciclastic 

sediment derived from the east was deposited only along the eastern shoreline. Poor oxygenation 

and relatively weak circulation of bottom water at most times is reflected by the predominance of 

laminated and organic-carbon-rich strata in the Niobrara. Beds with bioturbated fabrics and beds 

composed of skeletal grains record occasional times when circulation improved and bottom 

currents were of sufficient strength to sustain well-oxygenated conditions and to support deposition 

[Pratt et al., 1993]. During two relatively short periods of high sea level, when the influx of 

siliciclastic sediments was restricted, a variety of carbonate sediments accumulated on the stable 
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eastern shelf of the seaway [Longman et al., 1995]. Biostratigraphic and sedimentologic studies 

indicate varying influences on the CWIS from marine waters of the Tethyan and Arctic oceans and 

from fresh water discharged out of the Sevier highlands to the west [Pratt et al., 1993]. Many of the 

carbonate-rich sediments form only a small part of the total Cretaceous stratigraphic package 

deposited in the seaway, but they are locally important as both hydrocarbon reservoirs and source 

beds (e.g., Niobrara Fm.). 

 

 

Figure 2.1 Generalized west-to-east regional cross section through the Cretaceous Western Interior 

Basin. Carbonates of the Niobrara Fm. and Greenhorn Limestone form relatively thin tongues in the 

thick siliciclastic package deposited during the Cretaceous. Coarse clastic sediment was shed into 

the basin from the rapidly eroding thrust sheets to the west [Modified from Levin, 2005]. 

 

 
Figure 2.2 Paleogeographic map showing the extent of the Western Interior Seaway at maximum 

transgression during the early Turonian. Numbers indicate the location of principal outcrop sections 

and drilling sites where samples were obtained from Colorado, Kansas and Nebraska [Pratt et al., 

1993]. 
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 The Fort Hays Limestone 2.1

The Fort Hays Limestone, the basal member of the Niobrara Formation, contains some of 

the purest chalk in the Cretaceous of the Western Interior and comprises a sequence of thin to very 

thick beds of massive, bioturbated chalky limestones that may be separated by shaly interbeds and 

wispy dissolution seams. In contrast with the Smoky Hill Member, Pratt et al. [1993] suggested a 

strong diagenetic influence on development of interbedding in the Fort Hays Limestone. Evidence 

includes 1) the highly compacted and distorted morphology of burrows in the marlstone beds, 2) 

pervasive stylolite development in the marlstone beds, and 3) dissolution and truncation of 

macrofossils at bedding contacts. Therefore, interpretation of primary paleoceanographic conditions 

in the CWIS is probably more reliable for the Smoky Hill Member. Except for about a half meter 

interval near the base, the Fort Hays interval consists of greater than 95% carbonate sediment. The 

very fine crystalline carbonate matrix of this limestone is composed of disaggregated coccolith 

fragments. Also suspended in this matrix is a variety of skeletal fragments including planktonic 

foraminifer tests, oyster and inoceramid shell fragments, and disaggregated calcite inoceramid 

prisms (Figure 2.3).  

The remainder of the sediment is composed of quartz silt, clays, pyrite, and organic matter. 

The vertical distribution of fossils within the unit is indicative of poorly oxygenated sediments 

followed by a gradual change to better oxygenated sediments. The Fort Hays ranges in thickness 

from less than 3 m (10 ft) in southeastern Wyoming to more than 15 m (50 ft) in southeastern 

Colorado. It is easily recognized in wireline logs by a low, blocky gamma-ray signature and 

relatively high resistivity, as shown in Figure 2.4.  

 The Smoky Hill Chalk Member 2.2

Niobrara lithologies are regionally developed pelagic carbonate units composed of chalk or 

resistant limestone interbedded with less resistant marlstones or calcareous shales. Interbedding 

occurs at a scale of a few decimeters to a few meters and may reflect a hierarchy of superimposed 

cycles of different lengths. The organic-carbon content of the limestone beds is generally less than 

about 0.5% TOC, whereas that of the marlstone or shale beds is generally greater than about 1.5%. 

The difference in content of organic matter accounts for the whitish color of the limestones and 

greyish color of the marlstones and shales. Precise regional correlation of individual limestone beds 

is possible and facilitates regional correlation of geochemical and stable isotopic data. The 

sedimentological linkages proposed between periodic climate change and rhythmic pelagic 

deposition are numerous and include cyclic variation in factors including carbonate productivity,  
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Figure 2.3 Core and thin section photographs of the Fort Hays Member of the Niobrara Formation. 

Scale bars in images A-C are in centimeters.  

 

(A) #1-B Goertz core at 8247 ft (2500 m) in Silo Field. Burrowed chalk is interbedded with 

stylolitic shaly partings shown in the center and at the top of the core slab. Vertical stylolites can 

also be seen in the lower right part of this core slab.  

 

(B) #4 Berthoud State core in Larimer County at 3151 ft (960 m). Bioturbated chalk containing 

trace fossils. The vertical burrow in the center of the cores lab was initially formed by 

Thalassinoides and later reentered by Teichichnus (the back-filled portion). A stylolitic, shaly 

parting can be seen at the base of the core slab.  

 

(C) #3 Berthoud State at 3191.5 ft (970 m). Core slab of the contact between the Fort Hays interval 

and the overlying sediments. The top of the Fort Hays interval is marked by shell fragments and 

lithoclasts. Of particular note in the photograph is a clast in the left center part of the core slab that 

contains a geopetal fill that has been overturned. The presence of such clasts at the contact is 

evidence for early lithification.  

 

(D) #4 Berthoud State at 3159 ft (962 m). This thin section photomicrograph illustrates the typical 

texture of Niobrara Formation chalk in the Fort Hays interval. Planktonic forams and other 

recrystallized shell fragments rest in a micrite matrix. In this thin section, calcite spar and a trace of 

dolomite fill the foram tests. The epoxy-filled fracture on the left side of the photo is induced.  

 

(E) #3 Hillenbrand 41-33 core at 7285.4 ft (2220 m). Thin section photomicrograph of chalk with 

microstylolitic partings. Ferroan dolomite, quartz silt (white grains), and clay, are concentrated 

along the stylolitic seams.  

 

(F) #25-12 Bass Belvoir, 8061 ft (2460 m). The thin section shown represents the base of the Fort 

Hays interval. In some wells, such as this one located in Laramie County, Wyoming, the contact 

between the Codell Sandstone and the Fort Hays interval is gradational with abundant reworked 

quartz sand in the basal part of the Niobrara.  

 

(G) #1 Nemec core in Stanley County, South Dakota taken at 1138 ft (346 m). The Fort Hays 

interval is composed of flattened fecal pellets and planktonic forams in a clay and micritic matrix. 

Abundant microporosity is present in this thin section. The dark-colored, lenticular grains are chalk 

pellets [Longman et al., 1998]. 
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Figure 2.4 Type log of Longman et al. (1998) for the Niobrara Formation in the northern Denver 

Basin. Gamma-ray response in combination with the resistivity and compensated neutron-density 

logs was used to subdivide the Niobrara into ten intervals that can be correlated across the Denver 

Basin and into the adjacent areas [Longman et al., 1998]. Note that the Fort Hays is marked by the 

sharp transition to a low gamma signature and higher resistivity. 
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clastic dilution, redox conditions, and bottom-current strength. Cycles of dilution and oxygenation 

are inferred to be the principal causes of rhythmic bedding in the Niobrara. Estimated periodicities 

of the CWIS generally fall within the range of 20-80 k.y., suggesting a relationship with 

Milankovitch cycles [Pratt et al., 1993].  

The two formal members of the Niobrara include the basal Fort Hays Limestone and the 

overlying Smoky Hill Chalk Member. Relatively high eustatic sea level and crustal subsidence in 

the foreland basin caused a major marine transgression in the study area that resulted in deposition 

of the Niobrara lithologies [Longman et al., 1995]. Figure 2.5 through Figure 2.9 are schematic 

reconstructions done by Longman and others [1998] to show possible depositional models for the 

Fort Hays Limestone and Smoky Hill Member, including current flow patterns of warm and cold 

waters as they moved through the Western Interior Seaway. The Smoky Hill Member, in 

northeastern Colorado and western Kansas, is comprised of cyclically bedded chalks, marls, and 

calcareous shales [Precht & Pollastro, 1985]. Limestone-shale bedding couplets in the Smoky Hill 

Member are interpreted to be largely primary structures because 1) burrow morphologies are well 

preserved in both rock types, 2) stylolites are rare and poorly developed, 3) burrows near the top of 

a bed are commonly filled with sediment that is characteristic of the overlying bed, 4) bedding 

contacts do not truncate calcareous macrofossils, and 5) the clay mineral composition and quartz 

abundance vary markedly from bed to bed [Pratt et al., 1993]. These units vary in thickness 

regionally and are bounded above and below by calcareous marine shales—the Pierre Shale and 

Carlile Formation, respectively. Figure 2.10 is a stratigraphic column of the Upper Cretaceous 

rocks found within Weld County, Colorado. Variation in distribution of the chalk units is a result of 

different factors including rate of sediment supply, distance from clastic source areas,  

paleotectonism, water depth, degree of oxygenation of bottom waters and biological productivity 

[Precht & Pollastro, 1985].   

 

Chalks of the Smoky Hill Member are impure, although they increase in purity from west to 

east, and were deposited during a time of extensive volcanism. The chalks are considered impure 

because of the intermittently high concentrations of acid insoluble residues that consist of various 

clay minerals (particularly mixed-layer illite/smectite, illite, and kaolinite), quartz, feldspars, pyrite, 

occasional zeolites and organic matter [Pollastro & Martinez, 1985]. The relative proportions of 

these insoluble residues, however, vary both vertically and laterally throughout the chalk units. 

 

The Smoky Hill Member has been subdivided into three chalk reservoir zones, or “benches”, 

called the A, B and C benches from the top down, each of which are underlain by marls thought to  
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Figure 2.5 Schematic reconstruction of the study area during deposition of the Fort Hays interval at 

the base of the Niobrara Formation. Continued transgression flooded the Hartville Uplift, opening 

the Western Interior Seaway to a major influx of warm, carbonate-rich waters from the southeast. 

Cooler Arctic currents flowed southward along the siliciclastic-dominated western shoreline of the 

seaway [Longman et al., 1998]. 

 

 
 

Figure 2.6 Schematic reconstruction of the study area during deposition of the lower part of the 

Smoky Hill Member. This widespread but relatively thin, shaly deposit probably represents starved-

basin conditions during continued transgression and a major influx of the cooler Arctic currents 

from the north. Warm carbonate-rich currents from the south were largely restricted to areas south 

of the Las Animas Arch. This shaly interval is particularly important because it included some of 

the most organic-rich deposits in the Niobrara Formation [Longman et al., 1998]. 
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Figure 2.7 Schematic reconstruction of the study area when there was renewed influx of warm 

Gulfian currents into the seaway that resulted in deposition of chalk-rich beds across most of what 

is now the Denver basin area. These chalky deposits grade northward and westward into 

increasingly siliciclastic-dominated lithologies [Longman et al., 1998]. 

 

 
 

Figure 2.8 Schematic reconstruction of the study area during deposition of what includes some of 

the best oil-producing, chalk-rich units in the study area. A major influx of warm currents from the 

southeast combined with a period of maximum transgression to deposit these chalk-rich rocks 

across much of the study areas. The chalks grade westward and northward into marls and 

siliciclastic-rich deposits [Longman et al., 1998]. 
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Figure 2.9 Schematic reconstruction of the study area during deposition of a marly interval that 

occurred during a major influx of cooler Arctic currents into the seaway. Marly chalks in the 

southeast part of the study area grade northward and westward into more shaly deposits [Longman 

et al., 1998]. 

 

 

 

Figure 2.10 A stratigraphic section of Upper Cretaceous rocks found in Weld County, Colorado of 

the Denver basin [Precht & Pollastro, 1985]. 
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be the source rocks for their corresponding chalks.  Cumulative Niobrara chalk thicknesses 

within the DJ basin range between 75 and 140 m (246 and 460 ft), and in following the basinal 

eastward-shallowing trend, become thinner to the east [Lockridge & Scholle, 1978].  

 Chalks of the Niobrara 2.3

 

Significant hydrocarbon production from Niobrara Formation chalks can occur in three 

major settings from three major lithologies. The three major settings include: 1) areas where chalks 

have never been buried deeply; 2) overpressured or oil-saturated zones that were initiated early in 

the subsidence history; and 3) cemented and fractured chalks [Scholle, 1977].  Major productive 

lithologies include: 1) microporous and fractured coccolith- and planktonic foraminifer-rich 

limestones present mainly in the eastern part of the seaway; 2) fractured sand-rich facies, mainly in 

the western and southwestern parts of the seaway; and 3) fractured marls and shales mainly in the 

central part of the seaway [Longman et al., 1995]. Biogenic gas within the Niobrara is produced 

from thermally immature, high porosity and low permeability organic-rich chalk beds in the eastern 

part of the Denver basin in eastern Colorado, Northwestern Kansas, and southwestern Nebraska. 

Oil production, however, is produced from much tighter, naturally fractured chalk beds that are 

thermally mature and found farther west and at a greater depth within the basin. Chalks within in 

the Niobrara act as primary hydrocarbon reservoirs that have high porosities and low permeabilities, 

with controls on favorable reservoir properties of these chalks being principally diagenetic 

[Pollastro & Scholle, 1986]. 
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  CHAPTER 3

DATA AND METHODS 

 Cathodoluminescence Petrography 3.1

In carbonates, it is generally believed that Mn
2+

, substituted into regular Ca
2+

 lattice sites in 

the crystalline structure, is the principal activator and ferrous iron (Fe
2+

) the principal inhibitor of 

luminescence. Estimates on the minimum concentrations of Mn
2+ 

required to induce luminescence 

as well as the concentrations of Fe
2+

 required to quench luminescence are discussed further in 

Section 5.2.1 of Chapter 5.  

Cathodoluminescent images were collected on the Castle Rock outcrop sample, as well as 

the Two Mile Creek, Terrace, and Aristocrat PC cores using a Leitz Ortholux microscope outfitted 

with a Technosyn 8200 MK II cathodoluminescence unit. The microscope and camera set-up was 

outfitted with an automatic exposure adjustment feature that allowed for images to still be captured 

in samples with dull to very dull luminescence. In brightly luminescent samples, exposure time was 

immediate to a few seconds. Exposure time for the dully luminescent samples was anywhere from 

30 seconds to a minute and at times took up to three separate tries to capture a visible image. 

Operating conditions were 12 kV with a gun current of 450 µA. A cooled Olympus digital camera 

specifically for low-light applications was used for both plane light and CL microphotography. The 

CL work was conducted in Dr. David A. Budd’s lab at the University of Colorado at Boulder, using 

standard petrographic thin sections with no staining.  

 Scanning Electron Microscopy  3.2

Scanning electron micrographs were acquired using a JEOL JSM-7000F Field Emission 

Scanning Electron Microscope at 20.0 kV in secondary electron mode. Micrographs were taken at 

various magnifications between 500x and 5,000x using ~4x4x3 mm mounted, carbon- and gold-

coated samples, with the viewing surface being a flat but freshly broken rock face. The images were 

used to supplement standard petrography and determine changes in the extent of compaction and 

grain breakage, diagenetic fabrics, cement concentrations, and microfossil content throughout each 

facies at varying depths. These images helped document physical aspects of diagenetic change 

throughout each facies as samples went from outcrop to burial depths of ~2290 m (~7,500 ft).  
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 Oxygen-Isotope Sampling 3.3

The eight cores being analyzed for this study range from outcrop to burial depths of up to 

2290 m (~7,500 ft). These cores, from shallow to deep, are as follows: Castle Rock outcrop, 

Portland, Rebecca K Bounds, Berthoud State #3, Razor, Terrace, Two Mile, Wells Ranch, 

Aristocrat PC. In each one of these cores, whole-rock samples were taken at a range of intervals 

depending on fossil concentrations and facies changes throughout the Niobrara interval. Four of the 

cores to be analyzed in this study already had isotope sampling completed on them by a previous 

student (Lauren Stout) for their thesis. The Two Mile, Wells Ranch and Aristocrat PC were 

sampled at a half meter (2 ft) interval while the Terrace was sampled at a much higher resolution at 

every 0.1 m (6 inches). Oxygen-isotope data had been previously collected on the Berthoud State 

#3 core as well, with the data provided by the USGS on their Core Library website (Core Library 

Number B129). Sampling density for the Berthoud State #3 ranged from every 0.3 m (1 ft) to every 

0.6 m (2 ft). Only the δ
18

O values are being analyzed for this core in order to fill a 1520 m (~5,000 

ft) gap between the Razor and Rebecca K Bounds cores. No other data are presented in this study 

pertaining to the Berthoud State #3. The Razor, Rebecca K Bounds and Portland cores were 

sampled every 0.6 m (2 ft) with occasional sections sampled every 0.3 m (1 ft).  

For the Razor, Two Mile Creek, Terrace, Wells Ranch and Aristocrat PC cores, samples 

were organized by facies which include: the B1 chalk, B1 marl, B2 chalk, B2 marl (sub-units of the 

Smoky Hill Member) and the Ft Hays Member. For the two shallowest cores, the Portland and the 

Rebecca K Bounds, samples were analyzed for the A and/or C benches in addition to the B bench 

(if the B bench was included in the core) and the Fort Hays Member. In the case of the Portland, the 

B marl was the uppermost unit available, as all overlying units had been uplifted and eroded away. 

These additional data for the Portland and Rebecca K Bounds were included in the analyses. In total, 

there were 718 samples analyzed for this portion of the study. 

Analysis of oxygen and carbon stable isotopes for carbonate samples was performed at the 

Colorado School of Mines Stable Isotope Laboratory. Carbonate samples for stable carbon and 

oxygen isotope analysis were weighed to the equivalent of 90-120 μg CaCO
3
. Sample powders 

were digested with 100% orthophosphoric acid on line at 90°C in a GV Instruments MultiPrep 

preparation device. The resulting CO
2 was cryogenically purified and analyzed by standard duel-

inlet techniques on a GV Instruments IsoPrime stable isotope ratio mass spectrometer. Corrections 

of Craig [1957] were applied for the contribution of 
17

O, and all data are reported as a per mille (‰) 

difference from the Vienna PeeDee Belemnite (VPDB) international reference standard. Repeated 



16 

 

analysis of an in-house carbonate standard, calibrated to VPDB via NBS (NIST) and IAEA 

standards, has yielded an external precision of 0.03‰ for carbon and 0.06‰ for oxygen for this 

study. Stable isotope abundances are reported in the standard delta (δ) notation, which is expressed 

as the ratio between the heavy (rare isotope) versus the light (more abundant isotope) in the sample 

and the standard. The relative difference (δ value), reported in ‰ is given by:  

 

These data were then used to create carbon and oxygen crossplots (among other figures) to 

evaluate trends within each facies and between samples taken at different depths. These figures are 

presented in Chapter 4. Although the main analytical focus of this study was to present oxygen-

isotope results for the B chalk, B marl, and Forty Hays Limestone, samples were collected on the 

complete core for each core used in this study to create thorough carbon- and oxygen-isotope 

databases. Stable isotope data are presented in Appendix C.  

3.3.1 Temperature Effects on Isotopic Values 

Previous works have suggested that cementation progresses with depth of burial within 

chalk deposits. Therefore, it would be expected that changes in isotopic composition may be 

observed for cements precipitated at increasing burial depths, reflecting an increase in diagenetic 

temperatures. Within low porosity sediments, such as chalks, where pressure solution processes are 

active, the precipitating carbonate cements will be a function of the pore fluid (water) isotopic 

composition, the isotopic composition of the dissolving carbonates that are driving cementation, 

and the temperature of precipitation [Czerniakowski et al., 1984].  

The δ
18

O values collected from the eight cores within this study were analyzed to discover 

if the values reflected consistent changes in δ
18

O values with increased burial depth. A fractionation 

curve of the possible temperatures the rocks may have encountered during their burial is shown in 

Figure 3.1. The figure shows that for any given water isotopic value, the higher the diagenetic 

temperature encountered (i.e., greater burial depth), the lighter the resulting δ
18

O calcite value. In 

applying the fractionation curve to try to predict temperatures at which initial cements were 

precipitated, it was then possible to understand whether diagenesis had in fact altered isotopic 
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compositions within each core, and perhaps within each facies, over time. These data relationships 

were evaluated on the basis of isotope composition, burial depth, and geothermal gradient. 

After estimating the temperatures at which initial calcite cements were precipitated, and the 

corresponding δ
18

O values recorded, they were compared to corrected bottom hole temperatures 

(BHT) calculated based on a “Simple Correction” utilizing ZetaWare. This application was created 

to help correct for the often unreliable BHTs recorded on most log headers. Due to a general lack of 

better quality data, BHT data must often be used to constrain the subsurface thermal regime. Based 

on an analysis conducted by ZetaWare, methods for correcting BHT data are recommended using 

information typically available with BHT data (the BHT measurement, time since circulation, 

and/or depth) (http://www.zetaware.com/utilities/bht/default.html). This application helped provide 

a more accurate representation of what maximum temperatures the formation may have reached 

during burial history, and those temperatures were compared against sample δ
18

O values. This made 

it possible to see both how temperature has changed through time and how temperature affected 

δ
18

O values within the Niobrara. 

 
 

Figure 3.1 Calcite-water fractionation curves plotted versus temperature for a variety of water 

compositions. Of three variables, only the calcite isotope composition is known through laboratory 

analysis (thus, temperature and δ
18

Owater are unknowns). In order to establish a temperature, a 

starting water composition must be assumed. It must also be assumed that the starting water 

composition has remained relatively constant through time (i.e., closed-system conditions) [Lecture 

notes from Dr. John D. Humphrey’s GEOL653 Colorado School of Mines, 2014]. 

http://www.zetaware.com/utilities/bht/default.html
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  CHAPTER 4

RESULTS 

Presented in the following section are the results of each analysis performed on the eight 

cores in this study. 

 Studied Cores 4.1

Although the DJ basin extends from Colorado into Wyoming, Nebraska and Kansas, this 

study focused on eight cores located within Colorado and one located in Kansas (Figure 4.1). The 

three deepest cores are found near the northern part of the state within Wattenberg field (Berthoud 

State #3, Wells Ranch, Aristocrat PC), with three others near the tri-state border of Colorado, 

Wyoming and Nebraska (Two Mile Creek, Terrace, Razor). The shallowest cores are located about 

65 miles (105 km) south of Wattenberg field (Portland) and in Kansas near the Kansas/Colorado 

border (Rebecca K Bounds). The outcrop samples being used came from the Castle Rock outcrop in 

Kansas found 67 miles (107 km) east of the Kansas/Colorado border. A list of each core presented 

in Figure 4.1 with corresponding information about core location and depths of the Niobrara 

interval are summarized in Table 4.1. The cores located within Wattenberg field were of particular 

interest for comparison of what effects the known thermal anomaly has on δ
18

O values compared to 

cores located outside the anomaly as well as those found closer to the surface. Analyses of each 

core included all or a combination of the following: 1) standard petrography; 2) cathodoluminescent 

petrography; 3) scanning electron microscopy; 4) oxygen-isotope analysis (including geothermal 

gradient temperature affects using corrected BHTs). Full cathodoluminescent scans, scanning 

electron micrographs, and stable carbon-oxygen cross plots are presented in Appendices A-C. 

 Cathodoluminescence Petrography 4.2

The following section presents representative groups of standard petrographic 

photomicrographs with their paired cathodoluminescent (CL) photomicrograph to show variation in 

facies in different cores and varying depths.  

CL petrography was completed on the Castle Rock outcrop samples and the Two Mile 

Creek, Terrace and Aristocrat PC cores. Photomicrographs were collected from various portions of 

each facies-representative thin section to assemble a thorough picture of each facies at varying 

depths.  Dull luminescence was consistently observed in the outcrop, B chalk, and B marl samples 

(regardless of depth) (Figure 4.2 through Figure 4.5; and Figure 4.7 and Figure 4.8). The Fort Hays  
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Figure 4.1 Regional structure map of Wyoming, Nebraska, Colorado, and Kansas showing the 

locations of the 8 cores to be used for analysis in this study. Wattenberg Field is outlined in green 

on the west side of the map. 
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Table 4.1 Tabulated Information on the 8 Cores Used Within the Study 

Core Name 
County, 

State 
Company 

Section 

Township 

Range 

Latitude 

Longitude 

Depth 

B Bench ft 

and (m) 

Depth 

Ft Hays ft 

and (m) 

Castle Rock 

Outcrop 
Kansas N/A 

Sec. 1&2 

14S 

26W 

 Surface Surface 

1 Portland 
Fremont, 

Colorado 
USGS 

Sec. 20 

19S 

68W 

38.3767 

-105.0126 

105 (32) to 

top of core 

(marl only) 

222-257  

(68-78) 

1 Rebecca K 

Bounds 

Greeley, 

Kansas 
USGS 

Sec. 17 

18S 

42W 

38.4896 

-101.9745 

574-524 

(175-160) 

675-593 

(205-180) 

Berthoud 

State #3 

Larimer, 

Colorado 
USGS 

Sec. 16 

4N 

69W 

40.3094 

-105.1243 

3065-3015 

(934-919) 

3215-3190 

(980-972) 

Razor 

25-2514H 

Weld, 

Colorado 

Whiting 

Petroleum 

Corp. 

Sec. 25 

10N 

585W 

 

40.8161 

-103.8199 

 

5733-5616 

(1747-1711) 

5875-5836 

(1790-1779) 

Two Mile 

Creek 

22-33M 

Weld, 

Colorado 

Whiting 

Petroleum 

Corp. 

Sec. 22 

11N 

57W 

 

40.9101 

-103.7364 

 

5790-5645 

(1765-1720) 

5899-5865 

(1798-1787) 

Terrace 

36-32M 

Weld, 

Colorado 

Whiting 

Petroleum 

Corp. 

Sec. 36 

10N 

59W 

40.795 

-103.9257 

 

 

6050-5940 

(1844-1810) 

6185-6145 

(1885-1873) 

Wells Ranch 

26-13X 

Weld, 

Colorado 

Noble 

Energy Inc. 

Sec. 26 

6N 

63W 

 

40.4520 

-104.4113 

 

6689-6614 

(2038-2015) 

6810-6774 

(2075-2064) 

Aristocrat 

PC H11-07 

Weld, 

Colorado 

Noble 

Energy Inc. 

Sec. 11 

3N 

65W 

 

40.2411 

-104.6286 

 

7212-7118 

(2198-2169) 

7349-7332 

(2239-2234) 
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samples, however, all displayed very bright orange luminescence (Figure 4.6 and Figure 4.9). 

Exposure times for the outcrop, chalk and marl samples were all between 30 seconds and a minute, 

with the most poorly luminescent samples sometimes requiring two or three tries to produce an 

exposure. At most, exposure time for the Fort Hays samples was a couple of seconds. 

4.2.1 Castle Rock Outcrop  

Photomicrographs collected on the outcrop samples all displayed examples of zoned calcite, 

within foram chambers (regardless of the size of the foram) (Figure 4.2 and Figure 4.3). Also 

present within some of the foram chambers was partial to complete porosity preservation. 

Originally, porosity would have appeared blue in the PPL photomicrographs, but the blue epoxy 

was burned by x-rays from the CL and turned brown. Under CL, porosity appears a very deep 

purple to deep red. Although each sample displayed very dull luminescence, there was calcite 

cement within each sample that luminesced more brightly. The degree of compaction and 

dissolution within the outcrop samples was minimal, but when present was observed within the 

forams (e.g., the bottom of Figure 4.2). 

4.2.2 B Marl  

Each of the B marl thin sections from the observed cores had large quantities of compacted 

peloids in varying shades of brown (Figure 4.4 and Figure 4.7), as well as various forams and 

broken skeletal grains scattered throughout (white to off-white forms in these figures). Extensive 

clays layers within the marls were most easily observed under CL, as it highlighted where these 

layers surrounded the peloids. It is also within these clay layers that detrital quartz was observed. 

Although most of the B marl samples were comprised primarily of many peloids and a varying 

amount of forams and skeletal grains, a few showed some more complex diagenetic alterations. 

Figure 4.7 shows examples of both calcite zoning (at a burial depth of almost 2133 m (7000 ft)) 

and pressure solution. The larger forams are mostly intact but have been subjected to compaction 

and dissolution observed along a few of the wall-matrix boundaries.  Like the outcrop samples, the 

walls of many of the forams are faint or non-luminescent under CL. 

4.2.3 B Chalk  

The samples of the B chalk were the most diagenetically unaltered of all the facies when 

viewed under CL. An overall dull luminescence and homogenous fabric was prevalent, while many 

of the forams and skeletal grains present under PPL blended in with the matrix under CL (Figure 

4.5). Pressure solution was observed in most of the chalk samples but was most obvious when 
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viewing the samples under CL (Figure 4.5 and Figure 4.6). A few peloids are found within the 

chalk samples, and clay layers can still be found in a certain portions of the chalk samples. Figure 

4.6 was taken from the Aristocrat PC core at burial depth of 2090.1 m (6857.3 ft) and was one of a 

very few chalk samples observed under CL that displayed more extensive diagenetic alterations. 

Many of the forams in this sample were easily observed under CL with some of the walls 

luminescing bright yellow and a few of the walls (on the right side of Figure 4.6) displayed no 

luminescence. This was not a common feature outside of the Fort Hays samples. This was also one 

of the few chalk samples where clay layers were more extensive.  

4.2.4 Fort Hays  

Each of the Fort Hays samples analyzed under CL displayed an overall bright orange 

luminescence, with some smaller areas displaying bright yellow luminescence. The Fort Hays 

samples had a variety of forams. Many of the biological grains were still intact but a few had 

undergone some breakage and dissolution (bottom of the large foram in Figure 4.7 and the foram 

just left of the large foram in the middle of Figure 4.10). Overall, most of the forams and skeletal 

grains visible under PPL were also visible when the sample was viewed under CL. The only 

features that seemed to disappear or become less apparent were some of the fractures. An example 

is seen in Figure 4.7. The pair of fractures that intersect the sample from left to right in the PPL 

photomicrograph were no longer visible when the sample was viewed under CL. The only evidence 

of either fracture was a medium-hued orange line that cut across (perpendicular to) the oyster shell 

in the bottom left corner of the sample. Any features in these samples that had not been 

diagenetically altered appeared dark orange to dark red/brown. Examples of these features included 

the oyster shell in Figure 4.7, the walls of most forams in Figure 4.7 and Figure 4.10, and the 

fracture that runs from top to bottom in Figure 4.10. Viewing the sample under CL made clear the 

extent of the fracture as well as the fact the calcite that filled the fracture was diagenetically 

unaltered. The detail of the wall structure in many of the larger forams is well-preserved and easily 

seen under CL. Any black specs seen within the samples were pyrite. 

Any deviations from what was observed consistently throughout the Fort Hays Limestone 

in the Two Mile Creek and Aristocrat samples were present in the Terrace samples. The overall 

luminescence was brighter (more yellow than orange), and the forams and skeletal grains were not 

always as evident when these samples were viewed under CL (Figure 4.11). Within some of the 

foram chambers, there was calcite that was diagenetically unaltered and the walls of many forams 

had been diagenetically altered and were therefore not as obvious as in the Two Mile Creek and 

Aristocrat samples. The PPL photomicrographs were also much darker in the Terrace samples,  
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Figure 4.2. (A) Plane polarized light (PPL) photomicrographs (40x) of the Castle Rock outcrop in 

Kansas. Sample displays forams with partial to complete cement infill within the chamber. Brown 

color within forams is porosity. Rocks have been subjected to the effects of compaction as seen in 

the crushed foram at the bottom left of the sample. (B) Photomicrograph in CL displays porosity (p) 

and simple to complex calcite cement zonation (z) in the middle of the sample and to the far right. 

The foram on the left has a dully luminescent center and irregular, brightly luminescent rims. Scale 

bars are 50 µm. 
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Figure 4.3 (A) Plane polarized light (PPL) photomicrographs (40x) of the Castle Rock outcrop in 

Kansas. Sample displays forams with partial to complete cement infill within the chambers. Effects 

of compaction and dissolution observed in the middle and at the very bottom of the large foram in 

the middle of the sample. (B) Photomicrograph in CL displays porosity (p) and simple zoned calcite 

in the middle and at the bottom of the largest foram, as well as within smaller forams on the right 

side of the sample. Bright blue flecks near the bottom and on the right side of the sample are detrital 

quartz. Scale bars are at 50 µm.  
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Figure 4.4 (A) PPL photomicrograph (40x) of the B Marl at 2101.4 m (6894.5 ft) in the Aristocrat 

PC core. Compacted peloids (Pe) are the dark-brown elongate forms throughout the sample. Many 

of the white forms throughout are forams and skeletal fragments. (B) Under CL the forams and 

skeletal fragments blend in with the peloids and matrix but it better exposes the wispy clays that 

surround the peloids. The dull fluorescence of the image is homogenous throughout (low Mn 

concentrations). Black flecks within some of the clay layers are pyrite. Scale bars are 50 µm. 
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Figure 4.5 (A) PPL photomicrograph (40x) of the B Chalk at 1821.4 m (5976 ft) in the Terrace core. 

A few peloids are present as well as a number of both intact and broken/compacted forams and 

skeletal grains. A solution seam is highlighted by the dotted yellow line just above a compacted 

skeletal grain. (B) CL photomicrograph reveals very dull luminescence (low Mn and Fe 

concentrations) as well as very little diagenetic alteration within forams. The wall of the foram near 

the upper right corner of the sample is non-luminescent. The solution seam near the bottom of the 

sample becomes more obvious under CL. Scale bars are 50 µm. 
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Figure 4.6 (A) PPL photomicrograph (40x) of the B Chalk at 2090.1 m (6857.3 ft) in the Aristocrat 

PC core. This sample had more observable variation in diagenetic alteration than the other chalk 

samples. A few peloids are present, as well as a number of both intact and broken/compacted 

forams and skeletal grains. Pressure solution has occurred between the two forams at the top of the 

sample, as well as along the bottom of the foram right below these two. (B) CL photomicrograph 

reveals very dull luminescence (low Mn and Fe concentrations), but more diagenetic alteration 

within forams than in the other chalk samples. Luminescence is more apparent within the foram 

chambers, as well as along the walls (in bright yellow) of a foram in the middle of the sample and 

the foram at the bottom of the sample. Also different for a chalk sample are the dark walls of the 

forams on the far right side of the sample.  Solution seams and clay layers are more obvious under 

CL. Scale bars are 50 µm. 
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Figure 4.7 (A) PPL photomicrograph (40x) of the Fort Hays at 2149.7 m (7052.9 ft) in the 

Aristocrat PC core. Oyster shell has undergone dissolution along microstructural boundaries. 

Various forams throughout, with the largest near the upper right corner having undergone some 

breakage and/or dissolution and displays a chamber completely infilled with calcite. A pair of 

microfractures intersects the middle of the sample. (B) Photomicrograph under CL shows bright 

luminescence compared to the chalk and marl samples (high Mn and Fe concentrations). Most of 

the oyster shell has not been affected diagenetically and neither have the walls in many of the 

forams, as they are non-luminescent. Diagenesis has only affected the oyster shell along 

microstructural boundaries. Faint traces of the microfractures are evident under CL—most 

noticeably in the middle of the oyster shell and running perpendicular to its orientation. Scale bars 

are 50 µm. 
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Figure 4.8 (A) PPL photomicrograph (40x) of the B Marl at 2101.4 m (6894.5 ft) in the Aristocrat 

PC core. Compacted peloids (Pe) are the dark-brown elongate forms present throughout the sample. 

Pressure solution along walls and within chambers of the larger forams are evidenced by 

deformation and irregular boundaries highlighted by dotted yellow lines. (B) Simple zonation is 

clearly visible under CL within the largest foram. Bright yellow luminescence in the wall of the 

foram on the left indicates high concentrations of Mn and low Fe concentrations present. Areas 

affected by pressure solution and compaction are more visible. Bright blue flecks throughout the 

sample are detrital quartz. Scale bars are 50 µm. 
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Figure 4.9 (A) XPL photomicrograph (40x) of the B Marl at 1730.3 m (5677 ft) in the Two Mile 

Creek core. There are microfractures and stylolites throughout the sample, with XPL making it 

apparent that some of the fractures are not open and have been filled. There are very few skeletal 

fragments and forams. (B) CL photomicrograph reveals an overall all dull luminescence and bright 

blue infill in a few of the microfractures (low Mn and Fe concentrations). Blue indicates a silica 

mineralogy (likely chert). Forams and skeletal grains are not obvious under CL. Sample has not 

undergone much diagenetic alteration except within the microfractures and stylolites. Scale bars are 

50µm.  
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Figure 4.10 (A) PPL photomicrograph (40x) of the Fort Hays at 1792.5 m (5881ft) in the Two Mile 

Creek core. Forams, ostracods (o) and pyrite (black spots throughout the sample). A filled fracture 

intersects the middle of the sample from top to bottom. There is complete calcite infill of foram 

chambers with most forams appearing unaffected by compaction or breakage. (B) Under CL, there 

is bright orange luminescence throughout (high Mn and Fe concentrations). The ostracods and most 

walls of the forams are non-luminescent. Even very small textural details of the walls have been 

preserved. The chambers of most forams have similar degree of luminescence. True extent of the 

fracture is obvious under CL with the infill being diagenetically unaltered. Scale bars are 50 µm. 
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Figure 4.11(A) PPL photomicrograph (40x) of the Fort Hays at 1874.5 m (6150 ft) in the Terrace 

core. Forams are abundant and a few fractures intersect the middle and the top of the sample from 

right to left. The fracture in the middle is slightly open as evidenced by the faint blue epoxy that can 

still be seen. Pyrite flecks are the black spots throughout the sample and within some of the foram 

chambers (appears black in both PPL and CL). Image appears a deep dark brown from the thin 

section not being prepared ultra-thin. (B) Under CL, the overall luminescence is very bright orange 

with more yellow than that in the Aristocrat and Two Mile Creek samples. Some walls of a few 

forams have been diagenetically altered and luminesce bright yellow. Diagenetically unaltered 

calcite exists in a few of the foram chambers. Fractures intersecting the middle and top of the 

sample are still easily distinguishable under CL. Scale bars are 50 µm. 
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because these thin sections were not prepared ultra-thin and trying to get clear images was more 

difficult. Fractures and solution seams were also present in the Terrace samples (Figure 4.11).  

 Scanning Electron Microscopy 4.3

The following sections present scanning electron micrographs that illustrate variations in 

fabric among the B chalk, B marl and the Fort Hays facies, as well as variations in the fabrics of 

each facies with depth. The first section focuses on a comparison of the various matrix fabrics, and 

the second section focuses on diagenesis of the forams in each facies. All analyses of SEM 

micrographs in the following sections are presented from shallow to deep.  

4.3.1 SEM Analysis of Chalks by Depth 

The chalk facies displayed a wide variety of matrix fabrics depending on both depth and 

core location. Outcrop samples used in this study were highly weathered chalks from the C chalk 

interval. All samples were predominantly comprised of both intact coccoliths and some broken 

coccolith fragments, although overall preservation of original coccoliths was high. Very little 

cementation had occurred within these samples as illustrated in Figure 4.12, and interparticle 

porosities were high throughout. Chalk samples from the Portland core were also from the C chalk 

and were from a depth of 45 m (149 ft). Chalks within this interval were heavily diagenetically 

altered compared to the outcrop samples. A few coccoliths remained intact, and a few recognizable 

coccolith fragments are present along the bottom of Figure 4.13. Otherwise, the overall fabric was 

well-cemented, with smaller amounts of interparticle porosity. Microcrystalline calcite is present 

throughout this interval, along with shallow indentations left behind from peloids that were buried 

within the sediments. Most of the microcrystalline calcite represented in Figure 4.13 is within the 

peloid indentation.  

Two chalk samples were collected from the Rebecca K Bounds core at B, and C intervals, 

and each was considerably different than the other. The B chalk of the Rebecca K Bounds core 

were from a depth of 162.8 m (534.2 ft) and in areas were comparable to those found in outcrop and 

also displayed high interparticle porosity. Coccoliths remained largely intact, along with many 

coccolith fragments. Cementation had occurred sporadically throughout, but the original fabric of 

these samples was well-preserved. Figure 4.14 illustrates the fabric at two different magnifications 

to highlight both the matrix fabric and areas with clusters of calcite cement. The C chalk interval 

from the Rebecca K Bounds core was taken at 176.3 m (578.6 ft). This interval varied most from 

the other two. The sample had been extensively cemented (top image in Figure 4.15) with a few 

areas covered in microcrystalline calcite, and much lower interparticle porosity compared to the B 
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chalk. The bottom image in Figure 4.15 illustrates a fairly extreme variation from the majority of 

the sample. There were two small areas in the sample that resembled the B chalk interval more 

closely, as the original fabric was well-preserved. Coccoliths and coccolith fragments were 

abundant, the degree of cementation was much less, and interparticle porosities were high. 

However, the upper image is more representative of the overall fabric found in this sample.  

The B chalk sample from the Two Mile Creek core was taken at 1735.5 m (5694 ft). 

Coccoliths and coccolith fragments were still evident at these depths but many had been 

recrystallized and the overall fabric was microcrystalline (Figure 4.16). There were even a few 

areas (lower left corner of the upper image in Figure 4.16) that displayed an even finer-grained 

microcrystalline fabric. Framboidal pyrite was found throughout the sample, but mostly in 

association with the authigenic anhydrite crystals. These featherlike/bladed crystals were only 

present in the B chalk of the Two Mile Creek core and formed in various locations in the sample.  

The B chalk of the Terrace core was taken from a depth of 1827.8 m (5997 ft). Of all the 

chalks observed in this study, this was the most extensively cemented of all the samples. 

Intercrystalline porosities were very low and there was little to no preservation of original fabrics 

(lower image of Figure 4.17). A small area of the sample was comprised of fabrics that were less 

cemented and where individual coccoliths and coccolith fragments were still distinguishable (upper 

image of Figure 4.17). Calcite rhombs are present in the upper left corner of the upper image in 

Figure 4.18. The B chalks of the Aristocrat PC core were taken at 2092.1 m (6863.9 ft), and had an 

overall microcrystalline fabric with distinguishable coccolith fragments (Figure 4.18). There was 

little preservation of the original fabric and grains were fairly well-cemented. Intercrystalline 

porosities were higher than in the Two Mile Creek and Terrace cores.  

4.3.2 SEM Analysis of Marls  

Marl samples from each of the cores analyzed displayed similar fabrics. There was a not a 

wide variation in fabrics as was observed in the chalks. Overall, marl fabrics appeared more “wispy” 

and less granular than the chalk facies. The B marl sample of the Portland core was the shallowest 

interval at 7 m (23 ft). The original fabric had been diagenetically altered, resulting in moderate to 

extensive cementation with areas displaying a microcrystalline calcite fabric (Figure 4.19). A few 

coccolith fragments could be distinguished in the sample, and like Figure 4.13, the indentation in 

the middle of the sample, comprised of microcrystalline fabric, is a peloid remnant. The B marl 

interval in the Rebecca K Bounds core was sampled at 173 m (567.7 ft). For a marl, the fabric in 

this sample was very micritic and no clay seams were present (Figure 4.20). The overall fabric  
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Figure 4.12  SEM photomicrograph of the Castle Rock outcrop sample located in the C chalk. 

Sample was a very weathered chalk that was easily broken by hand. This sample is comprised of 

broken and intact coccolith fragments.  
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Figure 4.13 SEM photomicrograph of the C chalk in the Portland core taken at 45 m (149 ft). The 

large indentation in the middle of the sample is a remnant of a peloid. Coccoliths and coccolith 

fragments are present along the bottom of this sample and microcrystalline calcite is scattered 

throughout.  
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Figure 4.14 SEM photomicrograph of the B chalk in the Rebecca K Bounds core taken at 162.8 m 

(534.2 ft). The lower photomicrograph was taken at a higher magnification to emphasize the variety 

of coccoliths and clusters of calcite cement within the sample. The sample was comprised mostly of 

intact and broken coccoliths with a few areas of more extensive cementation (lower left corner).  
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Figure 4.15 The SEM photomicrographs of the C chalk in the Rebecca K Bounds core taken at 

176.3 m (578.6 ft). Sample shows a wide variety of fabrics. The top photomicrograph illustrates the 

heavily cemented areas (top of the sample and lower left corner) along with the very small 

microcrystalline calcite illustrated by the large clump in the middle of the sample. The lower 

photomicrograph illustrates the more well-preserved portions of the sample. 
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Figure 4.16 The SEM photomicrographs of the B chalk in the Two Mile Creek core taken at 1735.5 

m (5694 ft). The bottom image is a view of the upper right corner of the top image under higher 

magnification. Coccoliths have undergone partial recrystallization. Featherlike crystals covering 

half of the top image are authigenic anhydrite. Elongate rod-like structures in the bottom image are 

broken coccolith spines.  
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Figure 4.17 SEM photomicrographs of the B chalk in the Terrace core taken at 1827.8 m (5997 ft). 

The sample displays extensive cement and diagenetic alteration with very little preservation of the 

original fabric. A small area of more crystalline fabric with recognizable coccolith fragments is 

illustrated in the upper image. A couple of well-preserved calcite rhombs are in the upper left 

corner of the top image. Framboidal pyrite is in a small cluster at the bottom edge of the lower 

image.  
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Figure 4.18 SEM photomicrograph of the B chalk in the Aristocrat PC core taken at 2092.1 m 

(6863.9 ft). Fabric has been extensively diagenetically altered throughout, and is overall 

microcrystalline and well-cemented. A few coccolith fragments have been preserved (lower left 

corner), but the majority of the sample does not contain original fabric.  
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closely resembled the micritic fabric of the peloids found in the Portland sample. Cementation was 

moderate and there was still a large amount of interparticle porosity. The B marl interval in the Two 

Mile Creek core was taken at 1730.3 m (5677 ft). Although there is a ~1705 m (~5600 ft) depth 

difference between this sample and that of the Portland, the fabrics are similar. The overall fabric of 

the B marl in the Two Mile Creek core is more microcrystalline, and very little of the original fabric 

has been preserved. Coccolith fragments are present, but few. Clay seams intersect the sample in a 

few areas (Figure 4.21). 

The sample is moderately cemented and still displays some intercrystalline porosity. The B 

marl of the Terrace core was sampled at 1815 m (5955 ft). The fabric is very similar to that of the B 

marl in the Two Mile Creek core. The main differences are that more coccoliths are distinguishable 

in the Terrace sample and clay seams are not as prevalent (Figure 4.22).  The B marl of the 

Aristocrat PC core was sampled at 2099.5 m (6888.2 ft). It is also very similar in overall fabric to 

the B marls of the Two Mile Creek and Terrace cores. There is very little preservation of the 

original fabric, and the diagenetically altered fabric is microcrystalline with clay seams throughout 

(Figure 4.23). Clay seams are most prevalent in the Aristocrat PC core and a few coccolith 

fragments are still distinguishable.  

4.3.3 SEM Analysis of the Fort Hays Limestone  

Each of the Fort Hays Limestone samples analyzed for this study were sampled at two 

different intervals—one from a medium to dark gray interval with stylolites and/or clay seams and 

one from a clean, white to very light grey bioturbated limestone. Overall, the samples show few 

variations in fabrics. The majority of fabrics are microcrystalline with moderate intercrystalline 

porosity and coccoliths and coccolith fragments were seen throughout. The Fort hays samples all 

contain a large number of forams with varied degrees of chamber infill and preservation of the test 

walls. The shallowest Fort Hays sample is from the Portland core taken at 67.8 m (222.5 ft) from a 

medium-grey, clayey interval. The sample is moderately-cemented and there was little preservation 

of original fabric with most of the components having been recrystallized. Microcrystalline calcite 

is found throughout (lower right corner of Figure 4.24) as well as coccolith fragments. A well-

preserved coccosphere is imbedded in the middle of the sample in Figure 4.24. The Fort Hays is the 

only facies analyzed in this study where coccospheres are found. The second Fort Hays samples 

taken from the Portland core was from a very hard, light grey limestone interval at 78 m (256 ft). 

The sample is well-cemented with an overall microcrystalline fabric. Patches of more heavily 

cemented fabric are scattered throughout (left side of Figure 4.25). A few coccoliths are 

distinguishable but were mostly found as fragments. Intercrystalline porosity was similar to the  



43 

 

 

Figure 4.19  SEM photomicrograph of the B marl in the Portland core taken at 7 m (23 ft). The 

indentation in the middle of the sample is a peloid remnant with microcrystalline fabric. A few 

coccolith fragments remain only slightly altered (lower left corner).   
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Figure 4.20  SEM photomicrograph of the B marl in the Rebecca K Bounds core taken at 173 m 

(567.7 ft). The sample was moderately cemented with an overall micritic fabric. Small clusters of 

coccoliths and coccolith fragments are scattered throughout the sample.  
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Figure 4.21  SEM photomicrograph of the B marl in the Two Mile Creek core taken at 1730.3 m 

(5677 ft).  The sample is well-cemented with an overall microcrystalline fabric. A clay seam cuts 

horizontally across the sample through the middle of the photo.  
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Figure 4.22  SEM photomicrograph of the B marl in the Terrace core taken at 1815 m (5955 ft). 

Most of the sample has been recrystallized and had an overall microcrystalline fabric. A few 

coccoliths are seen near the left side, the middle, and near the top of the sample. Clay seams are not 

prevalent in this sample.  
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Figure 4.23  SEM photomicrograph of the B marl in the Aristocrat PC core taken at 2099.5 m 

(6888.2 ft). Clay seams are found throughout (running top to bottom in the sample above) and 

overall, fabric surrounding the clay seams is microcrystalline. A well-preserved coccolith is near 

the top of the sample.  
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sample from 67.8 m (222.5 ft). The first Fort Hays sample from the Rebecca K Bounds core was 

taken at 185.9 m (610 ft) in a soft interval with stylolites throughout. This sample has fairly good 

preservation of the original fabric as coccoliths and coccolith fragments are still distinguishable 

(Figure 4.26). Although there is good preservation of the original fabric, the sample is well-

cemented with less intercrystalline porosity than in the Portland samples. The second Fort Hays 

sample taken from the Rebecca K Bounds core at 204.8 m (672.2 ft) was from a hard, half 

white/half light grey, heavily bioturbated limestone interval. This sample has undergone 

considerably more diagenetic alteration than the first sample. There is very little preservation of the 

original fabric with only a few distinguishable coccoliths (lower image in Figure 4.27). The overall 

texture is microcrystalline with moderate to low intercrystalline porosity. The Fort Hays samples 

from the Two Mile Creek core differed only slightly from one another in fabric. The shallower of 

the two samples was taken at 1786.1 m (5860 ft) from a dark grey interval. A few coccoliths and 

abundant coccolith fragments have been moderately- to well-preserved, and the overall fabric is 

well-cemented. The fabric did not have the same microcrystalline appearance that the previous Fort 

Hays samples displayed (Figure 4.28).  The second of the Fort Hays samples in the Two Mile Creek 

core was taken from a hard, white, bioturbated limestone at 1792.5 m (5881 ft). Compared to the 

previous interval, the overall fabric is more microcrystalline and still contained various coccoliths 

and coccoliths fragments. Intercrystalline porosity is similar to the sample at 1786.1 m (5860 ft). 

The degree of cementation within the sample varied from moderate to well-cemented. More heavily 

cemented areas are illustrated on the left side of the sample and near the top of the oyster shell 

fragment in Figure 4.29. The dark grey interval of the Fort Hays sampled in the Terrace core was 

taken at 1874.6 m (6150.5 ft). This interval has undergone extensive cementation with areas of little 

to no intercrystalline porosity (Figure 4.30). The majority of the original fabric has not been 

preserved. The sample contains a moderate amount of microcrystalline calcite and sporadic 

coccolith fragments are still distinguishable. Although the interval is dark grey in color, no clays 

seams are visible in the sample analyzed. The second sample from the Terrace core was from a 

clean, white limestone with moderate bioturbation at 1881 m (6171.4 ft). There is very little 

preservation of the original fabric, although a few coccoliths are still well intact. The overall fabric 

is microcrystalline and displayed moderate intercrystalline porosity. There are areas of sample that 

are more heavily cemented than others, but the majority of the sample is moderately cemented. This 

was the second sample analyzed that had a well-preserved coccosphere embedded in the matrix 

(Figure 4.31).  There was only one sample analyzed for the Fort Hays in the Aristocrat PC core and 

was taken at 2154 m (7067.1 ft). Of all the Fort Hays samples analyzed, this sample has the most 

extensive microcrystalline fabric with microcrystalline calcite throughout (Figure 4.32). Coccoliths 
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and coccolith fragments are easily distinguishable although they are not abundant. The original 

fabric has been completely recrystallized while intercrystalline porosity is some of the highest seen 

in the Fort Hays samples analyzed in this study.  

 

Figure 4.24  SEM photomicrograph of the Fort Hays Limestone in the Portland core taken at 67.8 m 

(222.5 ft). A coccosphere is embedded in the middle of the sample. Coccospheres were rare to find 

in SEM samples but were predominantly found within the chalk samples.  
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Figure 4.25  SEM photomicrograph of the Fort Hays Limestone in the Portland core taken at 78 m 

(256 ft). This sample was from a very indurated limestone interval.  
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Figure 4.26  SEM photomicrograph of the Fort Hays Limestone in the Rebecca K Bounds core 

taken at 185.9 m (610 ft). This sample came from a very soft interval with stylolites throughout. 

The lower image is of the foram in the upper image taken at higher magnification to show a more 

detailed view of the overall fabric. 
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Figure 4.27  SEM photomicrographs of the Fort Hays Limestone in the Rebecca K Bounds core 

taken at 204.8 m (672.2 ft). A detrital quartz grain is present in the middle of lower image (dark 

grey). This sample was heavily bioturbated.  
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Figure 4.28  SEM photomicrograph of the Fort Hays Limestone in the Two Mile Creek core taken 

at 1786.1 m (5860 ft). The three slits in the middle of the sample are where oyster shells had been 

deposited and subsequently dissolved. A coccosphere occurs in the matrix just to the right of the 

middle of the sample in the upper image. 
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Figure 4.29  SEM photomicrograph of the Fort Hays Limestone in the Two Mile Creek core taken 

at 1792.5 m (5881 ft) from a clean, bioturbated interval. A fragment of an oyster shell is embedded 

in the matrix. Various coccoliths and coccolith fragments are scattered throughout the sample.  
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Figure 4.30  SEM photomicrograph of the Fort Hays Limestone in the Terrace core taken at 1874.6 

m (6150.5 ft) from a soft, dark grey interval. This sample contains both well-cemented and 

moderately-cemented fabrics. A few coccolith fragments are near the lower part of the sample.   
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Figure 4.31  SEM photomicrograph of the Fort Hays Limestone in the Terrace core taken at 1881 m 

(6171.4 ft) from a clean limestone interval. Fabric is moderately-cemented. The main fabric is 

microcrystalline calcite with both intact and broken coccoliths.  A coccosphere is embedded in the 

middle of the sample. A large authigenic calcite grain is on the far right.  
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Figure 4.32  SEM photomicrograph of the Fort Hays Limestone in the Aristocrat PC core taken at 

2154 m (7067.1 ft). There is microcrystalline fabric throughout the sample. A well-preserved 

coccolith is embedded near the top of the sample just left of center. 
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4.3.4 Diagenetic Alteration of Forams  

Upon initial analysis of the diagenetic fabrics in each of the facies sampled for SEM, it became 

apparent that the various forams found within each facies also provided information on differing 

degrees of diagenetic alteration. Diagenesis within forams was observed in both the test walls and 

the chamber infill (or lack thereof). In the C chalk of the Castle Rock outcrop, it was difficult to 

find forams that had been broken open to reveal test wall alteration or chamber infill. All the forams 

observed were still intact, with many still displaying original test wall fabrics (top image in Figure 

4.33). Others had undergone either recrystallization or dissolution of the test wall (lower image in 

Figure 4.33). Many forams found in the B marl of the Portland core at 7 m (23 ft) had a well-

preserved test walls and had either partial or complete chamber infill (Figure 4.34). Despite the 

matrix fabric being extensively diagenetically altered, many of the forams were well-preserved. The 

C chalk of the Portland core sampled at 45.5 m (149.5 ft) had forams that had undergone further 

diagenesis that those found in the B marl (Figure 4.35).  Test walls were still distinguishable but 

had been recrystallized or had undergone partial dissolution, as they either blended with the 

surrounding matrix or were thinner in some areas than others. Most of the chambers observed in 

this sample were completely infilled. The forams found in the Fort Hays Limestone of the Portland 

core at 67.8 m (222.5 ft) closely resembled the surrounding matrix. Test walls were distinguishable 

but had been recrystallized and if chambers were not infilled, they were lined with microcrystalline 

calcite (Figure 4.36). In contrast to those forams found in the darker, softer interval at 67.8 m 

(222.5 ft), the forams found in the hard, clean limestones at 78 m (256 ft) were better preserved. 

Their test walls were well-preserved and easily distinguishable from the matrix. Chamber infill still 

varied from completely infilled to unfilled and only lined with microcrystalline calcite (Figure 4.37). 

The B chalk sample of the Rebecca K Bounds core taken at 162.8 m (534.2 ft) was unique in that it 

contained forams with well-preserved test walls, but the walls were very thin compared to forams 

found in all other samples and many of the chambers had not been infilled, or were only partially 

infilled. Figure 4.38 illustrates two examples of forams within the Rebecca K Bounds core, with 

one having a chamber filled with framboidal pyrite and the other partially infilled with calcite 

cement, as well as surrounding matrix debris.  Most of the forams found within the C chalks of the 

Rebecca K Bounds core at 176.3 m (578.6 ft) had original test wall fabrics that were moderately- to 

well-preserved (Figure 4.39). There were no forams in this samples that had been broken in half to 

reveal what diagenetic alterations had occurred within the test walls or chambers. Similar was the 

case with forams from the Fort Hays Limestone in the Rebecca K Bounds core taken at 185.9 m 

(610 ft). There was good preservation of the original test wall fabric but very few forams were 

broken to reveal the degree of diagenesis within the test walls and inner chambers. The lower image 
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in Figure 4.40 illustrates the well-preserved test walls observed in many of the forams, as well as a 

half-broken foram that revealed a chamber that had not been infilled with calcite cement, but 

instead with debris from the surrounding matrix. The test walls appeared thin like the other test 

walls seen in forams found in the Rebecca K Bounds core. Another example of diagenesis within 

forams from the Fort Hays Limestone in the Rebecca K Bounds core comes from the clean 

limestone interval at 185.9 m (610 ft). Forams in this sample had thin test walls and many had been 

broken to reveal chamber infill and diagenetic alterations of the test walls. Figure 4.41 illustrates a 

foram with one chamber almost completely infilled (right) and another chamber filled with debris 

from the surrounding matrix, as well as well-preserved calcite rhomb (left). There was good 

preservation of the original rest wall fabric in these forams as well. The calcite infill appears to 

have a granular texture in chamber on the right. Moving deeper to the B marl of the Two Mile 

Creek core sampled at 1730.3 m (5677 ft), the forams had undergone more extensive diagenetic 

alterations. Portions of the test walls had been preserved while many (or the majority of some) had 

been recrystallized and appeared to either be missing or blend with the surrounding matrix fabric 

(Figure 4.42). All of the chambers in this sample had been completely infilled with calcite cement. 

The B chalk sample in the Two Mile Creek core taken at 1735.5 m (5694 ft) also contained forams 

that had been subjected to extensive diagenetic alteration. The test wall of the foram seen on the left 

of Figure 4.43 is still distinguishable from the matrix but the one in the foram on the right appear to 

have been recrystallized and has a fabric similar to that of the surrounding matrix. There was 

complete infill with calcite cement of the chamber in the foram on the left while the foram on the 

right was filled partially with calcite cement and partially with framboidal pyrite. Forams in the 

Fort Hays Limestone at 1786.1 m (5860 ft) in the Two Mile Creek core were better preserved than 

those found in the chalks and marls. Test walls were well-preserved an easily distinguishable and 

chamber infill ranged from no infill to complete infill. Chambers that were not infilled with calcite 

cement had a microcrystalline fabric. An interesting feature seen in a foram in this interval is 

illustrated in the lower image of Figure 4.44. The small raised dots formed where the microtubules 

that fed from the test wall to the chamber once were. The indurated, white limestone interval of the 

Fort Hays taken at 1792.5 m (5881 ft) had a couple different variations in diagenetic alteration 

within the forams. The upper image in Figure 4.45 is typical of forams observed in other facies with 

overall well-preserved test walls and both complete infill to no infill of the chambers. The foram in 

the lower image of Figure 4.45 was unique in that although it had a well-preserved test wall, it was 

apparent that the test wall had been broken prior to chamber in fill as the chamber infill blends with 

the matrix fabric on the right side of the foram near its middle. Also, the recrystallized fabric of the 

chamber infill itself is unique and was only observed in this facies in this core. Forams found in the 
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B marl of the Terrace core taken at 1815 m (5955 ft) had test walls that varied between well-

preserved and extensively diagenetically altered. Figure 4.46 is of a foram that had portions of the 

test wall preserved and other portions that had undergone dissolution and were no longer present 

(bottom right of the lower chamber in the upper image).  Chamber infill was partial to complete in 

most of the forams but some having been infilled with numerous individual calcite rhombs as seen 

in the higher magnification view of the upper chamber in Figure 4.46. In this same 

photomicrograph, the locations some of the microtubules within the test wall had been preserved 

and are found on the right side of the test wall. Forams in the B chalk of the Terrace core at 1821.7 

m (5997 ft) had varying degrees of diagenetic alteration in the test walls. The foram observed in 

Figure 4.47 was broken near the middle and had portions of the test wall that were well-preserved, 

portions that were recrystallized, and portions that had undergone dissolution and were no longer 

present. There was little chamber infill of the top chamber in this foram but was lined with a 

microcrystalline fabric. The lower chambers were completely infilled with calcite cement and one 

with a larger calcite rhomb. The soft, dark grey interval taken at 1874.6 m (6150.5 ft) in the Fort 

Hays in the Terrace core had poorly preserved forams. There were only a few present in the sample 

and the ones that were present had test walls that had undergone dissolution or ones that were 

poorly preserved and fabrics that resembled the surrounding microcrystalline to extensively 

cemented matrix (Figure 4.48). The forams in the upper image had been partially infilled with 

calcite cement and calcite rhombs while the foram in the lower image had not been infilled but was 

lined with a microcrystalline fabric and debris from the surrounding matrix. The harder, clean 

limestone interval sampled at 1881 m (6171.4 ft) in the Terrace core contained forams that were 

better preserved than those found in the interval at 1874.6 m (6150.5 ft). The foram in the upper 

image of Figure 4.49 had been crushed, but the test wall still remained well-preserved, as did the 

original fabric. The upper chamber was completely infilled and the lower chamber had a large 

calcite rhomb growing inside. The reverse of the cast seen in the lower image of Figure 4.44 can be 

seen in the lower image of Figure 4.49. The microtubules found in the test walls were seen lining 

the chamber. These forams were not infilled with calcite cement and instead had good preservation 

of some of the original fabric. The forams in the upper right corner of the figure had been broken, 

with little preservation of the test wall and complete infill of the remaining portions of the chambers. 

The final forams observed for diagenetic alterations came from the Fort Hays Limestone in the 

Aristocrat PC core at 2154 m (7067.1 ft). Not many forams were found in this sample, and that ones 

that were observed had little preservation of the original test wall fabric and appeared to have been 

recrystallized, with portions blending with the fabric of the surrounding matrix. Chamber infill was 

complete in each of the forams and contained spheres of microcrystalline fabric (Figure 4.50).  
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4.3.5 Unique Features  

A few of the samples analyzed contained some unique features that were considered important 

aspects of diagenetic alteration. These features included dissolution boundaries along the edges of 

oyster shells, detrital quartz grains embedded in the matrix, authigenic anhydrite, and partially-

filled fractures. The shallowest example of an oyster shell embedded in the surrounding matrix 

came from the Fort Hays Limestone in the Portland core at 78 m (256 ft). The upper of the two 

images in Figure 4.51 was taken at low magnification (150x) to illustrate that there has been little 

diagenetic alteration of the oyster shell in comparison to the surrounding matrix. The lower of the 

two images illustrates where the edges of the oyster shell meet the surrounding matrix and better 

highlights the faint dissolution boundaries were not visible in the upper image. Another example of 

an oyster shell embedded in the surrounding matrix comes from a Fort Hays sample in the Terrace 

core at 1881 m (6171.4 ft). The images in Figure 4.52 and Figure 4.53 illustrate two different parts 

of an oyster shell and the differences in their dissolution boundaries. In Figure 4.52, the oyster shell 

was subjected to very little diagenetic alteration, but the dissolution boundary in the upper part of 

this sample was much harder to recognize than in the sample from the Portland core. The oyster 

shell appeared to have grown right into the surrounding matrix. The example from the lower 

portion of the oyster shell illustrated in Figure 4.53 made a clear distinction between the oyster shell 

and the surrounding matrix and it was obvious what portions of the shell were undergoing 

dissolution. A similar example comes from an oyster shell in the Fort Hays of the Aristocrat PC 

core from 2154 m (7067.1 ft). There is a clear distinction between the dissolution boundary of the 

oyster shell and the surrounding matrix (Figure 4.54).  

The detrital quartz grains found within all of the samples analyzed using the SEM were 

mostly found in the Rebecca K Bounds core. One example was illustrated in Figure 4.27 but 

another larger, more firmly embedded grain is illustrated in Figure 4.55.  

The B chalk sample in the Two Mile Creek core from 1735.5 m (5694 ft) was the only 

sample in which authigenic anhydrite was found. The bladed, featherlike crystals were found 

throughout the entire sample and were usually growing near or around slightly broken or fractured 

areas like the ones seen in the upper image of Figure 4.56. Some crystals were confined to small 

areas (lower image in Figure 4.56), but, more commonly, others covered larger areas (upper image 

in Figure 4.56).  

There were very few fractures found between all the samples used in this portion of the 

study. The only samples analyzed that contained fractures were in the Terrace and Aristocrat PC  
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Figure 4.33  SEM photomicrographs of two different forams in the C chalk of the Castle Rock 

outcrop. Test wall of the foram in the upper image has been well-preserved. Overall fabric in both 

images is comprised of coccoliths.  
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Figure 4.34 SEM photomicrograph of a foram in B marl of the Portland core taken at 7 m (23 ft). 

The test wall has been well-preserved except for a small portion on the right side of the foram 

where it was broken during the burial process. The chamber on the left is only partially filled.  
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Figure 4.35  SEM photomicrograph of the C chalk in the Portland core taken at 45.5 m (149.5 ft). 

This image gives a comparison of the differences in diagenetic alteration between two neighboring 

forams.  The test walls of both forams have been recrystallized but are still distinguishable. The 

foram in the middle has been completely infilled with calcite cement, while the foram in the upper 

right has been partially infilled.  
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Figure 4.36  SEM photomicrograph of the Fort Hays Limestone from the Portland core taken at 

67.8 m (222.5 ft). The test wall of the foram has been partially preserved, with the preserved 

portions appearing to have been completely recrystallized. The chamber on the left half of the 

foram was completely infilled with calcite cement, while the chamber on the right remained 

unfilled. The inside of the test wall has been recrystallized in this chamber.   
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Figure 4.37  SEM photomicrograph of a foram in the Fort Hays Limestone of the Portland core 

taken at 78 m (256 ft). The test wall of the foram is well-preserved with the lower chamber having 

been completely cemented with calcite, while the upper chamber remains unfilled with some 

recrystallization around the inner part of the test wall.  
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Figure 4.38  SEM photomicrographs of two different forams in the B chalk of the Rebecca K 

Bounds core taken at 162.8 m (534.2 ft). Most of the forams in the sample had partial to no infill of 

the chamber and all test walls were thin. The left chamber of the foram in the upper image is broken 

on the right side and has framboidal pyrite growing inside, and the original fabric of the test wall 

was recrystallized. The left chamber of the foram in the bottom image is only partially infilled.  
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Figure 4.39  SEM photomicrographs of various forams in the C chalk of the Rebecca K Bounds 

core taken at 176.3 m (578.6 ft). Most forams observed in this sample had partial to complete 

preservation of the original test wall fabric.   
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Figure 4.40 SEM photomicrographs of two different groups of forams in the Fort Hays Limestone 

in the Rebecca K Bounds core taken at 185.9 m (610 ft). The lower image was taken from the 

middle of the upper image at higher magnification. There is good preservation of the original test 

wall fabric. The broken foram in the middle of the sample is one of only a few forams in the sample 

that had been broken to reveal the extent of chamber infill.  
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Figure 4.41 SEM photomicrograph of a foram in the Fort Hays Limestone of the Rebecca K 

Bounds core taken at 204.8 m (672.2 ft) from a clean limestone interval. The chamber on the right 

shows almost complete cement infill of the chamber, while the chamber on the left shows partial 

infill of the chamber with a near-perfect euhedral calcite cement crystal. Good preservation of the 

original fabric of the foram test wall.  
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Figure 4.42  SEM photomicrograph of a foram in the B marl of the Two Mile Creek core taken at 

1730.3 m (5677 ft). Preservation of the test wall is only apparent above the middle chamber of the 

foram. Chambers have all been completely infilled with calcite cement. Overall, this foram has 

undergone extensive diagenesis.  
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Figure 4.43  SEM photomicrograph of forams in the B chalk of the Two Mile Creek core taken at 

1735.5 m (5694 ft). There is partial preservation of the test wall in the foram on the left. The 

chamber of this foram is completely occluded with calcite cement. The foram on the right is harder 

to distinguish. The test wall is recrystallized and the chamber was partially filled with calcite and 

framboidal pyrite. The dark spot near the top right corner is organic matter. 
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Figure 4.44  SEM photomicrographs of two forams in the Fort Hays Limestone of the Two Mile 

Creek core taken at 1786.1 m (5860 ft). Good preservation of test walls in both forams. The top 

chamber of the foram in the upper image has been completely filled with calcite cement, while the 

bottom chamber only has small calcite rhombs forming. The foram in the lower image was 

completely infilled with calcite cement. The small dots covering the surface of the infill are casts is 

where the microtubules of the test well entered the chamber.   Most chambers in these samples 

display complete infill of the chamber.  
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Figure 4.45 SEM photomicrographs of various forams found in the Fort Hays Limestone of the 

Two Mile Creek core taken at 1792.5 m (5881 ft). The sample showed a wide variety of diagenetic 

alteration of forams. The foram near the top of the upper image resembles many of the forams as in 

other samples in this study. There is good preservation of the test wall and the middle and right 

chambers have been completely infilled (with the one on the right growing a calcite rhomb within 

the calcite infill). The chamber on the left has not been infilled but the innermost portion has been 

recrystallized. The foram in the lower right corner is almost indistinguishable from the matrix 

except for the sphere of chamber infill. The foram in the lower image had good preservation of 

most of the test wall. There is a small area on the right side where the test wall had been broken and 

the fabrics of the matrix and chamber were similar. All three chambers were completely infilled.   



75 

 

 

Figure 4.46 SEM photomicrographs of a foram in the B marl of the Terrace core taken at 1815 m 

(5955 ft). The lower image is a photomicrograph taken at higher magnification of the top chamber 

infill of the foram in the upper image. This sample did not contain many forams, but the forams that 

were present displayed partial to complete occlusion with calcite cement. In the lower image, there 

is some preservation of original test wall fabric on the right. The lower chamber of the foram has 

partial infill, while the top chamber displays almost complete infill with individual calcite rhombs.  
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Figure 4.47  SEM photomicrograph of a foram in the B chalk of the Terrace core taken at 1827.6 m 

(5997 ft). This foram has varying degrees of diagenetic alteration of the test wall and chambers. 

With the exception of the chamber near the top left corner of the image, the chambers are 

completely filled with calcite cement.  A fairly well-preserved calcite crystal formed in the largest 

chamber of the foram.  
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Figure 4.48  SEM photomicrographs of a couple forams in the Fort Hays Limestone of the Terrace 

core taken at 1874.6 m (6150.5 ft). All forams in this sample were poorly preserved and had 

undergone extensive diagenetic alteration. There was little to no preservation of the test wall and 

there were varying degrees/types of infill in chambers.  
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Figure 4.49  SEM photomicrographs of a few forams in the Fort Hays Limestone of the Terrace 

core taken at 1881 m (6171.4 ft). There is complete infill of the chambers in the foram in the upper 

figure. The test wall of the foram in upper figure has been broken during cementation of the 

chamber. The original test wall fabric in lower half of the foram is still well-preserved, and has a 

near perfect calcite rhomb within the chamber. There is no chamber infill of the foram in lower 

figure. There is complete preservation of the microtubules that feed from test wall to chamber. The 

foram adjacent to the upper right has been crushed, with only partial preservation of chamber infill 

and test wall.  
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Figure 4.50  SEM photomicrographs of forams in the Fort Hays Limestone of the Aristocrat core 

taken at 2154 m (7067.1 ft). There is fairly good preservation of the test walls, but test walls in both 

images have undergone recrystallization. Foram chambers display both partial and complete infill 

with calcite cement. 
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cores. Fractures in the Terrace core were found in both the B marl and the softer, grey Fort Hays 

interval and the fracture observed in the Aristocrat PC core was found in the B chalk interval. All 

the fractures were, to varying degrees, partially filled with calcite cement. The fracture in the B 

marl was almost completely filled near the bottom portion and became almost completely open near 

the top (upper image of Figure 4.57). The cements that infilled this fracture ranged from 

microcrystalline to more elongate and wispy. The fracture found in the Fort Hays interval was a 

little better concealed, with its widest portion highlighted in the images of Figure 4.58. It was 

difficult to get a good angle to see deeper within the fracture but all the calcite cement that filled the 

fracture appeared microcrystalline. The cement fabrics observed in the fracture within the B chalk 

of the Aristocrat PC were the most unique. These cements were comprised of various shapes and 

sizes of bladed calcite crystals that were tightly clumped in some areas and spread more thinly in 

others (Figure 4.59). 

 Stable Isotope Geochemistry of the B Chalk, B Marl and Fort Hays Limestone 4.4

Whole-rock samples for stable isotope analysis were collected on all eight cores. Stable 

isotope values were collected on all facies for the Razor, Two Mile Creek, Terrace, Wells Ranch 

and Aristocrat PC cores. The values collected on the USGS Berthoud State #3 core included a 

single B chalk facies and a single B marl facies (whose δ
18

O values were analyzed as the B1 chalk 

and B1 marl, respectively), as well as the Fort Hays Limestone. Stable isotope values for the chalk 

and marl units in the Portland were collected for the B marl, C chalk, and the Fort Hays, as the B 

marl was the uppermost unit in this shallow core. In the Rebecca K Bounds core, samples were 

collected for the B chalk and marl, the C chalk and marl, the D bench, and the Fort Hays. The δ
18

O 

values for the B chalk and marl were analyzed as the B1 chalk and B1 marl, respectively. Cross-

plots and other comparative figures were created to understand trends between each facies and 

within each facies at varying depths. Overall, δ
18

O values became more negative as sample depth 

increased. Two outlying trends were 1) although the Fort Hays contained the deepest samples 

within each core, it also had the highest δ
18

O values of the three facies in each core, regardless of 

depth or core location; and 2) the marls consistently presented more positive δ
18

O values than their 

corresponding chalks facies (Table 4.2). 

From the Portland to the Aristocrat PC core, between all facies, δ
18

O values ranged from -

4.20‰ to -13.69‰. Average δ
18

O values for each facies by well are summarized in Table 4.2. 

Figure 4.60 to Figure 4.67 present δ
18

O values for each sample analyzed, organized by core and 

facies. These cross plots illustrate δ
18

O vs. δ
13

C for each sample in order to facilitate a comparison  
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Figure 4.51 SEM photomicrographs of two different magnifications of an oyster shell in the Fort 

Hays Limestone of the Portland core taken at 78 m (256 ft). The upper image illustrates what the 

shell looks like sitting within the matrix, while the lower image highlights where the shell 

experienced dissolution at the shell-matrix boundary. 
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Figure 4.52 SEM photomicrographs of an oyster shell in the matrix of the Fort Hays Limestone in 

the Terrace core from 1881 m (6171.4 ft). The upper image shows the entire shell fragment and 

how it appears within the matrix. The lower image highlights a dissolution boundary that appears to 

be growing flush with the surrounding matrix or one that is not a dissolution boundary at all. 
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Figure 4.53 SEM photomicrographs of the lower portion of the oyster shell from Figure 4.52. The 

dissolution boundary between the oyster shell fragment and the matrix is more pronounced than the 

boundary where the shell meets the matrix in the upper portion of the shell fragment. 
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Figure 4.54  SEM photomicrograph of a dissolution boundary between an oyster shell fragment and 

the surrounding matrix. The sample was from the Fort Hays Limestone in the Aristocrat PC core 

taken at 2154 m (7067.1 ft). The dissolution boundary lends Ca
2+

 ions to create new cement and 

microcrystalline calcite for recrystallization, as shown in the upper part of sample and near the 

middle on the right edge of the sample. 
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Figure 4.55  SEM photomicrograph of a large detrital quartz grain in the Fort Hays Limestone of 

the Rebecca K Bounds core taken at 185.9 m (610 ft).  
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Figure 4.56 SEM photomicrographs of two examples of authigenic anhydrite within the B chalk of 

the Two Mile Creek core at 1735.5 m (5694 ft).  
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Figure 4.57  SEM photomicrographs at two different magnifications of a fracture in the B marl of 

the Terrace core at 1815 m (5955 ft).  
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Figure 4.58  SEM photomicrographs at two different magnifications of a fracture in the Fort Hays 

Limestone of Terrace core at 1874.6 m (6150.5 ft).  
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Figure 4.59  SEM photomicrographs at two different magnifications of a fracture in the B chalk of 

the Aristocrat PC core at 2092.1 m (6863.9 ft). Calcite infill of this fracture has a bladed fabric 

compared to the fractures filled with wispy and/or microcrystalline calcite in the fractures in facies 

of the Terrace core.   
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of δ-values as being either positive or negative. In the case of all samples analyzed from the Smoky 

Hill Member of the Niobrara Fm., these relationships are all highly negative. The Portland and 

Rebecca K Bounds cores (Figure 4.60 and Figure 4.61) contain the highest δ
18

O values of all eight 

cores. Although there is only a few hundred feet difference between where the B intervals lie 

between these two cores, the δ
18

O values present in the Rebecca K Bounds core contained the 

highest values. From the Rebecca K Bounds core, there is a 2500 ft gap before reaching the B 

bench in next shallowest core—the Berthoud State #3. In comparison, the average δ
18

O value for 

the B chalk in the Berthoud State #3 core is -8.54‰ versus an average of -5.89‰ in the Rebecca K 

Bounds and an average of -7.91‰ for the C chalk in the Portland core. On average, there was a 

difference of < +1‰ between the B intervals and the Fort Hays in the Portland core and the 

Berthoud State #3. In comparing the average per mille difference between the Rebecca K Bounds 

core and the Berthoud State #3 core, however, differences were between  +2 and +3‰, even though 

the Niobrara interval was just a few hundred feet deeper in the Rebecca K Bounds than in the 

Portland.  

Moving deeper within the basin to the Razor, Two Mile Creek, Terrace, Wells Ranch, and 

Aristocrat cores, trends were very consistent in that the δ
18

O values for each facies became 

progressively more negative with depth for each of these cores, with the most negative values being 

found in the Aristocrat. The average values for each facies in the Aristocrat were consistently 

between 1 – 2‰ lighter than the corresponding Wells Ranch facies, despite there only being a ~152 

m (~500 ft) difference between the depths of the facies in these two wells. δ
18

O values for each 

facies in the Razor, Two Mile Creek, and Terrace cores were all within a  < 1‰ difference. The 

depth trends observed between average δ
18

O values for each facies are illustrated in Figure 4.68 

through Figure 4.72. 

In most cases, when comparing the chalk and marl facies, the marls had higher δ
18

O values 

than their overlying chalks. The only two exceptions were the B1 chalk and marl facies in the 

Terrace and Aristocrat cores. The differences, however, were very small at 0.09‰ and 0.58‰, 

respectively.  

Since the analysis was completed on the C chalk and marl in the Portland and Rebecca K 

Bounds cores, as well as the D bench for the Portland core, these data were used to compare trends 

observed within the B facies of all other wells. The C chalks and marls in both cores presented 

similar trends to all others in that the values became more negative with depth, but the marls facies 

also displayed more positive δ
18

O values than their corresponding chalk facies. The D bench of the 
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Portland core presented an average δ
18

O value of -6.20‰, which was close to the average values of 

the overlying C marl (-6.77‰) and the underlying Fort Hays (-6.68‰) (Table 4.3). However, 

without any additional D bench data analyzed for comparison, there were no other observations to 

be made, except that it was interesting that the D bench presented more positive δ
18

O values than 

the Fort Hays—a trend that no other facies analyzed in this study shared.  

Table 4.2 Average δ
18

O values (‰) for each core grouped by facies (shallow to deep). 

Core B1 Chalk B1Marl B2 Chalk B2 Marl Ft Hays 

Portland 1 
Interval 

missing 
-7.32   -6.68 

Rebecca K Bounds  -5.89 -5.35   -5.35 

Berthoud State #3 -8.54 -8.44   -7.08 

Razor -9.30 -9.26 -9.43 -8.41 -7.57 

Two Mile Creek -8.64 -8.93 -9.31 -8.61 -7.64 

Terrace -9.46 -9.37 -9.47 -8.51 -7.91 

Wells Ranch -9.62 -9.25 -10.26 -9.59 -8.21 

Aristocrat -11.27 -11.85 -11.65 -11.07 -10.55 

AVERAGE -8.96 -8.72 -10.02 -9.24 -7.62 

 

Table 4.3 Average δ
18

O values (‰) for the C chalk and marl and the D bench in the Portland 

and Rebecca K Bounds cores. 

Core C Chalk C Marl D Bench 

Portland 1 -7.91 -6.77 -6.20 

Rebecca K Bounds  -6.06 -5.35 N/A 

AVERAGE -6.99 -6.06 -6.20 
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Figure 4.60  Cross plots of stable oxygen vs. carbon for the B marl, C chalk, and the Fort Hays 

Limestone in the Portland core. 
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Figure 4.61  Cross plots of stable oxygen vs. carbon for the B chalk, B marl, and the Fort Hays 

Limestone in the Rebecca K Bounds core. 
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Figure 4.62  Cross plots of stable oxygen vs. carbon for the B chalk, B marl, and the Fort Hays 

Limestone in the Berthoud State #3 core. 
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Figure 4.63  Cross plots of stable oxygen vs. carbon for the B chalks, B marls, and the Fort Hays 

Limestone in the Razor core. 
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Figure 4.64  Cross plots of stable oxygen vs. carbon for the B chalks, B marls, and the Fort Hays 

Limestone in the Two Mile Creek core. 
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Figure 4.65  Cross plots of stable oxygen vs. carbon for the B chalks, B marls, and the Fort Hays 

Limestone in the Terrace core. 
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Figure 4.66  Cross plots of stable oxygen vs. carbon for the B chalks, B marls, and the Fort Hays 

Limestone in the Wells Ranch core. 
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Figure 4.67  Cross plots of stable oxygen vs. carbon for the B chalks, B marls, and the Fort Hays 

Limestone in the Aristocrat Angus core. 
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Figure 4.68  Average depth of the B1 chalk facies for each well plotted against the average δ
18

O 

values for each facies. Figure illustrates that an increase in depth is accompanied by a decrease in 

δ
18

O values. 
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Figure 4.69  Average depth of the B1 marl facies for each well plotted against the average δ
18

O 

values for each facies. Figure illustrates that an increase in depth is accompanied by a decrease in 

δ
18

O values. 
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Figure 4.70  Average depth of the B2 chalk facies for each well plotted against the average δ
18

O 

values for each facies. Figure illustrates that an increase in depth is accompanied by a decrease in 

δ
18

O values. 
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Figure 4.71  Average depth of the B2 marl facies for each well plotted against the average δ
18

O 

values for each facies. Figure illustrates that an increase in depth is accompanied by a decrease in 

δ
18

O values. 
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Figure 4.72  Average depth of the Fort Hays for each well plotted against the average δ
18

O values 

for each facies. Figure illustrates that an increase in depth is accompanied by a decrease in δ
18

O 

values. 
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  CHAPTER 5

DISCUSSION 

In the following chapter, a detailed background on chalk diagenesis will precede 

interpretation and integration of standard petrography, cathodoluminescence petrography, scanning 

electron microscopy, and oxygen-isotope analysis for the eight cores presented in this study. 

Chalks constitute about 70% of the total carbonate sediment deposited worldwide for the 

past 100 million years. Most modern chalks are restricted to ocean basins, particularly sediment-

starved continental slopes and rises and those parts of the abyssal plains above the calcite 

compensation depth (CCD). The calcite compensation depth is the depth in the oceans below which 

the rate of supply of calcite lags behind the rate of dissolution, such that there is not further 

accumulation of calcite because it is all dissolved in the water column. Figure 5.1 features a 

diagram that illustrates the CCD in relation to depth and the percentage of calcite saturation within 

the water column. Widespread deposition of ancient chalks took place in broad, epicontinental seas 

as a result of high-sea level stands and in areas where clastic sediment input was at a minimum. 

During the Cretaceous, one of the largest areas of chalk deposition was in the Western Interior 

Seaway of the Rocky Mountains. This chalk deposit was noted for the development of large-scale 

marine sedimentary cycles. The Niobrara in particular represents cycles of synchronous 

transgressive and regressive pulses that are thought to be largely eustatic in origin [Pollastro & 

Scholle, 1986].  

 Physical and Chemical Diagenetic Properties of Chalk 5.1

Chalks of the Niobrara typically consist of about 70 to 80% calcium carbonate, with the main 

constituents of any chalk being calcareous nanofossils (golden-brown algae called coccoliths) with 

lesser amounts of calcareous microfossils (foraminifera and coccospheres), macrofossils (mostly 

bivalves, including oysters and inoceramids). Coccoliths are pelagic organisms that have a wide 

environmental and latitudinal distribution. Their rate of production, however, at least in modern 

sediments, is slow enough that coccolith-rich sediments (or chalks) can only form where the nano- 

and microorganisms that produce these calcareous tests can live in the overlying water and not be 

overwhelmed by a high rate of input from and terrigenous clastic material or other carbonate grains 

[Czerniakowski et al., 1984]. Evidence can be found in shallow-water areas of modern-day, 

coccolith-rich sediments where other clastic terrigenous and other carbonate inputs are low. In most 

cases, however, modern chalks are found in water depths between 100 and 4,000 m. Estimates on 

the rates of chalk deposition have been studied by Black [1953] and Hancock [1975]. In the Upper 
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Cretaceous, sedimentation rates may have ranged from 3.6 to 54.3 m/million years (11.8 to 178 

ft/million years). Within this range, pure chalks are thought to have a deposition rate between 20 

and 40 m/million years (65 to 130 ft/million years). The high eustatic sea levels of the Upper 

Cretaceous led to major flooding of continental areas, and chalks were able to achieve their widest 

distribution. Depths of chalk deposition in the Western Interior Seaway are difficult to determine, 

mainly because the restricted conditions make paleoecologic water depth estimation difficult 

[Scholle, 1977]. Eicher [1969] proposed a water depth of 500 m (1640 ft), but that might be 

considered a maximum. Others have favored depths between 100 m (330 ft) and 300 m (985 ft).  

The coccoliths and tests of planktonic foraminifera that form these chalks are composed of 

chemically stable low-magnesium calcite and have inherently low permeability due to their small 

average grain size. Typically, chalk grains are between 0.2 and 1μm with more subordinate grains 

ranging from 1 to 10μm, and at times, larger than 62μm. Low-magnesium calcite is the most stable 

calcium carbonate polymorph under most near-surface conditions and temperatures [Pollastro & 

Scholle, 1986]. Therefore, despite their small average grain size, and unlike most shallow-marine 

limestones (which contain large proportions of chemically unstable components of aragonite or 

high-magnesium calcite), chalks are stable in both marine and non-marine pore fluids. That being 

said, chalks undergo significant diagenetic transformations as a consequence of burial and chemical 

compaction. 

5.1.1 Effect of Burial Depth on Chalks 

The initial physical and chemical properties of chalks begin to alter immediately after 

deposition. Maximum burial depth is the main controlling factor in chalk alteration, followed by the 

chemical and biological composition, pore fluid chemistry, clay content, and other factors. With a 

few notable exceptions, the porosity and permeability of chalks decreases as a direct function of 

burial depth. The exceptions include instances where oil entered the rocks, reducing or terminating 

carbonate reactions, or as a result of chalks being overpressured and therefore may not be subject to 

the normal grain-to-grain stresses expected at certain depths [Scholle, 1977]. Burial depth plays a 

significant role as a result of the unique composition of chalks. When subjected to mechanical and 

chemical compaction when buried, the biogenic components can undergo dewatering, breakage, 

grain reorientation, and grain-contact dissolution [Pollastro & Scholle, 1986].  With additional of 

overburden from continued sedimentation, as well as through the activities of burrowing organisms, 

water is expelled until eventually a grain-supporting framework is formed. Most chalks are little 

affected by seafloor cementation.  
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Figure 5.1 Diagram illustrating the calcite compensation depth (CCD) in relation to depth in 

kilometers and the percent of calcite saturation within a water column. Laboratory experiments and 

thermodynamic theory indicate that the ocean should be undersaturated with calcium carbonate at 

all depths below the upper few hundred meters. These predictions were later verified by field 

experiments in the central Pacific region, in which calcite spheres and foraminiferal assemblages 

were suspended on moorings and the weight loss resulting from dissolution of material was 

measured. The experiments showed that the transition from calcite supersaturation to 

undersaturation occurs within several hundred meters of the surface. Seawater is undersaturated at 

all depths beneath this [Van Andel et al., 1975]. 
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Thus, any porosity losses in these rocks must be related to burial or post burial alteration. In 

shallow-water carbonate deposits, exposure to fresh water, for example, produces extensive 

dissolution and cementation because of their large concentrations of unstable aragonite and high-

magnesium calcite. Burial effects are generally far less important in shallow-water limestones 

because of the dominance of these freshwater, early diagenetic effects. The chalks, by contrast, start 

out initially with low permeabilities that hinder movement of large volumes of fresh water through 

the matrix. Even when fresh water is introduced over long periods of time by fracture flow, only 

small numbers of pore volumes enter by diffusion into the matrix, and little alteration occurs. Some 

dissolution does take place at the surface and in near-surface fractures, producing an uneven 

topography with solution pits filled with insoluble residues, while simultaneously deriving CaCO3 

which may be precipitated elsewhere as fracture fillings. In summation, even chalks of Cretaceous 

age, exposed for as much as 70 million years to fresh water, show little or no signs of matrix-

porosity enlargement or reduction where there has been only shallow burial [Scholle, 1977]. 

Although, in a few cases porosity may be destroyed at the sea floor by cementation, in most cases 

early porosity loss results from initial mechanical compaction.  

5.1.2 Chemical Compaction in Chalks 

Following mechanical compaction, and as a result of further burial, the strong grain 

framework established by mechanical compaction becomes subordinate to chemical compaction in 

reducing pore space. Chemical compaction includes the dissolution of calcium carbonate at points 

of high intergranular stress and reprecipitation of the dissolved material as cement within pores or 

areas of lower differential stress.  The dissolved calcium carbonate migrates mainly by grain-

boundary diffusion, rather than by bulk flow, and generally is reprecipitated in nearby sites (usually 

within millimeters to meters from the source). Such precipitation can take place in intergranular or 

intragranular pore spaces, fissure cavities, or even by displacement into areas without open pores 

[Scholle, 1977]. In many deep-water settings, dissolution takes place before or during 

sedimentation. In areas where the bottom water depths are below the lysocline (Figure 5.1), 

particularly extensive dissolution takes place both during settling and while grains are exposed at 

the seafloor [Lockridge & Scholle, 1978]. Below the calcite compensation depth (CCD), essentially 

all carbonate minerals are eliminated. Modern studies have shown that not only are certain 

mineralogies (such as aragonite) removed preferentially, but also that there is selective dissolution 

of individual species, even where the organisms have low-magnesium calcite skeletons.  Thus, what 

is buried in the sediments is material that has been, to varying degrees, selected for chemical 

stability. The extent of this selective dissolution will depend on the rate of sediment supply versus 
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the rate of sediment removal. This is why deep-water areas and regions that have low rates of 

carbonate supply or accumulation commonly have the most extensive dissolution of the low-

stability faunal elements [Scholle, 1977].  

The process of dissolution can take place along solution seams, stylolites, and along grain 

contacts, and may reprecipitate calcium carbonate without the introduction of material from outside 

the system. Bulk-volume reduction is a very significant consequence of solution transfer (along 

with mechanical compaction), especially where initial porosities were high. In essence, one part of 

the section is cannibalized to provide the calcium carbonate to cement the remainder, resulting in 

redistribution of calcium carbonate. This either can take place on an intergranular basis, or most of 

the material can be derived from discrete surfaces such as stylolites. This may eventually result in 

an almost complete elimination of porosity. As a result of these alterations, original porosities of 60 

to 80% are generally reduced to 35 to 40% at around 915 m (3000 ft) of burial, and closer to 10 to 

20% near depths of 1,830 m (6000 ft). Because of the very fine-grained nature of chalks, they have 

inherently low permeabilities—1 to 2 millidarcies at a 915 m (3000 ft) burial depth [Lockridge & 

Scholle, 1978]. Therefore, an economic basement should be established somewhere between 915 m 

(3000 ft) and 1,220 m (4000 ft) of burial; otherwise, an overpressured and highly fractured chalk 

reservoir is required for deeper economic development.  

The burial depth at which solution transfer first becomes an important process is not well 

defined but various researchers have suggested that between 600 m (1970 ft) and 900 m (2950 ft) is 

probably the minimum depth at which stylolites form. The broad variation in these depths is most 

likely due to the importance of the composition of the interstitial fluids. For example, as discussed 

by Neugebauer [1974], when magnesium concentrations are above 0.01 mol, dissolution is arrested. 

Thus, unless chalks are flushed extensively with magnesium-poor fluids, such as typical ground 

waters, they may resist pressure solution to considerable depths.  

A greater degree of carbonate dissolution tends to occur because of the solubility contrast 

between carbonates and silicates. As chalks begin to lithify through cementation, and the grains are 

more rigidly held in place, dissolution becomes concentrated more sharply along individual planes. 

Scholle [1977] estimated that once porosities fall to less than about 25%, there is a transition from 

solution seam to stylolites. This type of transition is uncommon in shallow-water carbonate deposits 

because they generally reach a stage of at least moderate lithification before significant burial 

occurs. In chalks, however, where burial diagenesis dominates, early diagenetic-solution seams and 

later diagenetic stylolites are very common, both in outcrop and in subsurface areas. Since 
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dissolution of unstable forms is often complete, and because associated cementation often obscures 

dissolution effects, the indirect evidence of progressive loss of the least stable faunal elements with 

increased burial often must be accepted as the principal line of evidence of intrastratal dissolution. 

The abundant evidence of the addition of cement to chalks, coupled with the lack of 

evidence of extensive compaction, implies that cementation is a continuous process. It starts with 

early (potentially at the seafloor) precipitation of the rigid framework of cemented grain contacts 

that acts as the load-resistant scaffolding in to which diagenetic cement is later inserted at a rate 

sufficient enough to prevent compaction under increasing overburden. Any nearby units that 

contain less stable constituents or higher clay content do not form this framework. They are instead 

eliminated during burial, yielding their calcium carbonate (during solution transfer) for the 

cementation of the stable beds. One way to envision this process is to consider “recipient” versus 

“donor” units. The “recipient” units are preserved in the geologic record with evidence of little 

compaction and extensive cementation. The “donor” beds, on the other hand, will be mostly 

eliminated and may just appear as clay-rich seams [Scholle, 1977]. 

5.1.3 Diagenetic Evidence 

Various examples of physical evidence exist for mechanical and chemical diagenesis. The 

most common evidence for mechanical compaction in sediments includes visible grain breakage or 

deformation, flattening of sedimentary structures such as burrows, and compactional drape of 

originally soft sediments around shells, nodules, or other rigid objects [Scholle, 1977]. 

5.1.4 Solution Seams 

Solution seams, progressive additions of cement, stylolites, grain embayments, and other 

forms of evidence of chemical compaction are common in most chalk sections. Solution seams 

(Figure 5.2) are low-amplitude, irregular, wispy, and anastomosing zones of marly and clayey 

sediments that have been concentrated by pressure solution. They are produced by intrastratal 

dissolution and compaction in relatively soft sediments. This results in a nodular, lumpy texture 

with relict pieces of clay-poor chalk surrounded by darker, more marly to more shaly zones.  

5.1.5 Stylolites 

As discussed previously, as chalks begin to lithify through cementation and grains are more 

rigidly held in place, porosities fall to less than 25% and solution seams transition to stylolites. 

Stylolites are very common when burial diagenesis dominates and are very common in both 

outcrop and subsurface areas. On a smaller (intergranular or intercrystalline) scale, dissolution  
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Figure 5.2 Solution seams in the lower Turonian Middle Chalk, west of Eastbourne, 

Sussex, England. Early lithification of chalk and subsequent dissolution of carbonate 

material by pressure solution can yield nodular, wispy fabric [Scholle, 1977]. 

 

features are more difficult to find. Wise [1973] provided an example of partially dissolved 

coccoliths, but believed that most of their dissolution occurred at the sediment/water interface. 

Others have presented evidence of either progressive loss of unstable coccoliths and planktonic 

foraminifera, or of direct dissolution effects visible by SEM. Nevertheless, direct evidence may not 

be found. 

5.1.6 Cement Additions 

Evidence of progressive addition of cement during burial is much more widespread. In 

some cores collected from the Deep Sea Drilling Project (DSDP), cementation was shown to be 

quite selective, with individual species or groups of organisms being especially prone to 

overgrowth cementation [Scholle, 1977]. In particular, individual groups of coccoliths received the 

earliest cement followed by the interstitial areas between coccolith shields. Precipitation of calcite 

within foraminiferal chambers has also been observed. In onshore chalk deposits, there are very 

small differences in the size and form of coccolith crystal elements, which makes a great difference 

in their susceptibility to overgrowth cementation. Abundant overgrowths are present on crystal 

elements equal to or larger than 1μm, whereas no overgrowths were formed on 0.2 to 0.4 μm 

crystals. Likewise, where rhombohedral cleavage surfaces bounded the coccolith crystals, 

overgrowths were inhibited. Scholle [1974] gave an example of such coccolith overgrowths in 

chalks from Northern Ireland while others have shown “spot-welding”, or cementation at grain 

contacts, selective overgrowth, and sparry calcite pore filling in North Sea chalks.  
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All chalks that were examined by Scholle [1977] from the North Sea, onshore Europe, the 

Scotian Shelf, Gulf Coast and the U.S. Western Interior showed the same observation that where 

chalks are now (or once were) buried deeply, cementation is far more advanced. Figure 5.3 shows a 

progressive cementation sequence in the Fort Hays Limestone. All of the samples are from outcrops, 

but if the former thickness of overburden (mainly the Pierre Shale) is taken into consideration, it 

becomes clear that samples from central Colorado were once overlain by at least 1500 m (4920 ft) 

to 2000 m (6560 ft) of sediment, whereas those from Kansas probably had less than 200 (656 ft) to 

300 m (984 ft) of overburden. Thus, the progressive diagenesis from Kansas to central Colorado is 

an example of a paleoburial gradient.   

 

Figure 5.3 Sequence of scanning electron microscope micrographs showing progressive 

cementation with increasing amounts of former overburden. All samples are from Upper 

Cretaceous Fort Hays Limestone. Scale bars in images A-C are 2µm and the scale bar in image D is 

1.3µm [Scholle, 1977]. 
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5.1.7  Basic Chemistry of Carbonate Diagenesis  

Sedimentation of a stratigraphic interval happens only once and in one environment. The 

diagenetic modification of those sediments, however, is a composite of numerous processes 

separated in time. On an even smaller scale, when considering the pore space of a sediment, even 

that may be occupied by several different diagenetic fluids which may enter the rock at various 

times throughout the history of a sediment. Only a very small amount of calcium carbonate can be 

held within pore fluid at equilibrium with the rock, so any system able to accomplish considerable 

diagenetic change will need a mechanism and a pump. There needs to be a chemical (PCO2, solid 

phase present, ionic strength, etc.) or physical (temperature, pressure, agitation, etc.) mechanism 

operating to produce a small increment of dissolution by, or precipitation from the pore fluid. From 

here, it must be possible for the pore fluid within the sediment to be exchanged numerous times in 

order to have a cumulative effect that is volumetrically significant [Matthews, 1974]. This is how 

cementation will occur—water must either be pumped through the pore space or calcium carbonate 

ions must diffuse into the pore space. The availability and flow of water, combined with the shape 

and mineralogy of the sedimentary particles, allows for a complex variation of diagenetic fabrics 

within a diagenetic environment.   

A composition of several reactions are involved in the quest to achieve equilibrium within a 

carbonate system comprised of CaCO3(s), H2O(l) and CO2(g). The equations describe a specific state 

that a system is looking to attain and all equations are related. If one equation becomes out of 

equilibrium, the whole system should become out of equilibrium. The kinetics of the various 

reactions within a system will determine how a particular system will respond to disequilibrium. 

Therefore, when considering diagenesis, there is more interest in this system being in 

disequilibrium because equilibrium implies that nothing is happening. During disequilibrium, 

dissolution and precipitation will occur—constituting a major portion of carbonate diagenesis 

[Matthews, 1974].  

5.1.8 Variations in PCO2 

The presence or absence of CO2 gaseous phase results in some interesting variations within 

the web of carbonate equilibria. Water at equilibrium with atmospheric CO2, but not in contact with 

a carbonate rock, will contain relatively small amounts of total dissolved carbonate. Similarly, 

water at equilibrium with calcium carbonate, but not in contact with CO2 gas, will contain relatively 

little calcium and total dissolved carbonate (Table 5.1).  
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5.1.9 The Solubility of Calcium Carbonate 

Aragonite, high-magnesium calcite (calcite containing typically 8- to 20-mol percent MgCO3 in 

solid solution with CaCO3), and low-magnesium calcite are three common phases in Holocene 

sediments and many Pleistocene rocks. Each of these phases has its own solubility. If the water is 

near saturation with respect to aragonite, it will be supersaturated with respect to calcite and should 

therefore precipitate calcite. Conversely, if the water is near saturation with respect to calcite, it 

should still be capable of dissolving a little more aragonite. Ultimately, equilibrium in such a 

system can only be achieved by completely dissipating one of the solid phases. In the system 

mentioned, it is convenient to speak of the  

Table 5.1 Calculated Equilibrium Concentrations of Ca
2+

, ΣCO2, and pH for Selected Systems of 

Calcite and Water With and Without a CO2 Reservoir [Matthews, 1974] 

 

water as approaching a steady state.  This means that the chemistry of the water may approach 

constant values for dissolved calcium, total carbonate species, and pH, even though net solution of 

one solid phase and net precipitation of the other continue to occur. It is important, therefore, to 

understand the distinction between equilibrium and steady state. At a steady state, mineral mater is 

being removed from aragonite crystals and precipitated onto calcite crystals, and transfer of 

material from one surface to another will occur. Conversely, at true equilibrium it is expected that 

all surfaces be the site of equal solution and precipitation. The matter of solubility of the solid phase 

or phases in natural systems becomes further complicated by crystal size, morphology, and strain. 

Matthews [1974] reported that increased solubility for newly fractured calcite. It was also noted that 

solubility increased with decreasing particle size in the range of 0.01 to 0.1μm in diameter. That 

being said, initial variations in solubility product of intimately associated solid phases in the 

original sediment will provide the driving mechanism for most of the solution-reprecipitation 

reactions that constitute the bulk of carbonate diagenesis.  
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5.1.10 Mixing Effects 

If total dissolved calcium carbonate is a nonlinear function of some other variable in the 

system, the stage is set for solution or precipitation reactions to occur where two water masses 

become mixed. If two water masses which are at equilibrium, and therefore lie on the solid 

equilibrium curve in Figure 5.4 become mixed, the resulting mixture must lie somewhere on the 

cord connecting those two points of the curve. Thus, if a water mass were initially at equilibrium 

with low PCO2 and another water mass were initially at equilibrium with a higher PCO2, additional 

calcium carbonate would be dissolved at the point where these two waters become mixed in the 

subsurface (cord CD). Variations in the solubility of carbon dioxide are a function of temperature 

and pressure. The solubility of carbon dioxide increases with increasing pressure and decreases 

with increasing temperature. 

 

Figure 5.4 Total dissolved calcium carbonate as a nonlinear function of some other variable 

in a system sets the stage for precipitation or solution upon mixing of two water masses. The 

solid line represents equilibrium. Any mixture of two waters will lie on the dotted line 

connecting those two points. Thus, a mixture of A and B will be supersaturated, and a 

mixture of C and D will be undersaturated [Matthews, 1974]. 

 

5.1.11 Partitioning 

Partitioning is the amount of a minor cation that may be incorporated into a growing calcite 

crystal, and is primarily a function of the abundance of that element in the solution from which the 

crystal is grown. Partitioning of magnesium into calcite in sea-water is important because high-

magnesium calcite at equilibrium with sea water should contain 10-mol percent MgCO3. The 

ubiquitous occurrence of high magnesium calcite containing 15- to 20-mol percent MgCO3 in 

natural environments may provide a clue that these anomalously high magnesium calcites were 

precipitated in a chemical environment other than normal-marine seawater. In a freshwater 

environment, partitioning is important because minor build-ups in fresh groundwater can greatly 
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alter the precipitation kinetics of calcite. Early recrystallization of high-magnesium calcite and 

aragonite should result in a buildup of magnesium and strontium in the ground water, inasmuch as 

the partition coefficients for both of these elements in calcite are considerably less than one. Also, 

the minor element chemistry of calcite may record the environment in which the calcite grew 

[Matthews, 1974]. This suggests that there is a possibility of mapping ancient flow directions of 

diagenetic waters by mapping regional variations in the minor element chemistry of cements.  

5.1.12 Ferroan Calcite 

Ferroan calcites are well-documented in ancient rocks, but primarily as the last stage of 

cementation. Matthews [1974] pointed out that only the Fe
2+

 (reduced) species can be incorporated 

into the calcite lattice in abundance. If the calcite lattice is abundant in Fe
2+

, this indicates both a 

chemical environment rich in iron as well as a reducing environment. Also important in reducing 

environments is ability of organic matter to remove calcium from interstitial fluids. In the presence 

of sea-water, more than 90% of the total calcium in the sea water was taken into the sediment in the 

form of calcium fatty acid salts or soaps. Such a process could build up a large source of calcium 

within the sediment for later use in the formation of CaCO3. 

5.1.13 Kinetics of Calcite Precipitation 

Every chemical reaction can be broken down into a series of steps that must occur for a 

system to reach equilibrium. Figure 5.5 gives a summary of the various steps involved in solution-

precipitation reactions in carbonate sediments containing an unstable phase such as aragonite or 

high-magnesium calcite. For any step in a reaction, the greater the departure from equilibrium, the 

faster that step of the reaction will be able to proceed. Additionally, the overall reaction cannot 

proceed faster than the slowest step within the chain of reactions. The slowest step is referred to as 

the “rate step”. The dissolution of unstable solid phases (aragonite and high-magnesium calcite) is a 

major driving mechanism for diagenesis in fresh water. Therefore, if a pore fluid is at equilibrium 

with aragonite, spontaneous nucleation of calcite within the aragonite is a very slow step. 

Nucleation may be sped up by evaporation of water, thus producing supersaturation with respect to 

calcite that can greatly exceed that maintained by the solubility of aragonite [Matthews, 1974]. The 

nucleation step may also be circumvented by precipitation of calcite onto preexisting calcite 

particles. A study conducted by Schmalz [1967] concluded that the rate of calcite growth from a 

solution at steady state with aragonite is at least 100 times slower than the rate at which aragonite 

will dissolve to replace the calcium carbonate lost from solution to calcite precipitation. 
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Other rate steps which may be of significance to carbonate diagenesis concern the 

equilibration of the CO2(g) reservoir to the water that is dissolving or precipitating calcium 

carbonate. If the water is not open to an external source of CO2(g), equilibrium with the carbonate 

rock will yield calcium concentrations similar to those indicated in Column 2 of Table 5.1. 

However, if the system has equilibrated with an external source of CO2(g), the water will contain 

higher calcium concentrations, as indicated in Columns 3, 4, and 5. The slow kinetics of CO2 

transfer across a gas/liquid interface can cause a system open to the atmosphere to mimic a closed 

system for a considerable length of time.  

  Cathodoluminescence Petrography 5.2

Cathodoluminescence petrography (CL) is an invaluable tool for distinguishing detrital, authigenic 

and diagenetic phases, and provides a method to visualize and understand porosity evolution in 

carbonate petroleum reservoirs. In carbonate rocks, CL provides the basis for understanding 

fundamental diagenetic relationships between grains, matrix, cements, and common replacement. 

CL can also help decipher paragenetic relationships, assess recrystallization, and provide a baseline 

for understanding geochemical signatures of carbonate rocks. All carbonate rocks are products of 

diagenesis and therefore have experienced interaction and exchange with pore waters. As a result, 

their geochemical signatures resulting from water-rock interactions are determined by diagenesis 

[Hiatt & Pufahl, 2014].  

 During diagenesis, macro- and micro-organisms may bore into CaCO3 skeletal elements 

and metabolic processes of microbes induce cementation within skeletal cavities—often while the 

organisms are still living. Budd & Hiatt [1993] showed that almost complete loss of Mg and 

complete resetting of oxygen-isotopic compositions can occur in benthic foraminifera (originally 

HMC) when exposed to meteoric water in as little as 1000 years. They observed that with complete 

geochemical resetting, there were no observable changes in the foram microstructure on any scale. 

Aragonite dissolves when exposed to meteoric water and Ca
2+ 

and HCO3
-
 liberated is then available 

to form calcite cement, which can fill intergranular pore space, replace bioclasts, or infill space 

once occupied by bioclasts, thereby destroying intragranular porosity.  

5.2.1 Cathodoluminescence in Carbonate Rocks 

 The goal of studying the partitioning behavior of trace and minor elements between 

calcite and the fluid from which it crystallizes has been to help interpret environments of crystal 

growth and diagenesis. Accomplishing this goal has been difficult, as researchers have realized that 
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Figure 5.5 The kinetics of carbonate solution and precipitation reactions. Carbon dioxide and the 

rock may be dissolved and carried out of the system by moving water. The more CO2 there is 

available, the more rock will be dissolved (see Table 4.1). Alternatively and concurrently, unstable 

minerals may be dissolved and re-precipitated as stable minerals. Predominance of one of these 

reactions over the other depends on the reaction kinetics [Matthews, 1974]. 

effective distribution coefficients are influenced by factors pertaining to the specific nature of the 

crystallization process. The factors related to many of these difficulties include 1) rate of 

crystallization; 2) coupled substitution; and 3) temperature. Many studies have documented 

differential partitioning of manganese (Mn) between aqueous solution and different growth sectors 

within individual calcite crystals. This is known as compositional sector zoning, and it is fairly 

common in many calcite cements and limestones. CL microscopy may be the best opportunity for 

recognizing this feature [Reeder & Grams, 1986]. 

Among the several ions that are known to activate cathodoluminescence in calcite, Mn
2+

 is 

generally considered as being the most important. Fe
2+

, that is commonly present in minor to trace 

amounts in natural calcites, is known to quench luminescence. The color (wavelength) of light 
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produced is a function of the crystal field symmetry and strength, which are controlled by atomic 

distance between the transition metal and the surrounding oxygen atoms and the symmetry of bonds 

around the metal cation in the carbonate crystal structure. Since Mn and Fe are common trace 

constituents of many natural calcites, CL microscopy is often well-suited for identifying sector-

related differences in their abundances. Thus, many images of calcite crystals in CL represent 

qualitative “maps” of Mn
2+

 and/or Fe
2+

 distributions [Reeder & Grams, 1986]. Luminescence has 

been applied as an effective indicator of secondary calcite precipitation within burial diagenetic 

environments. Non-luminescence represents either: 1) original calcite precipitated from marine 

waters, or 2) diagenetic calcite containing high concentrations of Fe
2+

 or very low concentrations of 

Mn
2+ 

[Czerniakowski et al., 1984]. 

 Researchers have attempted to quantify the lower Mn concentration limit at which 

luminescence begins. Budd et al. [2000] found that concentration at or above 25 ppm Mn produced 

luminescence; Mason & Mariano [1990] found that concentrations above 17 ppm caused 

luminescence; Czerniakowski et al. [1984] reported that minimum concentrations of Mn
2+

 required 

to induce luminescence is between 100-1000 ppm (partitioned into calcite); Richter et al. [2003] 

published that data range from 20 to 1000 ppm, but concentrations of just a few ppm may be 

enough to cause weak luminescence in calcite. In general it appears that as long as the Fe
2+

 

concentration is less than ~200 ppm, calcite will luminesce with low concentrations of Mn. Bright 

yellow luminescence in calcite and green luminescence in aragonite is caused by Mn [Hiatt & 

Pufahl, 2014].  

 As Fe is added to calcite crystal structures the resulting luminescence becomes orange, pink 

and red. When Fe concentrations rise above thousands of ppm, luminescence becomes very dark 

red, followed by red-brown to non-luminescent. Budd et al. [2000] showed that Fe starts to exert a 

quenching effect at ~100 ppm and above, while Czerniakowski et al. [1984] reported that iron 

concentrations in excess of 10,000 ppm will quench luminescence. Predicting how much 

luminescence is quenched by Fe (below 7000 ppm) has also proven difficult and there does not 

appear to be a predictable Fe/Mn concentration ratio at which luminescence is quenched. In 

carbonates, like other minerals, complex crystal field effects likely affect luminescence and may 

explain why it is difficult to predict luminescence based simply on activator concentrations [Hiatt & 

Pufahl, 2014]. 
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5.2.2 CL Applications  

 CL characteristics of carbonate grains and cements can be indicators of their origins and 

subsequent diagenetic histories. CL can reveal complex growth histories of calcite crystals as well 

as replacement relationships that would otherwise be occult (e.g., Figure 5.6). Mn
2+

 and Fe
2+

 fit into 

the crystal structure of rhombohedral carbonates and readily substitute for Ca in calcite (Table 5.2) 

[Hiatt & Pufahl, 1993]. The concentrations of these divalent cations substituting for calcium in a 

calcite crystal lattice is controlled by the concentration of minor and trace cations in the 

precipitating fluid and the partition coefficient (D) of that cation into calcite. If D > 1 for a given 

cation, the molar ratio of that cation in the crystal will be greater than the molar ratio of that cation 

in the fluid. If D < 1, the molar ratio of the crystal will be less than the molar ratio of the fluid. Both 

Mn and Fe have D >1. There is considerable uncertainty, however, concerning the partition 

coefficient of manganese into calcite because kinetic effects control the actual partitioning between 

fluid and crystal. It has been demonstrated experimentally by various workers that the partition 

coefficient for Mn increases at decreasing calcite precipitation rates. The relatively rapid rate of 

precipitation of skeletal grains and inorganically precipitated cements in warm, shallow, 

oxygenated sea-water may therefore result in insufficient partitioning of manganese into the 

carbonate crystal to produce cathodoluminescence; while carbonates that precipitate more slowly in 

cool, deep-marine environments, and carbonate cements and skeletal grains that recrystallize in the 

presence of sea water at rates slower than those of shallow-water precipitation, may be 

cathodoluminescent [Major & Wilber, 1991]. Furthermore, as a result of the Mn and Fe 

concentrations listed in the previous section and their relationships to inducing or quenching 

luminescence, carbonates precipitated from oxygenated marine waters will be non-luminescent. 

This is because these cations are in the oxidized state (4+ and 3+, respectively), and will therefore 

not substitute for calcium ions because of their incompatible valence state with Ca
2+

. Once 

sediments are buried deep enough to change from an oxidizing to reducing environment, both 

reduced ions can substituted for calcium if they are available [Czerniakowski et al., 1984]. As 

oxygen levels drop from near atmospheric levels, Mn is reduced and can be readily incorporated 

into diagenetic cement; as oxygen levels drop further, Fe is reduced and both elements are 

scavenged from the pore water by diagenetic carbonate cement phases (Table 5.3).  

This redox change is reflected in CL as non-luminescent grains and crystal cores suggesting 

oxygenated conditions with no Mn
2+

 or Fe
2+

 present. Brightly luminescent cement overgrowths 

indicate abundant Mn
2+

, but suggest that oxygen levels were not low enough to allow significant 

Fe
2+

 to exist in the pore water. As oxygen levels drop further, usually with continued burial, any 
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Figure 5.6 (A) Calcite grains (grey) and cement (interlocking crystal mosaic) in thin limestone bed 

of the Mississippian Rocky Brook Group, Newfoundland. In these shallow-water carbonate rocks, 

skeletal grains, peloids, and intraclasts have undergone recrystallization soon after burial. (B) 

Photomicrograph in CL that shows a series of LMC cements beginning with two non-luminescent 

overgrowths (low Mn and Fe concentrations), followed by a series of red-orange overgrowths 

(elevated Mn and Fe). The final pore-filling stage luminesces yellow and is Mn-rich and Fe-poor. 

Scale bars are 300 µm [Hiatt & Pufahl, 1993]. 

 

Table 5.2 Equilibrium distribution coefficients for Mn
2+

 and Fe
2+

 in calcite based on empirical 

results [Hiatt & Pufahl, 1993]. 

 
 

Table 5.3 General relationships between pore-water oxygen, redox state of Mn and Fe, and 

expected CL characteristics [Hiatt & Pufahl, 1993]. 

 

Fe
2+

 present tends to be incorporated into the growing carbonate crystal (Table 5.2) and begins to 

quench luminescence creating shades of red or even non-luminescence (Figure 5.7). If sulfide is 

present, then pyrite can form which removes Fe from the pore water and leaves it relatively Mn
2+

-

rich, which can cause a return to more luminescent overgrowths. General patterns in luminescence 

can include relatively thicker zones with hues of red, pink and grey suggesting formation in waters 

whose compositions changed gradually, as well as more complex zonation with many relatively 
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thin overgrowths (Figure 5.7). These thinner overgrowths are often bright yellow, orange and grey 

colors which imply formation in waters whose chemistry changed more abruptly and/or more 

frequently and often represent mixtures of marine and meteoric waters [Hiatt & Pufahl, 1993].  

5.2.3 CL in the B Chalk, B Marl and Fort Hays Limestone 

Dull luminescence of the outcrop samples, the chalks, and the marls resulted from the 

sediments likely being subjected to reducing conditions—considering overall burial depths between 

500 m (1640 ft) and 2500 m (8200 ft)—but having no major ion source. Without enough available 

Mn
2+

 or Fe
2+

, there was little to no partitioning of these trace elements into calcite and therefore 

luminescence was poor to non-existent. The system may have behaved as a closed system to the 

partitioning of these trace elements because permeabilities were so low. The oxygen reservoir, 

however, was much larger than that of Mn and Fe because of the presence of water within the 

sediments. This aspect makes the system appear open. The decrease in δ
18

O values (presented in 

section 5.5) are a result of deeper burial depths and temperatures, but calcite formation and 

recrystallization still occurred because water was present and temperatures were high—which 

would have no effect on the concentration of Mn and Fe ions. Pyrite within many of the samples 

(Figure 4.4, Figure 4.6 and Figure 4.11) is stable under reducing conditions, so it would not have 

been an adequate source of Fe ions. However, the clay layers present in a few of the samples 

(Figure 4.6 and Figure 4.8) may be responsible for providing small ion reservoirs for partitioning of 

 
 

Figure 5.7 Small dolomite rhombs inside a macro-boring in a productid brachiopod shell (Br). 

Subtidal shelf facies of the Ervay Member, Park City Formation, Phosphoria Rock Complex in 

Central Wyoming. (A) Photomicrograph in PPL. Not the inclusion-rich crystal cores. (B) Complex 

zonation is clearly visible under CL. Core nuclei are irregular with non-luminescent centers and 

irregular brightly luminescent rims. Cortical overgrowths on the nuclei created subhedral to 

euhedral crystals and continued growth during burial produced a series of fine-scale overgrowth 

zones that reflect changing pore-water redox conditions. Scale bas are 50 µm [Modified from Hiatt 

& Pufahl, 1993]. 
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trace elements to create brighter luminescence and calcite zoning within some of the foram 

chambers and walls (e.g., jagged bright-yellow halo of the wall in Figure 4.8). Calcite zoning was 

also a result of continued calcite growth during burial. This produced a series of growth zones 

within many of the forams that reflect changing pore-water redox conditions.  

The overall bright orange to yellow luminescence of the Fort Hays is a result of early 

diagenesis under somewhat reducing conditions in sediments with higher porosities and 

permeabilities (Row 2 in Table 4.2). Higher porosities and permeabilities within the Fort Hays 

allowed the system to behave less as a closed system for the partitioning of Mn
2+

 and any available 

Fe
2+

 into calcite. Areas that are non-luminescent (e.g., some oyster shells, walls of forams, and 

some fractures in Figure 4.7, Figure 4.10, and Figure 5.8) are a result of these shells and walls being 

precipitated as primary low-magnesium calcite (LMC). Due to the stability of LMC under most 

marine conditions, the oyster shells and walls of the forams were never diagenetically altered, even 

at greater burial depths under reducing conditions with pore fluids abundant in Mn
2+

 and Fe
2+

. The 

calcite-filled fracture that was barely visible under PPL in Figure 5.8 may have formed and 

subsequently been filled early in the diagenetic history when there was not an adequate ion source 

for partitioning. Any luminescence observed within the shells or walls was within microstructural 

boundaries where minor alterations were able to occur (Figure 4.7 for the oyster shell, and Figure 

4.10 for the foram wall), or where fractures that formed post-depositionally cut through these 

biogenic grains (Figure 5.8). Both of the fractures in Figure 5.8 were filled with calcite containing 

high concentrations of Mn
2+

. In Figure 4.2, the walls did not appear to be diagenetically unaltered 

like those within the Fort Hays samples and were difficult to see in most of the forams, excluding 

the larger foram at the top of the sample. This was because luminescence was so dull the camera’s 

auto-exposure setting gave the appearance of a grey color, in place of black, to try to create an 

overall image.  

Based on XRF data collected by Kazumi Nakamura (CSM PhD candidate) for the chalks, 

marls and Fort Hays Limestone on the Two Mile Creek, Terrace and Aristocrat cores, Mn 

concentrations within each facies were consistent, while Fe concentrations varied greatly (Table 

5.4). Approximately 400 total readings were taken within the B bench and the Fort Hays Limestone 

for these three cores. Mn concentrations for the chalks and marls were very similar and were 

between 200-300 ppm, with very few outliers. Mn concentrations for the Fort Hays were generally 

between 200-1200 ppm, but averaged 808 ppm, 780 ppm, and 785 ppm for the Two Mile Creek, 

Terrace, and Aristocrat PC cores, respectively.  
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Fe concentrations showed a greater variation for the chalks and marls and ranged from 

3,000-20,000 ppm. Similar concentrations were found between the Two Mile Creek, Terrace, and 

Aristocrat PC cores. The B1 chalk averaged ~5300, 5500, and 4800 ppm respectively. The B1 marl 

was higher with averages of ~6600, 7500, and 8000 ppm. B2 chalks were lower in the Two Mile 

Creek and Terrace cores and averaged 3000 and 3900 ppm respectively while the B2 chalks of the 

Aristocrat PC core were much higher and averaged ~10,000 ppm. Fe concentrations in the B2 marl 

were the highest of the four facies (minus the anomalously high Fe concentrations in the B2 chalks 

of the Aristocrat PC), and averaged ~9300, 9400, and 9900 ppm.  

All elemental values above fall within the limits that workers have attempted to establish 

on Mn inducing luminescence and Fe quenching luminescence. The higher Mn concentrations 

found within the Fort Hays, coupled with lower Fe concentrations comparable to the chalks and 

marls, are consistent with the bright orange luminescence. These higher concentrations also support 

the idea that there was an ion supply available for partitioning in to calcite. Low Mn concentrations 

and varied Fe concentrations within the chalks and marls are responsible for their poor 

luminescence.  These concentrations support there not being an adequate ion supply within pore 

waters available for partitioning into calcite and therefore creating brighter luminescence. Within 

the marls of Two Mile Creek and Terrace cores, the higher Fe concentrations (compared to the 

chalks) may have been responsible for dull luminescence that required the longest exposure times 

and, in some cases, multiple attempts at an exposure. This can be difficult to tell based solely on the 

degree of luminescence in the photomicrographs in section 4.3.  

 SEM Analysis of Chalks, Marls and Limestones of the Niobrara 5.3

The scanning electron micrographs collected for this study were analyzed to understand any 

similarities or differences between facies at various depths. In most cases, standard petrography 

could not produce enough detail at the highest magnifications to understand how fabrics were 

changing between facies. At best, it was possible to see compaction and/or breakage of forams, 

compaction of peloids, surficial chamber infill of forams and slight fabric variations. Using SEM 

allowed for fabric analysis on a much more detailed level. In addition, Energy-Dispersive X-ray 

Spectroscopy (EDS) was available for producing spectrums on any unknown grains or crystals.   

 Magnification of sediments ranged from 150x to 6000x depending on the comparison 

trying to be made or the features that needed to be highlighted. The lower magnifications were only 

used for a large overview of the sample fabric or for observations on how large skeletal fragments 

(i.e. oyster shells) were incorporated within the surrounding matrix. In general, magnification at 
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1000x gave a detailed enough overview of the matrix and of forams and their degrees of alteration. 

Magnifications of 4500x and higher were used when looking at very specific features (e.g., fabric 

of an oyster shell or coccospheres) but was too high for observing most fabric comparisons and 

larger-scale diagenetic alterations that were the focus of this study.   

Table 5.4 Averages and standard deviations for Mn and Fe concentrations for each facies in the 

Two Mile Creek, Terrace, and Aristocrat PC cores. 

 

Core Facies 
Average Mn 

(ppm) 
σ Mn 

Average Fe 

(ppm) 
σ Fe 

Two Mile Creek B1 Chalk 243 27 5374 3950 

 B1 Marl 230 25 6643 4596 

 B2 Chalk 246 26 3000 1983 

 B2 Marl 265 30 9340 3771 

 Ft Hays 808 285 5696 4449 

Terrace B1 Chalk 243 18 5567 5098 

 B1 Marl 235 19 7547 8209 

 B2 Chalk 248 20 3905 3348 

 B2 Marl 261 28 9466 3614 

 Ft Hays 780 238 3982 3969 

Aristocrat B1 Chalk 235 33 4825 4448 

 B1 Marl 239 25 8014 1564 

 B2 Chalk 234 26 10,134 2485 

 B2 Marl 255 28 9947 4486 

 Ft Hays 785 262 5269 3931 

 

5.3.1 SEM Analysis of Chalk Fabrics 

The variations within the chalk fabrics were a result of location as well as burial depth. The outcrop 

samples and the Rebecca K Bounds core were the only samples analyzed that consistently 

contained fabrics of well-preserved coccoliths and coccolith fragments with little to moderate 

cementation. This is a result of both shallow burial depth, as well as their locations in the CWIS. 

These samples all came from Kansas, which was located near the easternmost edge of the 

epicontinental seaway during the time of sediment deposition during sea level highstands  
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Figure 5.8 (A) PPL photomicrograph (40x) of the Fort Hays at 1792.2 m (5881 ft) in the Two Mile 

Creek core. Inoceramid fragments (elongate) appears to have undergone dissolution near the upper 

left corner of the sample and has undergone partial recrystallization. Pyrite formed in a couple 

places within the inoceramid. Various forams throughout and a few skeletal fragments. The lower 

half of the foram in the lower left corner appears to have undergone complete dissolution. 

Microfractures intersect the very top and the bottom of the sample. (B) Photomicrograph under CL 

reveals partial diagenetic alteration of the inoceramid. Walls of many forams have not been 

diagenetically altered. CL also reveals a fracture that runs from top to bottom along the left side of 

the sample. Fractures near the top and bottom of the sample visible under PPL are only wispy 

bright yellow streaks under CL. Scale bars are 50 µm. 
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(Figure 5.9). This was the location in the seaway where some of the cleanest chalks were deposited 

with little detrital input. Combined with shallow burial depths, this would have allowed for less 

breakage and compaction and better fabric preservation. The outcrop samples showed the least 

amount of diagenetic alteration even though they were highly weathered and easily broken by hand. 

However, the soft powdery nature of these rocks was indicative of good preservation of their 

original fabrics and little diagenetic alteration. Little cementation allowed the sediments to remain 

soft and “chalky”, while retaining many of the chalk’s original properties. It may also have been the 

case that the diagenetic alterations of each different chalk facies happened early on in their 

individual burial histories and did not happen to the Formation as a whole over an extended period 

of time. This is evidenced by the different degrees of diagenetic alteration seen between the B and 

C chalk facies of the Rebecca K Bounds core. The B chalk displayed the greatest level of overall 

fabric preservation with the least amount of calcite cement formation among coccoliths and 

coccolith fragments. Of the two chalk facies, the B chalk experienced the least burial-related 

diagenesis. The C chalk had undergone the most diagenetic alteration. There were a few different 

fabrics observed within a single sample that ranged from well-preserved coccoliths and coccolith 

fragments, to microcrystalline calcite fabrics to very fine-grained microcrystalline calcite fabrics. 

There was the greatest amount of cementation among the very fine-grained microcrystalline fabrics 

(Figure 4.15).  The areas of the sample that had good preservation of the original chalk fabric 

contained quite a few broken grains but had the least amount of cementation. The small-scale 

variations in fabric indicate that pore waters that were present most affected the areas with slight 

variations in porosity and permeability or where sediments were at their most solution to occur. 

Since coccoliths and planktonic foraminifera are composed of LMC (and are inherently stable in 

both marine and non-marine waters), the alterations of these skeletal grains (and sediments) was not 

a matter of grain chemistry stability (or meteoric diagenesis) but a result of a combination of both 

mechanical and subsequent chemical compaction. In comparison, the C chalk of the shallower 

Portland core was more marly than chalky in appearance. This was a result of the location of the 

core’s sediments in the CWIS during deposition. These sediments were closer to the western flank 

of the seaway where there would have been considerably more detrital input and there for less 

widespread deposition of clean chalks. The chalk fabrics observed in the Two Mile Creek, Terrace 

and Aristocrat cores were all products of similar levels of burial and chemical diagenesis. Each of 

these samples had more calcite cement and very little preservation of the original chalk fabric, 

minus a few well-preserved coccoliths scattered throughout. Localized dissolution occurred at 

solution seams and pressure-solution created at grain contacts. These were sources of the micro- 

rhombic calcite and euhedral terminations seen in Figure 4.17 and Figure 4.19.  
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Figure 5.9 Paleogeographic map of the Cretaceous Western Interior Seaway during the Late 

Cretaceous (~85Ma).  The black dots represent the locations of the cores used in this study and 

where they may have been located within the CWIS during deposition [Modified from Ron 

Blakey’s Late Cretaceous (85Ma) North American Paleogeographic Maps].  

 

5.3.2 SEM Analysis of Marl Facies 

There was not a wide variation in fabrics observed within the B marls, regardless of depth. 

There were wispy clay seams in most of the samples analyzed and the matrix fabrics were fairly 

microcrystalline but with even more cementation of grains than in the chalk samples. The fabric 

features resulted from more detrital input during sea level lowstands. Clay-specific fabrics were 

verified using EDS, and were often mixed layers of illite and smectite. Also sourced from these 

clays were the Fe ions used in forming the framboidal pyrite prevalent in all the marl samples (e.g., 

Figure 4.17). Like the chalk samples, the microcrystalline calcite fabrics that made up sections of 

matrix in the marls resulted from pressure solution among carbonate grains that yielded calcite ions 

available for reprecipitation as microcrystalline calcite, calcite rhombs and other calcite cements in 

nearby sites. Stylolites and pressure solution also sourced calcite ions that migrated through grain-

boundary diffusion to form calcite cements in fractures like the one in Figure 4.57. The anomalous 
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anhydrite crystals found in the B chalk of the two Mile Creek core were one-of-a-kind in the 

samples analyzed in this study. Sulfur sources for the authigenic anhydrite may have come from the 

framboidal pyrite within the interval (lower left corner of the upper image in Figure 4.16). 

According to studies conducted by Murray [1968], the physical and chemical environment that 

favors primary precipitation of gypsum or anhydrite, or the replacement of one mineral by the other, 

is based on the stability of gypsum and anhydrite as a function of temperature. Intersection of the 

solubility curves for the two minerals defines a temperature above which anhydrite is less soluble 

than gypsum, and is presumably more stable. The temperature of intersection in distilled water was 

43°C, but in cases where gypsum and anhydrite were precipitated in waters with varied salinities, 

the transition temperature decreased with increasing salt concentrations. For example, when 

precipitating the minerals from seawater with a salinity at 3.35 times the concentration of normal 

seawater, a transition temperature of 34°C was observed. Therefore, depending on the salinity of 

the water that gypsum or anhydrite is being precipitated from, if the temperature is above the 

temperature of intersection, anhydrite should be favored [Murray, 1968]. In carbonate rocks, the 

free growth of gypsum or anhydrite take places within previously existing voids that include 1) 

interparticle space in carbonates or primary cavities in fossils, dissolution vugs or fractures. 

Anhydrite growing within such voids has little opportunity to include pre-existing rock and thus 

forms clear crystals. These crystals may occur as relatively large, clear individuals that fill the pre-

existing space or in larger spaces as clusters of clear tabular crystals—as is the case in the B marl of 

the Two Mile Creek core [Murray, 1968].   

5.3.3 SEM Analysis of the Fort Hays Limestone 

The Fort Hays samples analyzed in this study were unique in that there was little variation 

in fabrics from burial depths of 60 m (200 ft) to 2130 m (7000 ft). The differences in these fabrics 

were observed between the softer, darker facies and the harder, clean limestone facies—regardless 

of the depth of the sample. The darker intervals were those that contained the marlstone beds with 

pervasive stylolites. These were the intervals that under SEM revealed more heavily cemented 

sediments with less overall microcrystalline fabrics and instead appeared more homogenous in 

many areas. The calcite cements within these intervals were sourced from stylolites and solution 

seams and not from materials introduced from outside the system. The fracture fill in Figure 4.58 

was probably similarly sourced. The fabrics from the clean and white, but heavily bioturbated 

limestone intervals were also tightly cemented but consistently had microcrystalline fabrics and 

preserved coccoliths. A calcite source for the microcrystalline calcite that was reprecipitated within 

these samples was sourced in part by skeletal fragments (such as oyster shells with clear dissolution 
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boundaries) that were often found in the Fort Hays (Figure 4.29; and Figure 4.51 to Figure 4.54). 

Early diagenesis of the Fort Hays may be responsible for little preservation of original fabrics. 

Dissolution that occurred during early diagenesis would have taken place either before or during 

sedimentation. As mentioned in Chapter 2, the Fort Hays contains some of the purest limestone 

found in the CWIS and the development of its interbedding may have resulted from strong 

diagenetic influence. Overall, the Fort Hays Member was probably deposited in the shallowest 

waters compared to the Smoky Hill Member. 

 

Figure 5.10 Photomicrograph of clay embedded in the B marl of the Two Mile Creek core at 1730.3 

m (5677 ft).  A cluster of framboidal pyrite has formed just above the clay sheets at the top of the 

image.  

 Isotopic Studies in Carbonate Diagenesis 5.4

Organic and inorganic chemical compositions and stable isotopic values of biogenic 

sediment deposited in the Western Interior Seaway provide insight into changing 

paleoceanographic and paleoclimatic conditions during the Late Cretaceous. Combined with 

paleontological studies, these geochemical data can be used to constrain computerized models of 

the interactions between tectonics, climate and oceanic circulation at a time of globally high sea 

level and low temperature gradients from the equator to the poles [Pratt et al., 1993]. Oxygen 

isotopic values for samples of whole-rock carbonate from the Niobrara Formation across the CWIS 

are strongly depleted relative to most age-equivalent chalks or limestones from either NW Europe 

or the U.S. Gulf Coast regardless of depth of burial. Pratt et al [1993] proposed there is little doubt 

that burial diagenesis in the CWIS has played a major role in alteration of the oxygen isotopic 
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composition of Middle to Upper Cretaceous limestone and chalk units composed primarily of 

calcareous nanofossils.  

Isotopic studies of chalks are useful in that they can predict maximum depths of burial, 

paleogeothermal gradients, and proximity to zones of deformation. Stable isotope composition of 

chalks is consistently related to burial depth. The oxygen isotope values, represented by δ
18

O, are 

reported as per mil deviation from a standard (generally, VPDB for carbonates). Modern oxygen 

isotopic values for chalks range from +2.0 to -2.0‰ (VPDB), while it has been predicted by 

Prokoph et al [2008] that with higher paleotemperatures during the late Cretaceous, original oxygen 

values for chalks within the CWIS may have been between +2.0 and -5.0‰ (VPDB) (Figure 5.11). 

The values are a function of the isotopic composition of the water and the temperature at which the 

carbonate cements were precipitated. As a result, oxygen-isotopic ratios have been used in different 

studies to determine water composition when paleotemperatures are known. Also, and more 

commonly, these ratios are used to determine paleotemperatures when water compositions are 

known (Figure 5.12). Deposition from fresh water or at high temperature will yield limestones that 

have significantly more negative oxygen isotopic values [Prokoph et al., 2008]. A study conducted 

on a rhythmically-bedded chalk and marl sequence in southeast England revealed that chalks and 

marls had different oxygen isotopic compositions that varied in a cyclical manner. The marls 

consistently returned heavier values than the chalks, with the δ
18

O values for the marls being 

around 0.4‰ heavier than the chalk intervals in each sample. The carbon and oxygen isotopic 

composition of carbonate precipitated from a given water mass may be influenced by the isotopic 

composition of the water, the temperature and the salinity of the water, and, if the carbonate has 

been precipitated by an organism, any biogenic fractionation effect of the organism. Given these 

controls, several factors could affect the 
18

O composition of the rock: 1) primary temperature 

difference; 2) variation in cementation or other diagenetic process; 3) changes in nanoflora 

composition; and 4) changes in the isotopic composition of the water mass [Ditchfield and Marshall, 

1989]. An explanation for the cyclicity observed between the chalks and marls was thought to result 

from later burial diagenetic processes, such as precipitation of calcite cements, in order to produce 

the consistent variation in δ
18

O values. High-temperature redistribution of calcite from marls to 

chalks through differential pressure solution, with enhanced dissolution in marls and precipitation 

in the chalks were thought to cause a similar isotopic pattern [Ditchfield and Marshall, 1989]. The 

study concluded that given the general lack of cement and the absence of a regular change in 

nanoflora (so as to not assume any fractionation effects) from bed to bed, it seemed probable that 

the cyclicity of the δ
18

O curve was recording a primary temperature change in sea-surface waters. 
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Figure 5.11 Raw δ
18

O data for the “mid-latitudes”, “high-latitudes” and “deep-sea” 

categories for the last 200 Ma based on the GTS2004 timescale. Niobrara deposition 

occurred between 88-82 Ma [Prokph et al., 2008]. 

 Differentiating between water composition and water temperature is a problem in 

diagenesis as well. If the transport of water through the sediment is negligible (as is probably the 

case in chalk during burial and is what was assumed for this study), recrystallization of calcite 

causes oxygen and carbon isotopes of the solid phase to equilibrate with the carbon and oxygen 

isotopes of the dissolved bicarbonate and the oxygen of the water. When temperature increases, the 

tendency for the solid phase to prefer the heavier isotopes diminishes, but because the solid phase 

contains much more carbon than the pore water, the carbon isotopes of the solid will not change 

much during the process. In highly porous sediments, the pore water contains more oxygen than the 

solid phase and it will have a large influence on the isotope ratio of the calcite, which progressively 

loses 
18

O, as reflected in a lowering of δ
18

O with increasing temperature and burial [Fabricius, 

2007]. 
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Figure 5.12 Calcite-water fractionation curves plotted versus temperature for a variety of water 

compositions. Of three unknowns, the calcite isotope composition is determined by analysis. In 

order to establish a temperature, a starting water composition must be assumed. It must also be 

assumed that the starting water composition has not been influenced by meteoric diagenesis 

[Lecture notes from Dr. John D Humphrey’s GEOL653 lecture, Colorado School of Mines, 2014].  

Materials that do not recrystallize or re-equilibrate still may show original depositional 

isotopic values. However, because most limestones undergo extensive diagenetic transformation, by 

alteration of unstable minerals, solution transfer, or cement introduction, there can be extensive 

alteration of original isotopic values during diagenesis. The newly precipitated carbonate material 

will be in equilibrium with the pore-fluid compositions and subsurface temperatures at the time of 

cement formation. That being said, in many limestones, isotopic values can give more of a clue to 

the diagenetic history than to original depositional environment [Hudson, 1975].  

Figure 5.13 shows the relationships between porosity and oxygen isotopic values in some 

typical chalks, while Figure 5.14 shows a schematic explanation of these relationships. In Figure 

5.13 it is apparent that as porosity decreases, oxygen isotopic values become more negative. When 

considering further detail, chalks having as much as 80% initial porosity dewater to about 50% 

porosity with no significant shift in isotopic values. Below the 50% porosity level, porosity loss is 

accomplished mainly by dissolution and reprecipitation of carbonate material. This shift in these 
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isotopic values can be explained by both the dissolution of coccoliths and foraminifera and 

reprecipitation of this carbonate material from pore fluids resulting from elevated subsurface 

temperatures. The relationship between depth and δ
18

O is illustrated in Figure 5.15. The scatter seen 

in the data may be attributed to several factors. Firstly, the time interval in which the data were 

collected from experienced a variety of temperature fluctuations. Secondly, different localities may 

have had different amounts of water input, different thermal gradients, or different subsurface-

pressure regimes. Each of these factors can produce variations in isotopic values [Scholle, 1977].  

It may be the case that higher temperatures will cause a greater amount of cementation, or 

at least may vary the degree of lithification. Increasing sediment temperature can affect the extent 

of diagenesis by accelerating chemical reactions leading to increased cementation [Wetzel, 1989]. 

If each individual core has been exposed to different thermal conditions, then each will retain its 

own distinct thermal history. In order to understand the thermal history, it is important to have data 

on heat flow, temperature gradient, and basement temperatures within the different study areas.  

It has generally been assumed that recrystallization at greater depth, and likewise at higher 

diagenetic temperatures, will result in equilibration of carbonate materials with the diagenetic 

environment. This would be recorded in the diagenetic components by isotopically light oxygen 

compositions [Czerniakowski et al., 1984]. Furthermore, lighter oxygen isotope signatures may 

indicate that a sediment’s diagenetic temperatures bear no resemblance to rock-water temperatures 

at which they were precipitated.  

5.4.1 Stable Isotope Analysis of the B Chalk, B Marl and Fort Hays Limestone 

The highly negative δ
18

O values observed throughout all the samples in this study make the Smoky 

Hill Member of the Niobrara Fm. unique in relation to other age-equivalent chalks seen throughout 

the world. Samples from the Austin Chalk are typically about 3‰ heavier than their corresponding 

sequences of the Niobrara Formation (Figure 5.16). Similarly, samples analyzed from various fields 

in the North Sea came from burial depths that ranged from near surface to3960 m (13,000 ft) with 

the more negative isotope values recorded being ~ -7‰ and came from a few outlyier samples. 

However, even some samples from the deepest intervals presented values between -5‰ and -3‰ 

(Figure 5.17). 

Carbonate samples analyzed for this study may attribute their highly negative values to a 

few factors. Firstly, there was burial-related diagenesis that resulted from burial depths between 457 

m (1500 ft) and as deep as 3048 m (10,000 ft) in the westernmost portion of the study area.  
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Figure 5.13 Plot of porosity versus oxygen-isotopic ratios (relative to PDB standard) for chalks 

[Scholle, 1977]. 

 

 
 

Figure 5.14  Schematic diagram of the relationships between porosity loss in chalks and shifting 

oxygen isotopic values. Numbers on diagram are in percentages. The lettered boxes represent 

different generations of cement [Scholle, 1977]. 
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Figure 5.15 Plot of oxygen-isotopic ratios of North Sea chalk samples versus burial depth 

[Scholle, 1977]. 

Secondly, the temperatures that these cores were exposed to ranged from 60°C (140°F) to as high 

as 114°C (237°F) (Figure 5.18). The temperatures presented in this figure were calculated based on 

the ZetaWare equations presented in Section 3.4.1. Thirdly, as a result of progressively more 

cementation resulting from increased burial depths and higher temperatures, the system becomes 

more closed. This means that as fewer fluids come into contact with these sediments that already 

have low permeabilities, there are fewer opportunities for additional ion exchange. Additionally, as 

the transport of water through these sediments became negligible as a result of increasing burial 

depth, any recrystallization of calcite caused the oxygen isotopes of the solid phase to equilibrate 

with the oxygen isotopes of the oxygen in the water. Since the pore waters contained more oxygen 

than the solid phase, they had a large influence on the isotope ratio of calcite, which progressively 

lost 
18

O, and was reflected in the progressively more negative δ
18

O values with increasing 

temperature and burial depth. As for the marls being more positive than their corresponding chalks, 

this may be attributed to them being less permeable than the chalks due to higher clay content and 

more cementation, as observed in the SEM analysis of the chalks and marls. Lower permeabilities 

would mean that there was less opportunity for ion exchange within these sediments, and therefore, 

fewer opportunities for water-rock interactions and subsequent equilibration with pore fluids.  

Based on the bottom hole temperatures (BHTs) presented in Figure 5.18, it is assumed that 

the starting water composition (δ
18

OWater (VSMOW)) would have been on the higher end at 3‰ 
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(Figure 5.19). This is as much as 2‰ higher than what was estimated by Prokoph et al [2008], who 

estimated original oxygen values for chalks of the Late Cretaceous to be between 1 and -3‰. This 

may be because they study mentioned that data from isolated seaways such as the CWIS were  

 

Figure 5.16  Oxygen-isotopic trend resulting from burial diagenesis of chalks in the Niobrara 

Formation and Austin Chalk. Data are shown for samples from all outcrops and wells used within 

the Pratt et al. [1993] study. A trend line is shown for data from the Austin Chalk [Modified from 

Pratt et al., 1993]. 
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Figure 5.17 Regional depth trends in stable oxygen isotope ratios. For the deep-sea samples where 

water depth is on a m scale, the depth is given with reference to the sea floor. For the North Sea 

samples, the depth is relative to mean sea level, but because the North Sea is so shallow (less than 

100 m (328 ft)), the depth scales are roughly comparable [Modified from Fabricius, 2007]. 
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based on estimations of typical open-marine water and not from actual data collected within the 

restricted seaway. Since the CWIS was an isolated body of water influenced by cooler Arctic 

currents from the north and warm carbonate-rich currents from the south, the resulting δ
18

O values 

were very specific to this CWIS and cannot be directly related to other age-equivalent, open-marine 

waters. This is evidenced by δ
18

O values of less than -11‰ for the Aristocrat samples and just 

lighter than -5‰ for the Rebecca K Bounds samples with BHT’s of 115°C (240°F) and 57°C 

(135°F), respectively. Figure 5.19 also presents evidence to the wide range of temperatures 

encountered by the rocks of the Niobrara throughout their burial history. This can also help explain 

the scatter of the data when they are presented as a collective cross plot of all samples analyzed for 

stable isotopic values in this study (Figure 5.20). The intervals that the data were collected from 

each experienced a variety of temperature fluctuations throughout their burial history. Also, 

different locations may have had different amounts of water input, and each may have been 

subjected to different thermal gradients and different burial depths, and therefore, different extents 

of burial-related diagenesis.  The fluctuations from east to west and north to south observed within 

the δ
18

O values in each of the facies may be on par with LaFerriere’s [1992] study that presented 

the idea of regional gradients in 
18

O and 
13

C, suggesting that the composition of bottom water 

varied across the CWIS in response to the northward influx of Tethyan water into the eastern part of 

the sea way. This also suggests that these regional isotopic variations occurred independently of 

episodes of increased runoff and detrital influx into the seaway.  

In the case of the 1-2‰ differences between the δ
18

O values of the chalks, marls, and the 

Fort Hays in the Portland and Rebecca K Bounds cores, this may be attributed to differences in 

overall burial depth as a result of their locations within the CWIS. The sediments of the Portland 

core were located close to the westernmost portion of the study area in a portion of the basin that 

experienced uplift during the Laramide orogeny, which would have brought the sediments up to the 

surface—where they were when this core was taken. Based on the isotope values of the Portland 

core more closely resembling the δ
18

O values found in the Berthoud State #3 core, it may be the 

case that these sediments were once buried to more than 3000 ft. This is evidenced by the lower 

than expected isotope values, abundant diagenetic alteration demonstrated in SEM micrographs, 

and by the lower temperatures (BHT of 60°C (140°F)) recorded near the location of the Portland 

core compared to temperatures of around 100°C (215°F) near the location of the Berthoud State #3 

core (Figure 5.18). However, when referencing Figure 5.20, these rocks maybe have been exposed 

to temperatures around 70°C (160°F). The δ
18

O values observed in the facies of the Rebecca K 

Bounds core would indicate burial depths of a couple thousand feet with maximum temperatures 
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encountered being around 57°C (135°F) (Figure 5.20). This would also help explain the lesser 

degree of diagenetic alteration observed in the SEM micrographs. Figure 5.20 also highlights the 

comparison between where the δ
18

O values of the Niobrara today are plotting in reference to the 

values that the sediments may have be at during the time of their deposition in the Late Cretaceous. 

The blue box near the middle of the figure represents where the values would have plotted during 

time of Niobrara deposition. 

Higher temperatures may also be responsible for the 1.5—2‰ difference in the δ
18

O values 

for the chalk and marls facies as well as the Fort Hays between the Wells Ranch and Aristocrat 

cores. Referring to Figure 5.18, the Aristocrat core is situated in the middle of a hot spot with 

temperatures at or near 110°C+ (230°F), while the Wells Ranch is closer to temperatures between 

90-100°C (195-215°F). Considering there is only a 152 m (500 ft) difference in where the Niobrara 

is located within these two cores, the large difference in temperatures between these two cores can 

explain the significant variation between their δ
18

O values. In comparison, the Razor and Two Mile 

Creek cores have only a 6 m (20 ft) difference between where their Niobrara intervals begin (with 

the Razor being the shallower of the two), yet the average values for the Razor core in the chalk and 

marl facies are up to 1‰ more positive than the values observed in the Two Mile Creek core. This 

could be the result of the Razor core being located in an area that was exposed to slightly higher 

temperatures than Two Mile Creek. Similar high temperatures may also explain why the Razor and 

Terrace cores have similar values compared to those of the Two Mile Creek core. The temperature 

data illustrated in Figure 5.18 are not without inconsistencies and were calculated as best as was 

possible with the data provided by the log headers for each well in Weld County, along with the 

thousands of others analyzed for the surrounding counties. This main purpose of this figure is to 

illustrate the change in temperatures throughout the basin, and also that the most depleted values 

fall within the common constraints of the Colorado Mineral belt and its accompanying thermal 

anomaly.  
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Figure 5.18 Map of study area illustrating different temperatures (°C) around the basin based off of 

corrected bottom hole temperatures for all wells drilled in Weld county and thousands of other 

wells from the surrounding counties [Modified from Crouch, 2015]. 
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Figure 5.19 Calcite-water fractionation curves modified from Figure 5.14. Highlighted above, in 

between the red lines intersecting the vertical axis, is the range of temperatures the rocks in the 

study area have been exposed to during their burial history. Based on the bottom hole temperatures 

(BHTs) presented in Figure 5.18, it is assumed that the starting water composition (δ
18

OWater 

(VSMOW)) would have been on the higher end at 3‰. This is evidenced by δ
18

O values of less 

than -11‰ for the Aristocrat samples and just lighted than -5‰ for the Rebecca K Bounds samples 

with BHT’s of ~235°F (115°C) and 140°F (60°C), respectively [Lecture notes from Dr. John D 

Humphrey’s GEOL653 lecture, Colorado School of Mines, 2014].  
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Figure 5.20 Cross plot illustrating all samples analyzed for this study with stable δ
18

O values 

plotted against δ
13

C values for each well. 718 samples are presented in this plot. The scatter of the 

data may be the result of several factors. The intervals that the data were collected from each 

experienced a variety of temperature fluctuations throughout their burial history. Also, different 

locations may have had different amounts of water-rock interaction, each has been subjected to 

different thermal gradients and different burial depths, and therefore, different extents of burial-

related diagenesis.  The blue box represents the plot of the original δ
18

O values of the carbonates 

when they were precipitated in the Late Cretaceous. 
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  CHAPTER 6

SUMMARY 

 

Strongly negative δ
18

O values observed within the B chalk, B marl and Fort Hays Member 

of the Niobrara Fm. are attributed to burial-related diagenesis at depths that ranged from around 60 

m (200 ft) to upwards of 2285 m (7500 ft). Maximum temperatures that these rocks were exposed 

to throughout their burial history, along with starting 
18

OWater (VSMOW) values were predicted 

based off calcite-water fractionation curves with known calcite isotope compositions that were 

collected during this study.  With a starting 
18

OWater (VSMOW) value of 3‰ based off the calcite 

isotope values, temperatures encountered by the Smoky Hilly Member (within the eight cores 

analyzed in this study) ranged from 57°C (135°F) to almost 115°C (240°F). Overall, progressive 

burial was accompanied by both increasing temperatures and an expected decrease in δ
18

O values.  

The dull luminescence revealed, through CL photomicrographs, that the chalks and marls 

of the Smoky Hill Member were under reducing conditions but with no source of Mn
2+

 and Fe
2+

 to 

partition into calcite as a result of burial depth and subsequently low permeabilities. The system 

was therefore considered, and evaluated as, an overall closed system despite a large oxygen 

reservoir (relative to that of Mn and Fe) from any waters present in the formation. This aspect made 

the system appear open. However, the decrease in δ
18

O values was a result of deeper burial depths 

and increased temperatures. Still, calcite formation and recrystallization occurred because water 

was present and temperatures were high. XRF data supported there being low concentrations of Mn 

and Fe present in these sediments. In contrast, the Fort Hays Member displayed overall bright 

luminescence, which was indicative of early diagenesis under somewhat reducing conditions in 

sediments with higher porosities and permeabilities. Higher porosities and permeabilities within the 

Fort Hays allowed the system to behave less as a closed system for the partitioning of Mn
2+

 and any 

available Fe
2+

 into calcite. Any features that did not luminesce, such as oyster shells and foram tests, 

were assumed to result from their being precipitated as primary LMC. This meant they were stable 

under most marine conditions and less susceptible to diagenetic alteration.  

SEM micrographs supplemented the observations made with the stable oxygen isotope data. 

These analyses revealed that cementation, dissolution, and/or reprecipitation of calcite increased 

with increasing depth and temperatures and therefore paralleled the decrease in δ
18

O values with 

depth. Chalk facies generally showed overall microcrystalline textures while marl facies were a 

combination of more wispy clay fabrics, some microcrystalline fabric, and a greater amount of 

cementation. Fabrics observed within the Rebecca K Bounds samples were less cemented and still 
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have well-preserved original chalks fabrics with many intact coccoliths. This was consistent with 

the more positive δ
18

O values recorded within these facies compared to those of the Portland core 

and deeper cores. The Fort Hays samples were overall well-cemented as a result of reprecipitation 

of microcrystalline calcite with considerable microcrystalline porosity. These samples showed the 

smallest variations in fabric with them all being fairly similar despite ranging from burial depths of 

60 to 2100 m (200 to 7000 ft).  
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  CHAPTER 7

CONCLUSIONS 

 

The stable oxygen isotope values acquired during this study were highly negative in 

relation to other age-equivalent chalks at similar (or even deeper) depths, with δ
18

O values 

decreasing with increasing burial depths and higher temperatures. The only core that did not follow 

this trend was the Rebecca K Bounds core, which presented the lowest δ
18

O values of all the cores, 

despite its Niobrara interval being located just a hundred meters deeper than the Portland core (the 

shallowest of the eight cores). These values, along with evidence from SEM micrographs showing 

good preservation of original chalk fabric and little cementation, prove that these sediments were 

never buried as deep as the Portland core or any of the deeper cores. δ
18

O values from the Portland 

core, as well as the more poorly persevered original fabric and higher concentrations of cement,  

prove that the Portland core was once buried almost a thousand meters deeper than where the 

sediments are found present-day. The consistent depth/δ
18

O trends observed in the study also 

helped conclude that even though there was a ~600 m (~2000 ft) gap between the Rebecca K 

Bounds and the Berthoud State #3 cores, it can be assumed that the data would follow trend.  

According to both the stable isotope data, in combination with the BHT data and calcite-

water fractionation curves, the original water compositions (δ
18

Owater VSMOW) for the CWIS 

during the Late Cretaceous would have been 2‰ higher than previously thought. This study helped 

provide further evidence that temperature has a substantial effect on the resulting stable isotope 

values. Chalks of similar age in the North Sea that have been buried to depths greater than 3500 m 

(11,500 ft) are returning δ
18

O values just lighter than -7‰. Early diagenesis of the Fort Hays is 

responsible for the more positive δ
18

O values than those present in the chalks and marls. Early 

cementation would have meant lower temperatures during calcite cementation and precipitation, 

yielding more positive values. Consequently, when sediments were buried deeper, the decrease in 

porosity and permeability would have prevented extensive water-rock interactions (and thus 

additional ions from being introduced) within Fort Hays, preserving the more positive isotopic 

values compared to the overlying Smoky Hill Member. The calcite-water fractionation curves also 

helped illustrate the wide range of temperatures encountered by these sediments throughout their 

burial history. This in turn made for wider ranges of δ
18

O values observed in some facies. 

The trends observed in the isotope data were also supported by the CL work completed in 

this study. The dull luminescence of the chalks and marls evidenced a closed system to the 
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partitioning of Mn
2+

 and Fe
2+ 

into calcite as a result of low porosities and permeabilities from both 

burial and chemical diagenesis. Early diagenesis of the Fort Hays was also evidenced through CL 

analysis. The overall bright luminescence resulted from early diagenesis under somewhat reducing 

conditions within sediments that had higher porosities and permeabilities. During early diagenesis, 

the system behaved less like a closed system to the partitioning of Mn
2+

 and Fe
2+ 

in to calcite.  

In summation, within this closed system, the thermal gradients present within the Colorado 

Mineral Belt, as well as the outlying areas (Portland and Rebecca Bounds), are responsible for the 

negative values of the Smoky Hill Member and underlying Fort Hays Member—even during early 

cementation of sediments.  
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  CHAPTER 8

FUTURE WORK 

 

Although this study provided additional stable isotope data for cores within the Denver 

basin, as well a supporting evidence of diagenesis through analysis utilizing CL and SEM 

micrographs, it would be beneficial to complete similar work on the A, C and D benches to fully 

understand the diagenetic history the Niobrara Formation. If possible, obtain data from any cores 

taken between the Portland and Rebecca K Bounds cores to see if diagenetic trends are similar to 

those in this study as sediments transition from east to west. The positive values present in the D 

bench of the Portland were unexpected as they were very similar to the δ
18

O values of the Fort Hays. 

This relationship deserves more time and data to understand all the similarities between these two 

facies. In the future, more care should be taken when sampling the chalk and marl units by paying 

careful attention to sampling the chalkier intervals within the chalks and the marlier intervals within 

the marls. This may help further understand the isotopic relationships between the two facies when 

clear distinctions are made within the units.  In addition to the matrix samples, samples should be 

collected on skeletal grain to compare any primary signatures present in the sediments. Comparing 

the δ
18

O values to CL micrographs would give additional insight into these primary signatures and 

help understand where in the Formation these grains may have become more altered and why. As 

evidenced by CL analysis in this study, some of the inoceramids and oyster shells have undergone 

diagenetic alteration, while others have not. What is causing certain foram tests, oyster shells, 

and/or inoceramids to undergo more diagenetic alteration than others?   

Integrating more extensive regional thermal gradient maps and basin modeling would help 

understand thermal trends seen in the Niobrara. This would also provide further understanding of 

regional geology as far as maximum burial and uplift of the different regions of the Niobrara within 

the basin and within the study area. Since it has been proven that salinity also has an effect on δ
18

O 

values, it would be interesting to incorporate any studies or complete any analyses to acquire 

salinity data to learn what salinities were present during time of sediment deposition, and how this 

affects stable isotope values as well as cathodoluminescence analysis.  
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APPENDIX A 

Cathodoluminescence Photomicrographs and XRF Data

 

Figure A.1 PPL and corresponding CL photomicrographs for the B marl in the Two Mile Creek 

core taken at 5677 ft. 
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Figure A.2 PPL and corresponding CL photomicrographs for the B chalk in the Two Mile Creek 

core taken at 5694 ft. 
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Figure A.3 PPL and corresponding CL photomicrographs for the Fort Hays in the Two Mile Creek 

core taken at 5881 ft. 

 

Figure A.4 PPL and corresponding CL photomicrographs for the Fort Hays in the Two Mile Creek 

core taken at 5881 ft. 
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Figure A.5 PPL and corresponding CL photomicrographs for the B marl in the Terrace core taken at 

5955 ft. 

 

Figure A.6 PPL and corresponding CL photomicrographs for the B chalk in the Terrace core taken 

at 5976 ft. 
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Figure A.7 PPL and corresponding CL photomicrographs for the Fort Hays in the Terrace core 

taken at 6150 ft. 
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Figure A.8 PPL and corresponding CL photomicrographs for the B chalk in the Aristocrat PC core 

taken at 6857.3 ft. 

 

Figure A.9 PPL and corresponding CL photomicrographs for the B marl in the Aristocrat PC core 

taken at 6894.5 ft. 
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Figure A.10 PPL and corresponding CL photomicrographs for the Fort Hays in the Aristocrat PC 

core taken at 7052.9 ft. 

 

Figure A.11 PPL and corresponding CL photomicrographs for the Fort Hays in the Aristocrat PC 

core taken at 7052.9 ft. 
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Table A.1 XRF data for all cores analyzed using CL 

Razor 25-2514H Core 

Core Depth 

(ft.) 
Facies Fe Fe Error %Fe Mn Mn Error %Mn 

5616.65 B1 Chalk 31328.43 357.89 3.13 302.11 55.09 0.03 

5617.5 

 

27656.73 323.21 2.77 286.34 52.21 0.03 

5618.4 

 

18214.19 255.76 1.82 231.69 49.68 0.02 

5619.6 

 

35475.70 371.25 3.55 212.22 51.25 0.02 

5620.55 

 

33636.52 365.26 3.36 275.47 53.75 0.03 

5621.6 

 

12089.88 205.88 1.21 231.51 49.07 0.02 

5622.75 

 

4747.97 106.35 0.47 227.61 48.47 0.02 

5623.5 

 

4995.52 107.23 0.50 236.02 47.80 0.02 

5624.8 

 

3641.46 93.38 0.36 236.59 48.16 0.02 

5625.5 

 

6980.49 123.36 0.70 233.98 47.45 0.02 

5626.3 

 

5811.49 114.58 0.58 181.66 46.02 0.02 

5627.7 

 

2887.46 83.13 0.29 243.18 47.70 0.02 

5628.8 

 

3002.89 85.37 0.30 249.56 48.07 0.02 

5629.5 

 

3341.77 88.09 0.33 201.02 46.08 0.02 

5630.4 

 

15160.13 226.51 1.52 200.42 47.36 0.02 

5631.5 

 

2560.27 80.20 0.26 258.03 49.20 0.03 

5632.4 

 

2662.41 82.20 0.27 237.67 48.37 0.02 

5633.65 

 

2805.79 82.41 0.28 230.08 47.53 0.02 

5634.3 

 

3484.86 92.72 0.35 230.07 48.32 0.02 

5635.5 

 

3293.33 90.63 0.33 229.61 48.37 0.02 

5636.55 B1 Marl 3335.59 90.28 0.33 256.98 48.73 0.03 

5637.2 

 

22047.57 277.20 2.20 214.16 48.55 0.02 

5638.3 

 

4145.57 99.47 0.41 229.90 47.90 0.02 

5639.5 

 

4496.30 102.50 0.45 233.84 47.81 0.02 

5640.7 

 

4182.49 100.05 0.42 253.69 48.81 0.03 

5641.7 

 

3471.21 91.89 0.35 242.70 48.57 0.02 

5642.7 

 

14467.21 221.08 1.45 237.50 48.56 0.02 

5643.3 

 

3646.29 92.07 0.36 240.84 47.60 0.02 

5644.2 

 

4367.40 103.81 0.44 236.87 49.19 0.02 

5645.25 

 

11255.57 192.59 1.13 201.82 46.61 0.02 

5646.5 

 

2819.72 83.40 0.28 241.98 48.14 0.02 

5647.4 

 

12336.29 205.32 1.23 225.72 48.10 0.02 

5648.3 

 

4570.10 103.06 0.46 251.61 48.37 0.03 

5649.4 

 

5820.35 115.76 0.58 227.97 48.21 0.02 

5650.65 

 

2569.59 80.44 0.26 269.48 49.57 0.03 

5651.7 B2 Chalk 4494.61 101.76 0.45 222.20 47.29 0.02 

5652.6 

 

15689.23 237.43 1.57 230.55 50.41 0.02 
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5653.7 

 

2801.88 83.96 0.28 240.59 48.74 0.02 

5654.55 

 

2869.16 83.20 0.29 272.71 48.97 0.03 

5655.65 

 

31136.49 351.91 3.11 227.47 52.50 0.02 

5656.5 

 

2704.04 82.01 0.27 240.69 48.18 0.02 

5657.65 

 

2861.81 84.55 0.29 241.01 48.26 0.02 

5658.65 

 

3340.84 90.57 0.33 242.79 48.72 0.02 

5659.6 

 

2192.11 75.64 0.22 243.42 48.88 0.02 

5660.55 

 

1845.09 69.79 0.18 204.32 47.32 0.02 

5661.4 

 

2118.53 73.93 0.21 236.34 48.17 0.02 

5662.3 

 

3261.99 89.68 0.33 231.71 48.45 0.02 

5663.35 

 

1407.04 62.60 0.14 233.54 47.84 0.02 

5664.4 

 

2021.06 72.90 0.20 265.80 49.03 0.03 

5665.4 

 

1964.96 71.26 0.20 261.30 49.04 0.03 

5666.3 

 

1512.24 65.22 0.15 211.20 47.58 0.02 

5667.55 

 

2336.64 78.34 0.23 262.64 50.19 0.03 

5668.5 

 

1417.41 62.63 0.14 218.64 47.80 0.02 

5669.3 

 

1041.88 55.32 0.10 189.36 46.04 0.02 

5670.5 

 

1577.04 66.50 0.16 232.28 48.78 0.02 

5671.8 

 

1571.05 65.77 0.16 244.11 48.61 0.02 

5672.6 

 

1717.72 67.72 0.17 234.80 48.51 0.02 

5673.5 B2 Marl 1515.96 65.05 0.15 254.33 49.25 0.03 

5674.3 

 

1452.13 63.37 0.15 252.60 48.73 0.03 

5675.55 

 

1523.60 63.60 0.15 192.88 46.27 0.02 

5676.5 

 

1388.68 63.06 0.14 226.68 48.84 0.02 

5677.4 

 

2189.15 74.41 0.22 250.55 48.43 0.03 

5678.6 

 

2079.71 73.87 0.21 210.87 47.82 0.02 

5679.25 

 

2805.92 82.37 0.28 181.80 45.89 0.02 

5680.7 

 

2416.81 77.90 0.24 240.83 48.25 0.02 

5681.85 

 

2793.41 82.91 0.28 226.61 47.98 0.02 

5682.8 

 

1962.13 70.66 0.20 281.63 48.83 0.03 

5683.7 

 

17753.83 246.44 1.78 171.49 46.81 0.02 

5684.7 

 

3002.85 84.54 0.30 274.39 48.64 0.03 

5685.7 

 

3695.79 92.60 0.37 312.84 49.63 0.03 

5686.6 

 

7231.08 124.93 0.72 251.62 47.86 0.03 

5687.5 

 

14422.74 218.91 1.44 260.13 48.57 0.03 

5688.5 

 

3555.93 94.98 0.36 195.53 48.74 0.02 

5689.55 

 

5314.97 107.46 0.53 215.43 46.31 0.02 

5690.7 

 

2795.02 83.04 0.28 239.88 48.76 0.02 

5691.75 

 

2224.66 76.42 0.22 301.16 50.42 0.03 

5692.4 

 

6099.45 119.52 0.61 229.18 48.83 0.02 

5693.9 

 

3819.86 94.27 0.38 251.42 47.84 0.03 



161 

 

Table A.1 Continued       

 

     

    5694.5 5937.79 114.64 0.59 264.49 48.04 0.03 

5695.5 

 

7186.14 123.17 0.72 209.49 46.13 0.02 

5696.65 

 

6539.26 119.19 0.65 218.81 46.73 0.02 

5697.55 

 

10098.07 179.65 1.01 233.36 46.72 0.02 

5698.65 

 

10797.13 184.22 1.08 235.14 46.59 0.02 

5699.6 

 

10177.90 181.70 1.02 244.89 47.58 0.02 

5700.5 

 

11853.01 196.88 1.19 198.70 46.41 0.02 

5701.25 

 

15248.88 220.90 1.52 221.59 46.45 0.02 

5702.4 

 

17106.23 235.66 1.71 186.14 46.17 0.02 

5703.35 

 

11859.90 194.32 1.19 226.26 46.41 0.02 

5704.7 

 

13449.15 204.11 1.34 248.05 46.36 0.02 

5705.1 

 

4970.20 102.13 0.50 257.00 46.02 0.03 

5706.8 

 

15773.86 228.85 1.58 252.12 48.35 0.03 

5707.5 

 

16428.01 229.18 1.64 218.35 46.34 0.02 

5708.75 

 

16296.84 226.66 1.63 239.56 46.27 0.02 

5709.5 

 

15201.30 221.22 1.52 240.63 47.10 0.02 

5710.6 

 

2142.67 74.03 0.21 428.22 53.60 0.04 

5711.5 

 

11295.57 189.40 1.13 285.00 48.19 0.03 

5712.55 

 

11917.28 194.60 1.19 260.95 47.24 0.03 

5713.9 

 

10562.76 183.26 1.06 267.03 47.39 0.03 

5714.75 

 

6597.82 119.02 0.66 263.78 47.83 0.03 

5715.3 

 

6727.07 119.29 0.67 283.30 48.05 0.03 

5716.6 

 

13691.94 209.91 1.37 288.20 48.95 0.03 

5717.65 

 

5981.55 116.67 0.60 286.35 49.82 0.03 

5718.5 

 

13834.22 217.09 1.38 254.45 49.11 0.03 

5719.6 

 

11531.52 194.09 1.15 322.78 49.94 0.03 

5720.55 

 

10646.15 184.33 1.06 290.39 48.13 0.03 

5721.4 

 

5561.93 108.73 0.56 251.23 46.98 0.03 

5722.5 

 

10629.83 182.89 1.06 243.73 46.64 0.02 

5723.45 

 

10235.00 180.11 1.02 220.89 45.92 0.02 

5724.5 

 

7154.83 122.30 0.72 265.10 47.75 0.03 

5725.4 

 

11611.46 196.76 1.16 277.77 49.08 0.03 

5726.5 

 

11086.17 188.45 1.11 262.31 47.37 0.03 

5727.6 

 

10262.77 181.10 1.03 273.06 47.57 0.03 

5728.45 

 

10541.52 183.16 1.05 264.71 47.39 0.03 

5729.7 

 

13686.63 212.22 1.37 274.54 48.93 0.03 

5730.3 

 

10810.24 182.68 1.08 212.32 44.73 0.02 

5731.8 

 

10532.10 183.66 1.05 298.25 48.36 0.03 

5732.8 

 

12226.97 196.30 1.22 289.35 48.14 0.03 

5733.5 

 

6618.89 115.41 0.66 266.87 46.11 0.03 
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5836.55 Ft. Hays 19986.83 257.89 2.00 178.20 46.29 0.02 

5837.6 

 

25776.14 296.13 2.58 269.05 49.71 0.03 

5838.25 

 

18495.39 245.12 1.85 291.22 49.10 0.03 

5839.5 

 

19020.30 252.32 1.90 263.32 49.18 0.03 

5840.2 

 

23403.26 279.19 2.34 262.14 48.79 0.03 

5841.8 

 

2215.20 72.89 0.22 374.16 50.68 0.04 

5842.5 

 

4131.47 96.45 0.41 435.08 52.85 0.04 

5843.6 

 

1310.78 61.22 0.13 678.59 60.96 0.07 

5844.65 

 

2029.60 72.63 0.20 590.52 58.50 0.06 

5845.45 

 

5215.40 111.10 0.52 409.20 54.26 0.04 

5846.2 

 

3270.81 88.48 0.33 520.04 56.29 0.05 

5847.7 

 

1723.33 68.08 0.17 805.99 63.60 0.08 

5848.8 

 

4810.79 104.03 0.48 665.31 59.46 0.07 

5849.55 

 

3174.93 86.72 0.32 718.06 60.76 0.07 

5850.2 

 

3119.78 87.32 0.31 858.62 65.31 0.09 

5851.5 

 

2511.29 80.99 0.25 852.87 66.50 0.09 

5852.3 

 

1840.64 70.40 0.18 866.52 65.84 0.09 

5853.6 

 

2801.48 83.81 0.28 673.95 61.00 0.07 

5854.75 

 

4053.74 98.15 0.41 658.07 60.27 0.07 

5855.6 

 

1375.00 64.22 0.14 1121.91 72.64 0.11 

5856.5 

 

1872.09 71.94 0.19 1022.41 70.36 0.10 

5857.55 

 

3755.68 93.31 0.38 1116.94 69.93 0.11 

5858.35 

 

14256.87 216.01 1.43 726.23 60.44 0.07 

5859.45 

 

2682.18 82.51 0.27 1183.98 72.99 0.12 

5860.65 

 

1344.30 62.86 0.13 1255.31 74.37 0.13 

5861.75 

 

1732.34 69.25 0.17 939.58 67.72 0.09 

5862.5 

 

2704.56 82.65 0.27 927.28 67.21 0.09 

5863.35 

 

3188.97 89.40 0.32 964.21 68.52 0.10 

5864.4 

 

2257.18 75.85 0.23 1074.94 69.61 0.11 

5865.4 

 

1789.42 69.46 0.18 1131.82 71.38 0.11 

5866.65 

 

3616.07 94.58 0.36 1118.89 71.92 0.11 

5867.2 

 

12727.61 203.56 1.27 658.97 58.87 0.07 

5868.55 

 

1810.05 71.04 0.18 937.22 68.39 0.09 

5869.6 

 

2937.55 86.09 0.29 552.20 58.35 0.06 

5870.7 

 

2355.57 76.97 0.24 760.95 62.40 0.08 

5871.2 

 

11156.01 184.92 1.12 252.37 45.38 0.03 

5872.2 

 

3272.05 89.05 0.33 673.39 60.66 0.07 

5873.7 

 

2737.86 82.93 0.27 789.72 63.62 0.08 

5874.4 

 

12022.87 194.97 1.20 303.76 48.43 0.03 

5875.9 

 

12949.46 200.79 1.29 320.19 48.13 0.03 
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5876.6 

 

5599.98 112.84 0.56 512.07 56.17 0.05 

5877.8 

 

17421.06 240.12 1.74 458.01 54.12 0.05 

5878.75 

 

3247.11 88.45 0.32 840.51 64.41 0.08 

5879.6 

 

2919.75 84.98 0.29 800.13 63.82 0.08 

5880.35 

 

3779.74 93.34 0.38 670.49 59.28 0.07 

 

Table A.1 Continued 

Two Mile Creek 22-33M 

Core Depth 

(ft.) 
Facies Fe Fe Error %Fe Mn Mn Error %Mn 

5649.3 B1 Chalk  6027.55 118.23 0.602755 266.93 49.84 0.026693 

5650.3   3940.4 96.55 0.39404 237.33 47.87 0.023733 

5651.5   4537.51 103.33 0.453751 260.88 48.77 0.026088 

5652.4   14947.52 227.31 1.494752 273.02 50.44 0.027302 

5653.5   7320.66 129.54 0.732066 196.83 47.17 0.019683 

5654.6   2879.4 83.35 0.28794 273.36 48.89 0.027336 

5655.8   3234.96 89.01 0.323496 227.19 47.57 0.022719 

5656.4   3444.71 90.97 0.344471 272.66 49.33 0.027266 

5657.6   17945.64 250.06 1.794564 214.41 48.14 0.021441 

5658.5   2002.98 72.13 0.200298 217.54 47.53 0.021754 

5659.6   2592.94 80.62 0.259294 240.61 48.25 0.024061 

5660.8   3212.87 90.21 0.321287 223.62 48.76 0.022362 

5661.6   3449.91 91.44 0.344991 292.89 50.06 0.029289 

5662.7   3279.3 88 0.32793 265.38 48.43 0.026538 

5663.8   2684.89 81.9 0.268489 280.77 49.81 0.028077 

5664.6   4067.78 98.9 0.406778 227.79 48.29 0.022779 

5665.1   6013.27 117.46 0.601327 223.08 47.84 0.022308 

5666.2   2699.94 82.12 0.269994 264.58 49.28 0.026458 

5667.5   4069.45 98.09 0.406945 227.43 47.83 0.022743 

5668.4   4457.56 100.92 0.445756 183.62 45.82 0.018362 

5669.7   3210.8 89.36 0.32108 225.17 48.24 0.022517 

5670.6   4580.23 103.55 0.458023 265.53 48.87 0.026553 

5671.3   10432.65 187.45 1.043265 222.44 47.79 0.022244 

5672.2   10783.17 187.02 1.078317 237.6 47.06 0.02376 

5673.7   2554.26 81.27 0.255426 262.91 49.64 0.026291 

5674.7 B1 Marl 3242.51 88.07 0.324251 282.19 49.08 0.028219 

5675.3   13274.06 210.62 1.327406 251.24 48.77 0.025124 
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5676.8   2238.49 75.21 0.223849 268.99 48.63 0.026899 

5677.6   7464.28 130.27 0.746428 224.73 48 0.022473 

5678.3   13277.68 209.75 1.327768 225.36 47.31 0.022536 

5679.7   4971.49 106.12 0.497149 233.99 47.37 0.023399 

5680.3   4182.23 99.01 0.418223 239.79 48.05 0.023979 

5681.6   5137.74 108.44 0.513774 242.26 47.86 0.024226 

5682.5   19593.07 260.58 1.959307 211.31 48.28 0.021131 

5683.6   2156.56 74.47 0.215656 235.41 48.24 0.023541 

5684.8   5110.2 109.87 0.51102 188.96 47.3 0.018896 

5685.2   6912.5 126.03 0.69125 232.47 48.82 0.023247 

5686.2   5606.6 114.3 0.56066 186.45 46.78 0.018645 

5687.3   4904.23 107.64 0.490423 199.69 47.42 0.019969 

5688.2   4395.62 103.98 0.439562 237.65 49.19 0.023765 

5689.2   3834.69 96.25 0.383469 220.8 48.3 0.02208 

5690.6 B2 Chalk 2885.08 84.5 0.288508 222.79 47.89 0.022279 

5691.7   2523.46 81.39 0.252346 248.74 49.82 0.024874 

5692.3   3754.76 96.05 0.375476 261.95 49.94 0.026195 

5693.1   2803.88 84.45 0.280388 235.67 48.69 0.023567 

5694.1   2841.48 84.04 0.284148 227.76 48.29 0.022776 

5695.1   2563.65 80.15 0.256365 243.67 48.41 0.024367 

5696.2   1358.83 61.51 0.135883 275.14 49.32 0.027514 

5697.3   2597.34 78.82 0.259734 239.37 47.23 0.023937 

5698.5   2033.61 71.87 0.203361 219.51 47.31 0.021951 

5699.1   4069.27 99.23 0.406927 243.57 48.73 0.024357 

5700.1   2041.05 71.72 0.204105 239.23 47.72 0.023923 

5701.3   2552.5 80.83 0.25525 258.36 49.5 0.025836 

5702.5   1501.95 63.93 0.150195 272.4 49.38 0.02724 

5703.4   2052.84 73.11 0.205284 248.77 48.59 0.024877 

5704.4   2391.51 78.24 0.239151 240.21 48.42 0.024021 

5705.7   1587.71 67.04 0.158771 206.63 48.4 0.020663 

5706.5   1352.04 61.87 0.135204 229.04 48.23 0.022904 

5707.3   1632.11 67.17 0.163211 195.89 47.32 0.019589 

5708.2   1085.63 57.11 0.108563 238.25 48.63 0.023825 

5709.8   1533.53 63.57 0.153353 196.95 46.13 0.019695 

5710.4 Oil stained 1117.89 56.65 0.111789 259.5 48.49 0.02595 

5711.6   1656.78 67.09 0.165678 238.62 48.56 0.023862 

5712.6 Oil stained 1277.92 60.19 0.127792 238.29 47.91 0.023829 

5713.3   1864.46 69.3 0.186446 232.42 47.46 0.023242 
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5714.3   1829.23 69.91 0.182923 265.66 49.43 0.026566 

5715.5   1290.44 60.37 0.129044 203.55 47.23 0.020355 

5716.4   1392.22 63.03 0.139222 287.24 50.38 0.028724 

5717.3   1910.19 72.15 0.191019 221.52 48.68 0.022152 

5718.4   1812.19 69.84 0.181219 244.98 48.74 0.024498 

5719.4   1213.79 58.7 0.121379 291.2 49.65 0.02912 

5720.8   2302.47 76.4 0.230247 245.57 48.15 0.024557 

5721.9   2398.52 77.33 0.239852 269.9 48.83 0.02699 

5722.7   2257.58 75.42 0.225758 274.85 49.16 0.027485 

5723.5   2587.82 79.95 0.258782 244.89 47.99 0.024489 

5724.8   3549.7 91.83 0.35497 259.03 48.51 0.025903 

5725.6   3354.66 90.78 0.335466 242.95 48.62 0.024295 

5726.7 

 

4280.73 97.49 0.428073 268.03 47.72 0.026803 

5727.4 

 

2239.07 75.42 0.223907 263.06 48.74 0.026306 

5728.8 

 

5296.75 109.18 0.529675 209.92 46.66 0.020992 

5729.8 

 

4297.25 99.51 0.429725 277.59 48.86 0.027759 

5730.1 

 

2567.51 80.06 0.256751 280.02 49.68 0.028002 

5731.6 

 

3842.74 96 0.384274 328.98 51.19 0.032898 

5732.3 

 

3579.3 94.17 0.35793 278.9 50.54 0.02789 

5733.5 

 

5853.63 115.79 0.585363 250.2 48.56 0.02502 

5734.3 

 

3509.76 91.14 0.350976 223.38 47.53 0.022338 

5735.1   7080.67 122.13 0.708067 208.71 45.83 0.020871 

5736.6   4295.93 98.04 0.429593 234.99 46.83 0.023499 

5737.3   10275.74 182.49 1.027574 257.78 47.96 0.025778 

5738.9   10220.81 183.43 1.022081 239.79 47.98 0.023979 

5739.5   5685.17 112.88 0.568517 220.44 47.16 0.022044 

5740.3 B2 Marl 7256.58 123.67 0.725658 236.36 46.78 0.023636 

5741.3   4213.33 102.7 0.421333 271.9 50.72 0.02719 

5742.5   4142.96 97.17 0.414296 295.5 49.44 0.02955 

5743.3   3152.68 89.94 0.315268 279.54 51.19 0.027954 

5744.4   12359.96 203.89 1.235996 248.44 48.77 0.024844 

5745.8   6340.51 118.48 0.634051 266.46 48.74 0.026646 

5746.5   11930.04 197.76 1.193004 229.28 47.08 0.022928 

5747.5   10400.04 182.85 1.040004 260.88 47.56 0.026088 

5748.4   11229.24 191.76 1.122924 253.91 48.22 0.025391 

5749.3   14100.74 213.02 1.410074 223.67 46.73 0.022367 

5750.6   11948.51 198.31 1.194851 231.41 47.41 0.023141 

5751.5   7008.51 125.21 0.700851 287.47 49.68 0.028747 
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5752.5   12858.38 205.41 1.285838 330.89 50.35 0.033089 

5753.7   7181.04 123.16 0.718104 251.92 47.23 0.025192 

5754.5   13778.41 212.68 1.377841 317.86 50.24 0.031786 

5755.4   7475.66 126.24 0.747566 269.41 48.44 0.026941 

5756.3   10800.57 184.39 1.080057 246.82 46.73 0.024682 

5757.3   14390.36 219.66 1.439036 281.13 49.53 0.028113 

5758.6 

 

15840.69 224.4 1.584069 254.01 47.23 0.025401 

5759.4   16241.9 230.62 1.62419 242.19 47.87 0.024219 

5760.6   14849.29 214.55 1.484929 237.36 45.74 0.023736 

5761.6   14226.04 211.22 1.422604 231.11 45.89 0.023111 

5762.8   14214.27 214.68 1.421427 275.33 48.14 0.027533 

5763.5   7386.62 128.21 0.738662 287.84 49.37 0.028784 

5764.6   6637.97 117.84 0.663797 259.85 47.13 0.025985 

5765.3   11714.98 191.73 1.171498 206.67 45.41 0.020667 

5766.4   10879.94 183.52 1.087994 269.45 46.52 0.026945 

5767.5   11746.46 192.05 1.174646 259.41 46.81 0.025941 

5768.3   10019.37 178.66 1.001937 289.03 48.23 0.028903 

5769.7   11905.76 192.26 1.190576 314.38 48.18 0.031438 

5770.5   10285.4 180.63 1.02854 285.57 47.94 0.028557 

5771.3   18060.95 249.04 1.806095 313.83 51.07 0.031383 

5772.6   7406.72 124.01 0.740672 240.11 46.8 0.024011 

5773.5   10080.28 179.54 1.008028 295.46 48.12 0.029546 

5774.4   6489.7 116.86 0.64897 290.37 47.82 0.029037 

5775.3   5175.75 106.05 0.517575 249.53 47.28 0.024953 

5776.2   5208.74 106.67 0.520874 302.63 48.79 0.030263 

5777.7   7148.44 126.35 0.714844 261.42 48.78 0.026142 

5778.4   10353.34 182.3 1.035334 226.03 46.62 0.022603 

5779.2   1976.55 70.66 0.197655 351.18 50.91 0.035118 

5780.2   5728.55 111.84 0.572855 274.3 48.14 0.02743 

5781.6   6030.51 113.15 0.603051 223.23 46.32 0.022323 

5782.4   10578.61 178.42 1.057861 281.39 46.24 0.028139 

5783.3   10206.36 183.46 1.020636 218.24 47.31 0.021824 

5784.2   7019.62 125.11 0.701962 275.18 49.33 0.027518 

5785.4   10845.76 191.18 1.084576 275.1 49.55 0.02751 

5786.3   5049.89 106.61 0.504989 231.38 47.62 0.023138 

5787.4   5775.87 110.79 0.577587 282.95 47.71 0.028295 

5788.3   4105.05 95.9 0.410505 252.91 47.24 0.025291 

5789.4   5145.83 106.82 0.514583 228.3 47 0.02283 
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5790.6   7446.51 128.39 0.744651 261.29 49.04 0.026129 

5866.15 Fort Hays 2470.48 79.44 0.247048 765.75 63.24 0.076575 

5867.2   1483.93 65.67 0.148393 972.59 69.28 0.097259 

5868.5   2889.47 84.27 0.288947 651.09 60.01 0.065109 

5869.25   7014.26 121.44 0.701426 630.56 57.5 0.063056 

5870.65   1834.78 71.45 0.183478 1065.04 71.28 0.106504 

5871.8   25632.76 309.64 2.563276 770.32 65.54 0.077032 

5872.55   6247.58 117.27 0.624758 1101.36 69.48 0.110136 

5873.7   1919.9 73.33 0.19199 1358.42 77.73 0.135842 

5874.8   3677.4 94.87 0.36774 985.22 68.68 0.098522 

5875.4   1918.92 74.01 0.191892 1093.66 72.88 0.109366 

5876.6   1904.72 72.08 0.190472 991.29 69.36 0.099129 

5877.3   3096.6 86.79 0.30966 920.38 66.71 0.092038 

5878.5   2049.28 73.76 0.204928 1014.05 69.26 0.101405 

5879.5   3598.16 94.42 0.359816 1174.51 73.35 0.117451 

5880.6   4808.32 108.05 0.480832 939.09 68.45 0.093909 

5881.45   1934.31 72.88 0.193431 1122.66 72.21 0.112266 

5882.55   2992.63 87.55 0.299263 1113.47 72.42 0.111347 

5883.5   13417.14 202.53 1.341714 551.93 54.31 0.055193 

5884.55   2034.67 74.32 0.203467 929.19 68.01 0.092919 

5885.2   2576.73 82.18 0.257673 910.1 67.87 0.09101 

5886.2   4515.23 104.78 0.451523 665.51 61.59 0.066551 

5887.4   3047.13 88.42 0.304713 840.72 66.31 0.084072 

5888.35   6817.93 122.29 0.681793 511.12 55.7 0.051112 

5889.2   10475.61 192.93 1.047561 804.8 66.09 0.08048 

5890.5   3562.5 94.63 0.35625 869.82 66.98 0.086982 

5891.8   4328.39 100 0.432839 709.94 61.14 0.070994 

5892.8   11921.4 189.31 1.19214 284.25 46.5 0.028425 

5893.6   7199.47 124.36 0.719947 506.55 54.86 0.050655 

5894.2   10768.64 182.06 1.076864 351.88 48.57 0.035188 

5895.5   4654.25 104.35 0.465425 931.8 66.79 0.09318 

5896.5   4512.5 102.42 0.45125 1021.79 68.61 0.102179 

5897.6   4501.77 101.87 0.450177 563.71 57.32 0.056371 

5898.8   12978.36 193.99 1.297836 223.11 43.18 0.022311 

5899.4   10906.65 173.14 1.090665 148.53 39.26 0.014853 
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Terrace 36-32M 

Core Depth 

(ft.) 
Facies Fe Fe Error %Fe Mn Mn Error %Mn 

5945.45 B1 Chalk 17608.87 247.41 1.760887 248.19 49.52 0.024819 

5946.35   2398.5 78.67 0.23985 241.39 48.77 0.024139 

5947.45   2431.31 79.63 0.243131 257.21 49.74 0.025721 

5948.5   2960.6 84.67 0.29606 213.29 46.93 0.021329 

5949.4   4725.29 105.53 0.472529 252.16 48.62 0.025216 

5950.15   2229.9 77.22 0.22299 212.17 48.12 0.021217 

5951.8   13349.31 211.25 1.334931 223.86 47.59 0.022386 

5952.8   2916.92 85.74 0.291692 264.63 49.54 0.026463 

5953.6   2997.79 86.88 0.299779 263.23 49.83 0.026323 

5954.55   4054.45 99.21 0.405445 256.41 49.09 0.025641 

5955.35 B1 Marl 3158.72 87.4 0.315872 268.4 48.58 0.02684 

5956.85   12676.06 205.27 1.267606 234.07 47.59 0.023407 

5957.6   2991.08 86.42 0.299108 239.44 48.62 0.023944 

5958.5   3036.58 88.35 0.303658 247.49 49.61 0.024749 

5959.2   5232.64 109.24 0.523264 222.31 47.25 0.022231 

5960.2   2473.93 79.13 0.247393 276.57 49.48 0.027657 

5961.35   5660.99 112.97 0.566099 217.57 47.32 0.021757 

5962.8   12615.68 203.64 1.261568 215.22 47.37 0.021522 

5963.4   5056.53 107.96 0.505653 214.59 47.39 0.021459 

5964.35   3155.89 86.13 0.315589 236 47.16 0.0236 

5965.4   2898.42 85.47 0.289842 262.93 49.56 0.026293 

5966.4   12200.7 205.19 1.22007 218.05 48.38 0.021805 

5967.65   3608.71 93.73 0.360871 217.98 48 0.021798 

5968.1   35143.86 383.98 3.514386 224.63 53.34 0.022463 

5969.4   3302.51 89.77 0.330251 241.43 48.52 0.024143 

5970.6 B2 Chalk 5716.92 117.47 0.571692 287.38 50.91 0.028738 

5971.3   2800.84 83.46 0.280084 241.01 48.46 0.024101 

5972.4   3328.03 90.1 0.332803 246.61 48.86 0.024661 

5973.4   3312.67 90.66 0.331267 242.22 49.11 0.024222 

5974.6   1631.01 66.42 0.163101 242.23 48.69 0.024223 

5975.9   2126.83 74.85 0.212683 234.65 48.74 0.023465 

5976.7   2409.3 78.27 0.24093 252.4 48.76 0.02524 

5977.5   2596.35 80.89 0.259635 253.15 49.12 0.025315 

5978.9   2358.53 77.29 0.235853 231.33 48.19 0.023133 

5979.7   1588.1 66.38 0.15881 222.6 48.75 0.02226 

5980.85   1609.85 66.57 0.160985 239.31 48.63 0.023931 

5981.5   2303.66 78.67 0.230366 216.45 49.14 0.021645 

5982.5   1520.4 65.9 0.15204 209.76 48.65 0.020976 
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5983.3   1652.37 68.23 0.165237 273.15 50.5 0.027315 

5984.2   1922.83 71.3 0.192283 281.85 49.96 0.028185 

5985.75   1571.59 66.16 0.157159 263.62 49.42 0.026362 

5986.5   1236.39 60.93 0.123639 258.1 50.18 0.02581 

5987.2   1300.06 62.71 0.130006 254.43 50.37 0.025443 

5988.45   875.15 53.1 0.087515 254.54 49.25 0.025454 

5989.3 

 

14070.48 213.31 1.407048 224.07 46.69 0.022407 

5990.3 5991'-5992' NC 1841.69 71.04 0.184169 257.73 49.44 0.025773 

5992.35   1483.97 63.55 0.148397 254.9 48.6 0.02549 

5993.4   1752.83 68.45 0.175283 261.22 49.11 0.026122 

5994.65 5995'-5996' NC 2178.42 75.17 0.217842 238.4 48.9 0.02384 

5996.3   2265.5 75.71 0.22655 238.55 47.7 0.023855 

5997.7   2881.9 86.02 0.28819 222.18 48.84 0.022218 

5998.9   3834.4 96.2 0.38344 234.2 48.31 0.02342 

5999.7   3109.25 85.15 0.310925 250.53 47.48 0.025053 

6000.9   3429.14 91.78 0.342914 260.71 49.24 0.026071 

6001.5   13504.04 211.3 1.350404 239.5 48.48 0.02395 

6002.4   3908.4 94.55 0.39084 290.73 48.9 0.029073 

6003.1   11365.78 188.86 1.136578 230.24 46.25 0.023024 

6004.2   12206.43 202.35 1.220643 301.57 50.19 0.030157 

6005.65   3752.91 93.62 0.375291 250.03 48.43 0.025003 

6006.2   3623.73 90.98 0.362373 274.03 48 0.027403 

6007.4   6753.59 121.24 0.675359 245.53 47.7 0.024553 

6008.65   2236.17 75.84 0.223617 229.84 48.24 0.022984 

6009.1   4920.65 104.3 0.492065 242.38 47.22 0.024238 

6010.75   2742.64 83.56 0.274264 258.03 49.47 0.025803 

6011.35   3219.66 89.7 0.321966 275.35 50.36 0.027535 

6012.1   4745.03 104.63 0.474503 252.8 48.47 0.02528 

6013.2   10697.71 187.64 1.069771 217.1 47.17 0.02171 

6014.15   5550.11 111.19 0.555011 242.38 47.87 0.024238 

6015.35 B2 Marl 10377.1 186.08 1.03771 259.92 48.5 0.025992 

6016.2   11565.76 193.2 1.156576 230.05 46.71 0.023005 

6017.2   6331.86 115.26 0.633186 204.23 45.32 0.020423 

6018.9   7228.4 124.3 0.72284 280.51 48.41 0.028051 

6019.7   6303.37 118.15 0.630337 251.19 48 0.025119 

6020.9   14242.7 216.33 1.42427 215.15 46.52 0.021515 

6021.8   4716.15 99 0.471615 264.62 46.29 0.026462 

6022.2   11719.69 193.58 1.171969 263.63 47.74 0.026363 

6023.7   13699.58 214.13 1.369958 233.13 48.04 0.023313 

6024.35 6025'-6026' NC 16694.22 233.13 1.669422 245.58 47.53 0.024558 
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6026.35   6748.74 121.14 0.674874 299.69 49.19 0.029969 

6027.2   6259.66 116.33 0.625966 264.84 48.12 0.026484 

6028.2   10259.35 184.03 1.025935 337.3 51 0.03373 

6029.3   11184.32 190.07 1.118432 252.75 47.74 0.025275 

6030.25   7369.19 125.05 0.736919 217.4 45.99 0.02174 

6031.5   6760.56 122.6 0.676056 259.62 48.92 0.025962 

6032.1   6087.25 114.21 0.608725 259.95 47.61 0.025995 

6033.6   11409.64 190.85 1.140964 258.19 47.2 0.025819 

6034.3   10304.11 179.11 1.030411 269.66 46.73 0.026966 

6035.15 6036'-6037' NC 4882.13 104.49 0.488213 265.31 47.97 0.026531 

6037.6   6401.83 121.3 0.640183 276.28 50.04 0.027628 

6038.25   10586.35 188.86 1.058635 267.57 49.16 0.026757 

6039.5   12210.13 201.49 1.221013 290.32 49.57 0.029032 

6040.3 6041'-6042' NC 6579.35 119.07 0.657935 269.72 48.15 0.026972 

6042.25   14999.89 215.05 1.499989 247.16 45.56 0.024716 

6043.25   12206.44 197.82 1.220644 219.2 46.41 0.02192 

6044.5   11265.58 186.26 1.126558 257.18 46.26 0.025718 

6045.6   6104.76 112.57 0.610476 270.27 46.97 0.027027 

6046.65   10893.48 185.02 1.089348 261.36 46.82 0.026136 

6047.4   3905.31 93.99 0.390531 307.22 49.42 0.030722 

6048.35 6049'-6050' NC 5726.09 108.81 0.572609 238.66 45.46 0.023866 

6050.5   17919.37 244.73 1.791937 321.77 50.34 0.032177 

6145.35 Ft Hays 6594.96 118.86 0.659496 359.56 50.45 0.035956 

6146.6   3536.26 89.93 0.353626 393.65 51.56 0.039365 

6147.5   2025.17 72.94 0.202517 651.31 60.26 0.065131 

6148.5   1448.21 63.56 0.144821 635.59 59.85 0.063559 

6149.2 6151'-6152' NC 12629.35 215.16 1.262935 378.66 55.44 0.037866 

6150.5   5358.35 108.1 0.535835 489.33 54.25 0.048933 

6152.4   2966.72 87.01 0.296672 663.95 61.33 0.066395 

6153.35   4079.14 97.41 0.407914 711.13 60.99 0.071113 

6154.2   3013.53 84.79 0.301353 698.86 60.49 0.069886 

6155.6   2495.12 80.5 0.249512 727.07 62.94 0.072707 

6156.6   1800.84 70.9 0.180084 875.45 66.95 0.087545 

6157.4   2011.87 73.53 0.201187 1004.71 69.33 0.100471 

6158.5   1707.25 69.63 0.170725 944.12 68.81 0.094412 

6159.3   3818.35 94.28 0.381835 661.64 59.71 0.066164 

6160.45   1253.07 62.5 0.125307 957.13 69.41 0.095713 

6161.7   11399.47 190.57 1.139947 663.29 58.39 0.066329 

6162.2 6163'-6164' NC 11880.87 198.87 1.188087 949.04 66.92 0.094904 

6164.7 

 

1709.47 70.74 0.170947 1188.36 74.88 0.118836 
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6165.5   2590.85 82 0.259085 1029.28 70.07 0.102928 

6166.7   1781.75 70.55 0.178175 1013.27 70.06 0.101327 

6167.3   2557.98 80.79 0.255798 866.82 65.96 0.086682 

6168.3   2512.32 80.48 0.251232 904.34 66.92 0.090434 

6169.4   3491.97 93.42 0.349197 1181.92 73.6 0.118192 

6170.4   1757.9 69.56 0.17579 1094.6 71.27 0.10946 

6171.5   1920.91 72.33 0.192091 940.58 68.02 0.094058 

6172.2   2749.52 84.57 0.274952 1333.34 76.84 0.133334 

6173.8   1476.37 66.06 0.147637 963.27 69.59 0.096327 

6174.5   4698.6 106.09 0.46986 793.63 64.61 0.079363 

6175.6   2223.03 78.16 0.222303 797.81 65.59 0.079781 

6176.4   3504.56 93.81 0.350456 655.55 61.59 0.065555 

6177.4   2622.92 80.88 0.262292 701.62 61.19 0.070162 

6178.5   4017.02 98.14 0.401702 820.61 64.87 0.082061 

6179.2   2093.52 74.05 0.209352 864.29 65.7 0.086429 

6180.5   3104.78 87.58 0.310478 664.02 60.7 0.066402 

6181.2   10455.81 181.88 1.045581 311.87 48.3 0.031187 

6182.4   12386.81 202.91 1.238681 462.44 54.22 0.046244 

6183.7   3125.62 88.5 0.312562 814.7 64.83 0.08147 

6184.5   2517.58 80.6 0.251758 821.83 64.98 0.082183 

6185.6 (Codell SS) 18966.82 252.32 1.896682 447.38 54.01 0.044738 

 

Table A.1 Continued 

Aristocrat H11-07 

Core Depth 

(ft.) 
Facies Fe Fe Error % Fe Mn Mn Error % Mn 

6865.2 B1 Chalk 19412.4 249.3 1.94124 199.02 46.15 0.019902 

6866.2 

 

2366.52 77.03 0.23665 251.16 48.5 0.025116 

6867.6 

 

2016.17 71.77 0.20162 251.87 48.28 0.025187 

6868.3 

 

2520.63 80.54 0.25206 288.98 50.6 0.028898 

6969.8 

 

6797.18 126.57 0.67972 221.25 48.52 0.022125 

6870.8 

 

2160.67 77.14 0.21607 293.64 51.56 0.029364 

6871.3 

 

19576.95 263.07 1.9577 198.99 48.51 0.019899 

6872.6 

 

4047.97 99.74 0.4048 228.75 48.58 0.022875 

6873.3 

 

2541.48 79.56 0.25415 214.43 47.15 0.021443 

6875.6 

 

4887.87 111.7 0.48879 204.19 49.31 0.020419 

6876.2 

 

4285.36 103.96 0.42854 194.78 48.31 0.019478 

6877.6 

 

4270.99 98.38 0.4271 253.59 47.78 0.025359 
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6878.4 

 

3437.65 92.2 0.34377 212.44 47.68 0.021244 

6879.6 

 

3824.21 99.19 0.38242 283.13 51.7 0.028313 

6880.3 B1 Marl 10237.36 188.25 1.02374 250.62 49.58 0.025062 

6881.2 

 

7421.94 126.85 0.74219 243.91 47.5 0.024391 

6882.7 

 

6731.57 122.67 0.67316 218.05 47.65 0.021805 

6883.8 

 

6598.14 118.4 0.65981 196.16 45.27 0.019616 

6884.7 

 

10645.01 187 1.0645 237.37 47.53 0.023737 

6885.6 

 

7377.89 125.02 0.73779 282.84 48.22 0.028284 

6886.3 

 

7090.93 124.28 0.70909 246.59 47.9 0.024659 

6887.9 B2 Chalk 6385.2 118.96 0.63852 274.16 49.12 0.027416 

6888.2 

 

11833.89 196.04 1.18339 228.7 47.12 0.02287 

6889.8 

 

11256.83 191.97 1.12568 204.88 46.75 0.020488 

6890.7 

 

10549.48 186.22 1.05495 271.62 48.95 0.027162 

6891.2 

 

5814.33 116.66 0.58143 218.1 48.38 0.02181 

6892.3 

 

6258 118.07 0.6258 275.88 49 0.027588 

6893.5 

 

6918.71 122.24 0.69187 252.06 47.51 0.025206 

6894.5 

 

11558.13 193.6 1.15581 195.96 45.81 0.019596 

6895.7 

 

10991.26 187.64 1.09913 199.63 45.46 0.019963 

6896.3 

 

10506.98 182.51 1.0507 238.1 46.79 0.02381 

6897.8 

 

11403.14 191.8 1.14031 238.26 46.98 0.023826 

6898.5 

 

12217.97 197.21 1.2218 235.28 46.79 0.023528 

6899.6 

 

11876.13 194.95 1.18761 245.68 46.77 0.024568 

6900.9 

 

11078.41 188.64 1.10784 259.98 47.2 0.025998 

6901.9 

 

11360.83 191.47 1.13608 234.99 47.04 0.023499 

6902.6 

 

6625.08 116.44 0.66251 189.06 44.44 0.018906 

6903.4 

 

11010.19 191.4 1.10102 245.09 48.12 0.024509 

6904.8 

 

14760.35 216.87 1.47604 210.06 46 0.021006 

6905.7 B2 Marl 10913.97 189.52 1.0914 288.44 49.14 0.028844 

6906.3 

 

14218.15 214.59 1.42182 212.22 45.96 0.021222 

6907.5 

 

3954.55 94.19 0.39546 293.91 48.2 0.029391 

6908.6 

 

10052.24 179.52 1.00522 216.21 46.1 0.021621 

6909.8 

 

17386.63 235.93 1.73866 206.88 45.66 0.020688 

6910.5 

 

13226.82 207.57 1.32268 250.7 47.55 0.02507 

6911.4 

 

12949.05 207.51 1.29491 316.25 50.74 0.031625 

6912.2 

 

4654.77 100.47 0.46548 239.17 46.49 0.023917 

6913.7 

 

6632.51 117.61 0.66325 277.54 47.33 0.027754 

6914.4 

 

6145.62 114.55 0.61456 222.63 46.21 0.022263 

6915.2 

 

12315.5 204.14 1.23155 298.49 50.47 0.029849 
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6916.3 

 

14541.48 220.78 1.45415 266.75 49.08 0.026675 

6917.5 

 

5656.09 114.25 0.56561 278.4 49.87 0.02784 

6918.6 

 

11778.68 195.59 1.17787 261.64 48.14 0.026164 

6919.6 

 

11168.25 191.13 1.11683 287.23 49.02 0.028723 

6920.6 

 

10180.62 176.92 1.01806 235.36 45.49 0.023536 

6921.8 

 

10295.17 179.82 1.02952 251.39 46.73 0.025139 

6922.5 

 

7296.29 127.49 0.72963 252.7 48.57 0.02527 

6923.7 

 

11374.04 193.01 1.1374 255.93 48.35 0.025593 

6924.8 

 

11009.77 191.06 1.10098 275.31 48.58 0.027531 

6925.5 

 

3666.35 93.14 0.36664 278.87 49.23 0.027887 

6926.2 

 

6388.59 120.4 0.63886 272.96 49.44 0.027296 

6927.4 

 

12202 195.86 1.2202 192.24 44.62 0.019224 

6928.4 

 

11742.61 198.34 1.17426 246.51 47.93 0.024651 

6929.5 

 

5025.07 103.22 0.50251 231.47 45.85 0.023147 

6930.6 

 

6412.13 116.21 0.64121 228.4 46.13 0.02284 

6931.8 

 

12276.74 204.79 1.22767 276.65 50.03 0.027665 

6932.4 

 

4396.79 99.72 0.43968 271.23 48.54 0.027123 

6933.6 

 

17481.7 239.08 1.74817 241.58 47.4 0.024158 

6934.2 

 

5226.22 105.7 0.52262 266.64 47.27 0.026664 

6935.5 

 

15475.92 234.49 1.54759 267.01 51.25 0.026701 

6936.8 

 

20452.34 267.76 2.04523 228.68 48.92 0.022868 

6937.5 

 

1776.2 71.66 0.17762 237.11 50.22 0.023711 

7048.5 Ft Hays 16686.84 230.38 1.66868 318.47 48.95 0.031847 

7049.8 

 

7051.94 126.01 0.70519 640.26 59.9 0.064026 

7050.3 

 

15474.22 220.12 1.54742 301.05 48.17 0.030105 

7051.65 

 

3756.12 95.66 0.37561 1163.66 72.81 0.116366 

7052.5 

 

6728.81 123 0.67288 628.37 59.25 0.062837 

7053.5 

 

3340.44 91.02 0.33404 933.18 67.67 0.093318 

7054.6 

 

4560.41 101.9 0.45604 836.63 63.67 0.083663 

7055.75 

 

10100.25 180.99 1.01003 843.6 63.01 0.08436 

7056.2 

 

10944.45 185.61 1.09445 624.84 56.74 0.062484 

7057.5 

 

2361.1 78.62 0.23611 1144.74 72.39 0.114474 

7059.8 

 

2796.21 84.67 0.27962 944.84 68.21 0.094484 

7060.4 

 

2384.46 80.47 0.23845 1121.88 73.06 0.112188 

7061.2 

 

2444.14 82.55 0.24441 1163.13 75 0.116313 

7064.8 

 

2725.94 84.2 0.27259 1126.55 72.63 0.112655 

7065.4 

 

2790.07 87.21 0.27901 906.23 69.54 0.090623 

7068.3 

 

3232.55 90.75 0.32326 653.23 61.8 0.065323 
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7069.3 

 

3556.72 94.94 0.35567 782.8 64.94 0.07828 

7070.4 

 

2659.44 82.23 0.26594 813.36 64.66 0.081336 

7071.8 

 

3309.17 92.56 0.33092 794.08 65.81 0.079408 

7072.9 

 

3105.77 87.91 0.31058 826.66 64.89 0.082666 

7073.5 

 

3499.08 94.13 0.34991 737.32 63.96 0.073732 

7074.7 

 

3315.44 92.21 0.33154 910.64 68.26 0.091064 

7075.4 

 

3587.15 96.51 0.35872 943.47 69.91 0.094347 

7076.8 

 

2701.83 83.82 0.27018 931.7 68.54 0.09317 

7077.6 

 

3466.23 93.69 0.34662 787.12 65 0.078712 

7078.8 

 

3468.42 91.59 0.34684 599.15 58.83 0.059915 

7079.6 

 

11739.63 189.88 1.17396 382.15 49.67 0.038215 

7081.6 

 

5765.04 103.72 0.5765 138.83 39.36 0.013883 
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Scanning Electron Photomicrographs 

 

Figure B.1 SEM photomicrographs of the Castle Rock Outcrop 
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Figure B.2 SEM photomicrographs of the Castle Rock Outcrop 
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Figure B.3 SEM photomicrographs of the B marl in the Portland core taken at 23 ft.  
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Figure B.4 SEM photomicrographs of the C chalk in the Portland core taken at 149.5 ft.  
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Figure B.5 SEM photomicrographs of the C chalk in the Portland core taken at 149.5 ft.  
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Figure B.6 SEM photomicrographs of the Fort Hays in the Portland core taken at 256 ft.  
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Figure B.7 SEM photomicrographs of the A chalk in the Rebecca K Bounds core taken at 534.2 ft.  
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Figure B.8 SEM photomicrographs of the A chalk in the Rebecca K Bounds core taken at 534.2 ft.  
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Figure B.9 SEM photomicrographs of the C chalk in the Rebecca K Bounds core taken at 578.6 ft.  
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Figure B.10 SEM photomicrographs of the C chalk in the Rebecca K Bounds core taken at 578.6 ft.  
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Figure B.11 SEM photomicrographs of the Fort Hays in the Rebecca K Bounds core taken at 610 ft.  
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Figure B.12 SEM photomicrographs of the Fort Hays in the Rebecca K Bounds core taken at 672.2 

ft.  
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Figure B.13 SEM photomicrographs of the Fort Hays in the Rebecca K Bounds core taken at 672.2 

ft.  
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Figure B.14 SEM photomicrographs of the B marl in the Two Mile Creek core taken at 5677 ft.  
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Figure B.15 SEM photomicrographs of the B marl in the Two Mile Creek core taken at 5677 ft.  
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Figure B.16 SEM photomicrographs of the B chalk in the Two Mile Creek core taken at 5694 ft.  
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Figure B.17 SEM photomicrographs of the B chalk in the Two Mile Creek core taken at 5694 ft.  
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Figure B.18 SEM photomicrographs of the B chalk in the Two Mile Creek core taken at 5694 ft.  
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Figure B.19 SEM photomicrographs of the Fort Hays in the Two Mile Creek core taken at 5860 ft.  
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Figure B.20 SEM photomicrographs of the Fort Hays in the Two Mile Creek core taken at 5860 ft.  
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Figure B.21 SEM photomicrographs of the Fort Hays in the Two Mile Creek core taken at 5860 ft.  
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Figure B.22 SEM photomicrographs of the Fort Hays in the Two Mile Creek core taken at 5881 ft.  
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Figure B.23 SEM photomicrographs of the Fort Hays in the Two Mile Creek core taken at 5881 ft.  
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Figure B.24 SEM photomicrographs of the B marl in the Terrace core taken at 5955 ft.  



199 

 

 

 

Figure B.25 SEM photomicrographs of the B marl in the Terrace core taken at 5955 ft.  
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Figure B.26 SEM photomicrographs of the B chalk in the Terrace core taken at 5997 ft.  
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Figure B.27 SEM photomicrographs of the B chalk in the Terrace core taken at 5997 ft.  
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Figure B.28 SEM photomicrographs of the Fort Hays in the Terrace core taken at 6150.5 ft.  
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Figure B.29 SEM photomicrographs of the Fort Hays in the Terrace core taken at 6150.5 ft.  
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Figure B.30 SEM photomicrographs of the Fort Hays in the Terrace core taken at 6171.4 ft.  

 

 

Figure B.31 SEM photomicrographs of the Fort Hays in the Terrace core taken at 6171.4 ft.  
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Figure B.32 SEM photomicrographs of the B marl in the Aristocrat PC core taken at 6888.2 ft.  

 

 

Figure B.33 SEM photomicrographs of the B chalk in the Aristocrat PC core taken at 6863.9 ft.  
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Figure B.34 SEM photomicrographs of the Fort Hays in the Aristocrat PC core taken at 7067.1 ft.  
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APPENDIX C 

Stable Oxygen Isotopes 

Table C.1 Stable carbon and oyxgen isotope data for all cores analyzed in this study 

  

Portland  
  

Sample ID Depth δ13
C (‰VPDB) δ18

(‰VPDB) Facies 

Portland 8 39 1.26 -7.04 

B marl 

Portland 12 47 0.98 -6.97 

Portland 16 55 1.05 -7.24 

Portland 20 63 1.59 -7.14 

Portland 24 71 1.21 -7.78 

Portland 28 79 0.98 -7.68 

Portland 32 87 1.54 -7.31 

Portland 36 95 1.50 -7.38 

Portland 40 103 1.57 -7.16 

C chalk 

Portland 44 111 1.78 -8.41 

Portland 48 119 2.08 -7.82 

Portland 52 127 2.02 -7.14 

Portland 56 135 1.88 -8.31 

Portland 60 143 1.97 -8.55 

Portland 64 151 2.19 -7.88 

Portland 68 159 2.33 -8.03 

Portland 72 167.1 2.30 -7.68 

C marl Portland 76 175 2.38 -6.34 

Portland 80 183.7 1.61 -6.30 

Portland 84 191 1.76 -6.17 

D Bench 

Portland 88 199 1.64 -5.97 

Portland 92 207 2.10 -7.68 

Portland 96 215 1.61 -5.29 

Portland 100 221 2.16 -6.27 

Portland 104 225 1.36 -6.13 

Portland 108 229 1.38 -5.92 

Portland 112 233 1.49 -6.85 

Ft Hays 

Portland 116 237 1.45 -7.06 

Portland 120 241 1.53 -6.55 

Portland 124 245 0.71 -6.73 

Portland 128 249 1.27 -6.38 

Portland 132 253 1.34 -6.74 

Portland 136 257 1.13 -6.43 
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Rebecca K Bounds  

Sample ID Depth δ13
C (‰VPDB) δ18

(‰VPDB) Facies 

RB 2 531 2.35 -6.04 

B chalk 

RB 4 535 2.57 -5.79 

RB 6 539 2.60 -6.19 

RB 8 543.35 2.78 -6.08 

RB 10 547 2.73 -5.54 

RB 12 551 2.57 -5.73 

RB 14 555 2.67 -5.65 

B Marl 

RB 16 559 2.59 -5.39 

RB 18 563.5 2.73 -5.02 

RB 20 567 2.86 -5.05 

RB 22 571.3 2.98 -5.65 

RB 24 575 2.11 -5.34 

RB 26 577.36 2.84 -5.96 

C Chalk 
RB 28 579.2 2.79 -5.85 

RB 30 583.03 2.93 -6.14 

RB 30 dup 583.03 2.86 -6.29 

RB 32 587 2.87 -6.08 
C marl 

RB 34 587.85 3.27 -5.79 

RB 36 595.5 2.85 -5.12 

Fort Hays 

RB 38 599 2.31 -5.80 

RB 40 603.03 2.16 -4.20 

RB 42 607.6 2.14 -6.25 

RB 44 609.25 1.33 -5.30 

RB 46 613 1.57 -4.91 

RB 48 617 0.49 -4.23 

RB 50 621 2.32 -5.41 

RB 52 625.8 1.26 -5.02 

RB 54 629 1.66 -5.36 

RB 56 633 1.33 -5.62 

RB 58 637 1.67 -5.21 

RB 60 641.2 1.47 -5.64 

RB 62 645 1.35 -5.34 

RB 64 649 1.48 -5.27 

RB 66 653 0.99 -5.71 

RB 68 657 1.93 -5.37 

RB 70 661.9 0.94 -5.37 

RB 72 665 1.19 -5.69 

RB 74 669 1.16 -6.28 
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Berthoud State #3 

Depth δ13
C (‰VPDB) δ18

(‰VPDB) Facies 

3015.58 1.59 -8.97 

B Chalk 

3017.50 1.73 -8.61 

3019.92 1.77 -8.60 

3023.42 1.79 -7.55 

3024.42 1.55 -8.81 

3029.75 1.63 -8.44 

3040.83 1.34 -8.80 

3042.33 1.65 -8.84 

B Marl 

3043.75 1.28 -8.48 

3045.42 1.73 -7.65 

3048.50 1.63 -8.43 

3050.75 1.94 -8.31 

3051.42 1.50 -8.31 

3055.17 1.69 -8.29 

3055.58 1.74 -8.97 

3056.33 1.81 -8.80 

3057.25 1.71 -8.64 

3058.25 1.42 -8.82 

3058.42 1.19 -8.72 

3059.42 1.43 -8.72 

3061.00 1.47 -7.80 

3061.92 1.89 -7.51 

3063.42 1.96 -8.38 

3064.17 1.80 -8.81 

3064.75 1.66 -8.49 

3065.25 1.94 -8.34 

3190.50 1.89 -6.65 

Ft Hays 

3191.33 0.80 -6.98 

3191.92 1.85 -5.43 

3192.50 1.02 -6.86 

3195.50 0.94 -6.01 

3197.50 1.12 -7.11 

3198.50 0.99 -6.54 

3199.50 1.42 -7.11 

3200.08 1.33 -7.61 

3200.17 1.43 -5.82 

3200.50 1.19 -7.10 
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3201.50 0.71 -6.59 

3203.50 1.44 -7.92 

3204.50 1.15 -7.08 

3205.00 1.14 -6.89 

3205.50 0.94 -6.92 

3206.50 1.01 -7.18 

3207.50 0.88 -7.92 

3208.00 1.07 -7.16 

3208.50 1.04 -6.92 

3209.50 1.12 -8.22 

3210.50 1.28 -5.69 

3211.50 0.99 -11.14 

 

Table C.1 Continued 

Razor 

Sample ID Depth δ13
C (‰VPDB) δ18

(‰VPDB) Facies 

Razor 365 5642.80 1.67 -9.25 

B1 Chalk 

Razor 366 5641.00 1.72 -9.52 

Razor 367 5639.00 1.79 -9.69 

Razor 368 5637.00 1.89 -8.99 

Razor 369 5635.00 1.82 -9.56 

Razor 370 5633.00 1.87 -9.67 

Razor 371 5630.90 1.96 -9.34 

Razor 372 5629.95 1.62 -10.05 

Razor 373 5628.00 1.80 -9.51 

Razor 374 5627.00 2.00 -8.31 

Razor 375 5625.00 1.87 -9.52 

Razor 376 5623.00 1.81 -9.51 

Razor 377 5622.00 1.82 -9.67 

Razor 378 5620.00 1.82 -9.03 

Razor 379 5618.00 2.16 -7.91 

Razor 380 5615.00 1.60 -9.24 

Razor 358 5657.00 1.70 -9.80 

B1 Marl 

Razor 359 5655.00 1.91 -9.76 

Razor 360 5653.00 1.89 -9.29 

Razor 361 5651.00 1.76 -9.70 

Razor 361 dup 5649.00 1.72 -9.77 

Razor 362 5646.60 -1.87 -6.85 
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Razor 363 5645.00 1.53 -9.67 

Razor 364 5642.80 1.71 -9.26 

     

Razor 337 5699.00 1.23 -8.96 

B2 Chalk 

Razor 338 5697.00 1.40 -8.88 

Razor 339 5694.00 1.31 -9.25 

Razor 340 5693.00 1.42 -9.91 

Razor 341 5691.00 0.61 -9.27 

Razor 342 5689.00 1.41 -8.87 

Razor 343 5687.00 1.49 -8.60 

Razor 344 5684.30 1.28 -9.47 

Razor 345 5683.00 1.17 -9.51 

Razor 346 5680.80 1.48 -9.46 

Razor 347 5679.00 0.69 -9.57 

Razor 348 5677.10 1.61 -9.75 

Razor 349 5675.00 1.44 -9.51 

Razor 350 5673.00 1.57 -9.61 

Razor 351 5671.00 1.68 -9.64 

Razor 352 5669.00 1.20 -9.50 

Razor 353 5666.90 1.68 -9.57 

Razor 354 5664.80 1.57 -10.08 

Razor 355 5662.90 1.69 -9.61 

Razor 356 5661.00 1.68 -9.36 

Razor 357 5659.00 1.78 -9.68 

Razor 315 5740.00 1.87 -8.71 

B2 Marl 

Razor 316 5739.00 1.94 -8.94 

Razor 317 5737.00 2.03 -7.50 

Razor 318 5735.00 1.80 -8.67 

Razor 319 5733.00 1.74 -8.73 

Razor 320 5731.00 1.76 -8.94 

Razor 321 5729.00 1.82 -8.01 

Razor 322 5727.00 1.36 -8.38 

Razor 323 5725.00 1.26 -7.77 

Razor 324 5723.00 1.44 -8.80 

Razor 325 5721.00 1.65 -9.06 

Razor 326 5719.00 1.30 -9.10 

Razor 327 5718.00 1.36 -8.91 

Razor 328 5716.00 1.66 -8.71 

Razor 329 5714.00 1.46 -7.57 
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Razor 330 5713.00 0.94 -9.52 

Razor 331 5711.00 -5.98 -5.16 

Razor 332 5709.00 1.63 -7.91 

Razor 333 5707.00 1.51 -9.09 

Razor 334 5705.10 1.37 -8.37 

Razor 335 5703.00 1.41 -8.64 

Razor 336 5701.00 1.35 -8.55 

Razor 239 5881.00 0.99 -8.87 

Fort 

Hays 

Razor 240 5880.00 0.49 -8.47 

Razor 241 5879.00 0.55 -7.37 

Razor 242 5877.00 0.68 -8.24 

Razor 243 5875.00 0.34 -7.17 

Razor 244 5873.00 0.50 -7.30 

Razor 245 5871.00 0.99 -7.82 

Razor 246 5869.00 0.72 -8.34 

Razor 247 5867.00 1.37 -6.50 

Razor 248 5865.00 1.06 -6.97 

Razor 248 dup 

 

1.03 -7.11 

Razor 249 5863.00 0.87 -8.67 

Razor 250 5861.00 0.74 -7.60 

Razor 251 5859.00 0.47 -8.20 

Razor 252 5857.00 1.13 -7.59 

Razor 253 5855.00 0.83 -6.86 

Razor 254 5852.90 0.98 -7.16 

Razor 255 5851.00 0.80 -7.64 

Razor 256 5849.00 1.27 -6.41 

Razor 257 5847.00 1.39 -6.66 

Razor 258 5845.00 1.08 -8.07 

Razor 259 5843.00 1.41 -7.45 

 

Table C.1 Continued 

Terrace 

Depth 

δ13
C 

(‰VPDB) δ18
(‰VPDB) Facies 

5940.00 1.81 -9.49 

B1 Chalk 
5940.50 1.89 -9.41 

5941.00 1.94 -9.22 

5941.50 1.84 -9.63 
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5942.00 1.91 -9.54 

5942.54 1.83 -9.88 

5943.00 1.94 -9.60 

5943.54 1.89 -9.47 

5944.00 1.83 -9.36 

5944.54 1.90 -9.45 

5945.00 1.95 -9.48 

5945.50 1.98 -9.46 

5946.08 1.80 -10.05 

5946.50 1.82 -9.51 

5947.00 1.81 -9.64 

5947.50 1.73 -9.51 

5948.00 1.78 -9.42 

5948.42 1.87 -9.33 

5949.00 1.77 -9.42 

5949.50 1.79 -9.44 

5950.00 1.67 -9.37 

5950.54 1.80 -9.13 

5951.00 1.67 -9.55 

5951.50 1.72 -9.34 

5952.00 1.75 -9.38 

5952.42 1.77 -9.25 

5953.00 1.51 -9.36 

5953.42 1.63 -9.52 

5954.00 1.62 -9.22 

5954.50 1.47 -9.45 

5955.00 1.52 -9.73 

B1 Marl 

5955.50 1.47 -9.82 

5956.00 1.74 -9.27 

5956.50 1.71 -8.97 

5957.00 1.72 -9.23 

5957.50 1.89 -8.69 

5958.00 1.81 -9.22 

5958.50 1.87 -8.53 

5959.00 1.83 -9.08 

5959.50 1.79 -9.47 

5959.92 1.72 -9.66 

5960.50 1.77 -9.73 

5961.00 1.90 -9.40 



214 

 

Table C.1 Continued 
 

   

5961.58 1.98 -9.06 

5962.17 1.94 -9.07 

5962.50 1.95 -9.32 

5963.00 1.82 -9.06 

5963.33 1.90 -9.29 

5964.00 1.66 -9.34 

5964.46 1.84 -9.40 

5965.00 1.89 -9.44 

5965.50 1.93 -8.97 

5966.00 1.86 -9.34 

5966.50 1.59 -9.77 

5967.00 1.77 -9.44 

5967.42 1.85 -9.64 

5968.00 1.57 -9.43 

5968.46 1.74 -9.52 

5969.00 1.75 -9.80 

5969.42 1.43 -10.37 

5970.00 1.46 -9.63 

B2 Chalk 

5970.42 1.32 -9.64 

5971.00 1.67 -9.67 

5971.50 1.48 -8.08 

5972.00 1.69 -9.29 

5972.42 1.78 -9.32 

5973.00 1.63 -9.89 

5973.50 1.69 -9.61 

5974.00 1.65 -9.57 

5974.42 1.56 -9.86 

5975.00 1.74 -9.79 

5975.46 1.40 -10.03 

5976.00 1.53 -9.81 

5976.54 1.73 -9.57 

5977.00 1.42 -9.80 

5977.50 1.51 -10.19 

5978.00 1.57 -9.58 

5978.50 1.57 -9.56 

5979.00 1.50 -9.86 

5979.50 1.56 -9.79 

5980.00 1.24 -10.32 

5980.50 0.72 -9.95 
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5981.00 0.74 -9.67 

5981.58 1.41 -9.69 

5982.00 1.64 -9.72 

5982.50 1.56 -9.83 

5983.00 1.38 -9.36 

5983.50 1.45 -9.41 

5984.00 1.82 -9.69 

5984.50 1.47 -8.60 

5985.00 1.46 -9.57 

5985.50 1.53 -9.45 

5986.00 1.42 -9.50 

5986.50 1.54 -9.43 

5987.00 1.67 -9.60 

5987.50 1.65 -9.33 

5988.00 1.49 -9.94 

5988.54 1.57 -10.03 

5989.00 1.39 -9.12 

5989.50 1.36 -9.06 

5990.00 1.29 -9.91 

5990.54 0.79 -9.35 

5991.00 -0.08 -8.46 

5991.42 1.17 -9.61 

5992.00 1.37 -10.50 

5992.50 1.44 -9.55 

5993.00 1.38 -9.91 

5993.50 1.58 -9.81 

5994.00 1.56 -9.28 

5994.50 1.10 -8.29 

5995.00 1.39 -9.69 

5995.50 1.36 -9.60 

5996.00 1.39 -9.75 

5996.58 1.34 -9.39 

5997.00 1.46 -8.95 

5997.50 1.39 -9.36 

5998.00 1.45 -9.37 

5998.46 1.51 -9.84 

5999.00 1.48 -9.12 

5999.67 1.34 -9.53 

6000.00 1.28 -9.20 
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6000.50 1.04 -9.72 

6001.00 1.12 -8.70 

6001.54 1.50 -10.01 

6002.00 0.76 -10.55 

6002.50 1.33 -8.93 

6003.00 0.87 -8.23 

6003.50 0.69 -9.12 

6004.46 1.12 -10.26 

6005.00 1.39 -9.75 

6005.58 1.52 -9.04 

6006.00 1.35 -10.25 

6006.50 1.15 -8.90 

6007.00 1.23 -9.35 

6007.50 1.10 -9.76 

6008.00 0.91 -8.84 

6008.50 1.32 -8.88 

6009.00 1.24 -9.27 

6009.54 1.33 -9.11 

6010.00 1.30 -9.26 

6010.42 1.26 -9.42 

6011.00 1.07 -9.19 

6011.50 1.26 -9.02 

6012.00 1.28 -9.23 

6012.54 1.37 -9.16 

6013.00 1.37 -9.34 

6013.50 1.20 -9.64 

6014.00 1.54 -8.74 

6014.58 1.71 -9.09 

6015.00 1.68 -9.24 

B2 Marl 

6015.50 1.68 -7.90 

6016.00 1.54 -8.66 

6016.50 1.30 -9.01 

6017.00 1.59 -8.41 

6017.50 1.46 -8.82 

6018.00 1.42 -8.82 

6018.50 1.38 -8.72 

6019.00 1.55 -8.22 

6019.50 1.56 -8.10 

6020.00 1.52 -9.03 
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6020.50 1.48 -8.06 

6021.00 1.49 -8.16 

6021.50 0.78 -7.89 

6021.92 1.36 -8.67 

6022.50 1.24 -8.12 

6023.00 1.08 -8.61 

6023.50 1.29 -8.36 

6024.00 1.07 -7.37 

6024.46 0.82 -9.11 

6025.00 0.78 -7.50 

6025.50 1.49 -8.74 

6026.00 1.52 -8.82 

6026.46 1.52 -9.13 

6027.00 1.11 -8.53 

6027.50 1.29 -8.97 

6028.00 1.26 -8.54 

6028.50 1.58 -9.06 

6029.00 1.39 -8.16 

6029.58 1.38 -9.31 

6030.00 1.28 -9.17 

6030.50 1.37 -7.67 

6031.00 0.83 -8.89 

6031.42 1.27 -8.60 

6032.00 1.00 -8.66 

6032.50 1.07 -9.53 

6033.00 1.33 -9.15 

6034.00 1.59 -9.03 

6034.50 1.52 -8.82 

6035.00 1.41 -8.64 

6035.42 1.17 -8.78 

6035.92 1.64 -8.42 

6036.42 1.47 -9.07 

6037.00 1.74 -8.06 

6037.50 1.63 -7.95 

6038.00 1.68 -8.61 

6038.50 1.89 -8.16 

6039.00 1.75 -8.77 

6039.50 1.76 -8.39 

6040.00 1.43 -8.93 
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6040.50 1.53 -8.07 

6041.00 1.94 -7.73 

6041.50 2.01 -7.48 

6042.00 1.82 -8.25 

6042.58 1.65 -8.62 

6043.00 1.35 -9.32 

6043.46 1.67 -7.65 

6044.00 1.90 -8.25 

6044.46 1.87 -8.25 

6045.00 2.05 -7.08 

6045.42 2.12 -7.07 

6046.00 1.99 -8.30 

6046.33 1.79 -9.43 

6046.58 1.83 -8.89 

6047.00 1.92 -8.50 

6047.42 1.84 -8.93 

6048.00 2.01 -7.44 

6048.33 1.61 -9.36 

6049.00 1.74 -8.26 

6049.33 1.70 -8.53 

6050.00 1.48 -9.56 

6145.00 1.14 -8.33 

Ft Hays 

6145.42 1.33 -7.00 

6146.00 1.29 -7.48 

6146.58 0.91 -7.72 

6147.00 0.51 -8.42 

6147.50 0.74 -8.51 

6148.00 0.98 -7.93 

6148.54 1.16 -7.93 

6149.00 1.21 -7.50 

6149.50 0.78 -8.27 

6150.00 1.10 -8.25 

6150.50 1.02 -8.01 

6151.00 0.81 -7.99 

6151.50 0.49 -7.63 

6151.92 0.43 -7.86 

6152.50 1.03 -7.78 

6153.00 1.20 -8.45 

6153.50 0.81 -7.64 
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6154.00 0.71 -6.71 

6154.50 1.26 -8.24 

6155.00 0.32 -7.63 

6155.50 0.48 -7.18 

6155.92 0.29 -7.29 

6156.50 1.22 -7.13 

6157.00 1.02 -7.23 

6157.29 1.54 -6.30 

6159.00 1.38 -6.74 

6159.58 1.04 -8.26 

6160.00 0.31 -7.49 

6160.42 0.89 -7.52 

6161.00 0.96 -8.08 

6161.58 0.53 -7.01 

6162.00 0.89 -7.82 

6162.50 0.94 -7.91 

6163.00 1.06 -7.61 

6163.58 0.91 -7.57 

6164.17 1.23 -7.66 

6164.50 1.01 -7.49 

6165.00 1.01 -7.65 

6165.50 0.30 -6.43 

6166.00 1.21 -8.45 

6166.38 0.79 -7.86 

6167.00 0.89 -7.00 

6167.50 1.16 -7.17 

6168.00 0.92 -8.06 

6168.42 0.36 -6.36 

6169.00 0.43 -7.26 

6169.50 1.03 -7.76 

6170.00 1.12 -8.30 

6170.50 0.98 -7.81 

6171.00 1.56 -7.72 

6171.33 0.79 -7.58 

6171.75 1.36 -7.66 

6172.00 0.94 -7.93 

6172.50 0.85 -8.23 

6173.00 0.64 -7.76 
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6173.50 0.73 -7.91 

6174.00 0.67 -7.48 

6174.33 0.75 -8.09 

6175.00 1.03 -8.37 

6175.29 0.58 -7.56 

6175.67 1.08 -6.87 

6176.00 1.13 -8.38 

6176.50 0.84 -7.49 

6177.00 1.03 -9.07 

6177.42 0.86 -8.23 

6177.92 0.86 -8.77 

6178.58 0.64 -7.66 

6179.00 0.44 -7.23 

6179.50 0.40 -7.35 

6180.00 0.44 -7.93 

6180.54 0.82 -8.30 

6181.00 0.74 -10.50 

6181.42 0.77 -10.41 

6182.00 1.36 -8.50 

6182.33 0.76 -8.55 

6183.00 0.81 -9.66 

6183.50 0.85 -9.14 

6184.00 0.80 -9.97 

6184.50 0.30 -9.25 

6185.00 1.04 -9.54 

 

Table C.1 Continued 

Wells Ranch 

Sample ID Depth 

δ13
C 

(‰VPDB) δ18
(‰VPDB) Facies 

WR-112 6600.00 2.06 -9.58 

B1 Chalk 

WR-113 6601.00 2.00 -10.10 

WR-114 6604.00 1.92 -9.45 

WR-115 6606.00 1.86 -9.88 

WR-116 6608.00 1.82 -9.73 

WR-117 6610.00 1.66 -9.42 

WR-118 6612.00 1.60 -9.78 

 

    



221 

 

Table C.1 Continued 
 

 

WR-119 6614.00 1.97 -9.00 

WR-107 6616.00 1.95 -9.05 

B1 Marl 

WR-108 6618.00 2.05 -8.68 

WR-109 6620.00 2.05 -9.46 

WR-110 6622.00 2.11 -9.28 

WR-111 6624.00 1.93 -9.77 

WR-089 6626.00 2.01 -9.47 

B2 Chalk 

WR-090 6628.00 1.91 -9.77 

WR-091 6630.00 1.88 -9.55 

WR-092 6632.00 1.78 -9.67 

WR-093 6634.00 1.74 -9.50 

WR-094 6638.00 1.75 -10.18 

WR-095 6640.00 1.78 -10.15 

WR-096 6642.00 0.69 -9.85 

WR-097 6644.00 1.55 -10.01 

WR-098 6646.00 1.66 -10.11 

WR-099 6648.00 1.74 -10.26 

WR-100 6650.00 1.64 -9.90 

WR-101 6654.00 0.76 -9.51 

WR-102 6656.00 0.32 -14.37 

WR-103 6658.00 1.14 -11.86 

WR-104 6660.00 1.61 -10.08 

WR-105 6662.00 0.87 -10.90 

WR-106 6664.00 1.52 -9.58 

  6664.00 1.52 -9.58 

B2 Marl 

  6666.00 1.30 -9.53 

  6668.00 1.61 -10.24 

  6669.67 1.76 -9.66 

  6672.00 1.54 -9.54 

  6674.00 1.78 -9.35 

  6676.00 1.82 -9.08 

  6678.04 1.63 -9.46 

  6680.00 1.78 -10.02 

  6682.00 1.61 -10.09 

  6684.00 1.86 -9.63 

  6686.00 1.75 -9.10 

  6688.00 1.88 -9.36 

  6689.96 1.57 -9.61 

  6774.00 1.95 -7.46 Fort Hays 
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  6776.00 0.70 -8.49 

  6778.00 1.15 -8.82 

  6780.00 1.10 -8.76 

  6782.00 0.21 -7.97 

  6784.00 1.26 -7.15 

  6786.00 1.06 -7.98 

  6788.00 0.20 -7.76 

  6790.00 1.29 -7.90 

  6792.00 1.16 -8.63 

  6794.00 1.87 -7.04 

  6796.00 0.21 -7.23 

  6798.00 0.93 -8.01 

  6800.00 0.38 -6.62 

  6802.00 0.56 -7.01 

  6804.00 0.83 -8.36 

  6806.00 0.45 -8.61 

  6808.00 1.19 -8.52 

  6810.00 2.27 -13.69 

 

Table C.1 Continued 

Aristocrat Angus 

Sample ID Depth δ13
C (‰VPDB) δ18

(‰VPDB) Facies 

236 7118.00 1.79 -10.82 

B1 Chalk 

235 7120.00 1.69 -11.51 

234 7122.00 1.74 -11.38 

233 7124.00 1.49 -11.44 

232 7126.00 1.56 -11.27 

231 7128.20 1.61 -11.29 

230 7130.00 1.44 -11.22 

229 7132.50 1.38 -12.12 

B1 Marl 228 7133.90 1.29 -11.90 

227 7136.00 1.70 -11.53 

226 7138.00 1.59 -11.48 

B2 Chalk 

225 7140.00 1.66 -11.70 

224 7142.00 1.76 -11.53 

223 7149.00 0.55 -11.97 

222 7151.00 1.45 -11.55 

221 7153.00 1.54 -11.27 B2 Marl 
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220 7155.00 1.02 -11.41 

219 7157.00 1.15 -11.18 

218 7159.00 0.66 -11.01 

217 7161.00 1.41 -11.57 

216 7163.00 0.49 -12.44 

215 7165.00 1.25 -11.41 

214 7167.00 1.42 -11.16 

213 7169.00 1.40 -11.04 

212 7171.00 1.22 -11.05 

211 7173.00 -12.06 -5.36 

210 7175.00 1.24 -11.48 

209 7177.00 1.33 -11.11 

208 7179.00 0.86 -10.63 

207 7181.00 1.06 -10.65 

206 7182.00 1.11 -11.21 

205 7184.00 1.32 -11.13 

204 7186.00 1.33 -10.45 

203 7188.30 1.36 -11.60 

202 7190.00 1.43 -11.10 

201 7192.00 1.34 -11.61 

200 7194.00 1.43 -11.39 

199 7196.00 1.15 -11.26 

198 7198.00 1.50 -11.31 

197 7200.70 1.10 -11.45 

196 7202.00 1.62 -11.12 

195 7204.00 1.79 -11.23 

194 7206.00 1.90 -10.86 

193 7208.00 1.12 -12.09 

192 7210.10 1.98 -10.78 

191 7212.00 1.70 -11.74 

AR-117 7332.00 1.21 -10.40 

Ft Hays 

AR-116 7333.00 1.37 -10.39 

AR-115 7335.00 1.25 -10.02 

AR-114 7337.00 1.60 -10.68 

AR-113 7339.00 1.53 -10.35 

AR-112 7341.00 1.65 -10.92 

AR-111 7343.00 1.26 -10.51 

AR-110 7345.00 1.06 -10.39 



224 

 

AR-109 7347.00 1.53 -11.05 

AR-108 7349.00 1.27 -10.79 

 


